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Summary	
	

Many	parallels	have	been	drawn	between	the	mechanisms	that	support	successful	

pregnancies	and	those	that	facilitate	tumour	expansion.	These	include	an	immune	profile	

bearing	the	hallmarks	of	immune	suppression	and	reduced	cytotoxicity.	Innate	Lymphoid	

Cells	(ILCs)	are	a	diverse	group	of	lymphocytes	which	exhibit	tissue	specific	phenotypes	and	

functions.	They	are	found	in	both	the	uterine	lining	during	early	pregnancy	(decidua)	and	

the	ascites	of	ovarian	cancer	patients.	Despite	several	attempts,	there	is	still	no	consensus	

regarding	the	phenotypic	profiles,	subset	composition	and	functional	roles	of	ILCs	in	either	

tissue.	To	address	this,	I	have	developed	a	mass	cytometry	panel	and	stained	resting	and	

stimulated	ILCs	from	peripheral	blood,	decidua	and	ascites.	

	

Within	the	decidua,	a	number	of	ILC	subsets	are	identifiable	including	three	main	subsets	of	

decidual	NK	cells	(dNK),	dNK1-3.		The	most	abundant	subset,	dNK1,	express	receptors	for	

HLA	class	I	found	on	invading	extravillous	trophoblast	(EVT)	including	Killer-cell	Ig-like	

receptors	(KIR),	LILRB1	and	NKG2A.	In	contrast	to	dNK2	and	dNK3,	dNK1	respond	poorly	to	

‘missing	self’	and	PMA	plus	ionomycin	treatment.	However,	upon	cross-linking	of	an	

activating	KIR	they	can	degranulate	and	produce	cytokines/chemokines.	dNK1	

responsiveness	to	activating	KIR	increases	with	the	expression	of	additional	KIR	which	may	

be	a	result	of	increased	granularity.	This	is	the	first	time	mass	cytometry	has	been	used	to	

characterise	the	phenotype	and	function	of	decidual	ILCs.				

	

KIR	variants	are	associated	with	infectious	disease	and	pregnancy	outcome.	KIR2DL1	is	an	

inhibitory	KIR	present	on	both	KIR	A	and	KIR	B	haplotypes.	KIR2DL1	alleles	typically	found	on	

KIR	A	haplotypes	(KIR2DL1A)	in	Caucasians	are	associated	with	increased	risk	of	developing	

pre-eclampsia.	Using	a	novel	antibody	combination,	I	am	able	to	stain	for	NK	cells	

expressing	particular	KIR2DL1	allotypes.	KIR2DL1A	and	KIR2DL1B	are	co-dominantly	

expressed	by	NK	cells	from	peripheral	blood	(pbNK)	and	decidua	but	KIR2DL1A	is	

preferentially	expressed.	Allotypes	display	similar	inhibitory	capacities	but	KIR2DL1A
+
	pbNK	

degranulate	more	in	response	to	‘missing	self’	than	KIR2DL1B
+
	pbNK.	This	approach	is	

particularly	powerful	because	KIR2DL1	allotypes	can	be	compared	within	the	same	

individual	and	have	therefore	experienced	the	same	HLA	class	I	environment.		

	

NK	cells	are	increasingly	being	targeted	in	cancer	immunotherapies	and	can	exhibit	both	

pro-	and	anti-tumorigenic	properties.	They	are	the	major	ILC	subset	within	the	ascites	of	

ovarian	cancer	patients	but	phenotypic	and	functional	descriptions	are	conflicting.	Once	

again	applying	the	CyTOF	methodology,	I	find	that	there	are	three	major	subsets	of	ascites	

derived	NK	cells	(aNK).	These	include	previously	described	CD56
bright

	and	CD56
dim

	aNK	

subsets	and	an	additional	NKG2A
high

	KIR
lo
	subset	which	expresses	tissue	resident	markers	

(TR	aNK).	Upon	PMA	plus	ionomycin	treatment,	the	proportion	of	TR	aNK	cells	producing	

XCL1	and	IFNg	is	higher	than	that	of	other	aNK	subsets.	TR	aNK	are	also	highly	responsive	to	
‘missing	self’	and,	similar	to	dNK	cells,	increased	responsiveness	is	associated	with	increased	

granularity.	A	detailed	characterisation	of	ascites	derived	ILCs	is	important	to	better	

understand	existing	cancer	treatments	and	to	provide	insight	for	designing	new	therapeutic	

strategies.	 	



	 8	

Declaration	of	Originality	

	
This	thesis	is	the	result	of	my	own	work	and	includes	nothing	which	is	the	outcome	of	work	

done	in	collaboration	except	as	declared	in	the	text.	

	

It	is	not	substantially	the	same	as	any	work	that	has	already	been	submitted	before	for	any	

degree	or	other	qualification.	

	

It	does	not	exceed	the	prescribed	word	limit	of	60,000	words.		 	



	 9	

Acknowledgements	
	

During	my	PhD	I	have	been	surrounded	by	a	very	long	list	of	caring,	fun	and	supportive	

people.	I	will	forever	be	grateful	for	the	incredible	friends	and	memories	I’ve	made	along	

the	way	in	the	four	different	groups	I’ve	been	a	part	of.		

	

First	of	all,	I’d	like	to	thank	my	supervisor	Francesco	Colucci	for	all	his	support	both	

academically	and	as	a	mentor	and	friend.	You	provided	a	space	for	me	to	think	critically,	

challenge	myself	and	pursue	my	interests.	Moreover,	you	encouraged	me	to	attend	many	

different	meetings	and	to	celebrate	our	work	around	the	world	which	has	been	a	real	

privilege.	Having	a	supervisor	that	cares	so	much	about	our	wellbeing	has	been	amazing	and	

I	look	forward	to	working	with	you	in	the	future!	With	that,	I	would	also	like	to	thank	all	the	

members	of	the	Colucci	lab,	past	and	present,	who	have	been	integral	for	bouncing	ideas	

and	an	afternoon	bevvy	and	pizza.	In	particular,	I	was	incredibly	lucky	to	start	my	PhD	at	the	

same	time	as	Norman	Shreeve	and	Iva	Filipovic.	These	two	brilliant	scientists	helped	me	

take	my	lab	baby	steps	(centrifuges	can	be	tricky…)	and	provided	constant	comedy	and	

perspective	throughout.	Long	live	the	King’s	Holy	Trinity.	I’d	also	like	to	acknowledge	the	

expensive	tastes	of	Jyothi	Jayaraman	who	later	joined	the	group.	JJ,	any	day	we	walked	in	

together	and	grabbed	a	Hot	Numbers	was	always	a	good	one.	Thanks	also	go	to	Delia	

Hawkes,	who	never	failed	to	crack	me	up	and	was	excellent	with	all	things	mouse	related.	

More	generally,	the	department	of	Obstetrics	&	Gynaecology	is	full	of	awesome	people	and	

shout	outs	go	to	the	greenest	of	green	teams,	Sheree,	Joanne,	Steve	and	Julie	for	making	

the	department	such	a	great	place	to	be	in.	

	

Next	I’d	like	to	acknowledge	the	Moffett	lab	in	the	Department	of	Pathology,	where	I	spent	

most	of	my	days.	In	particular	Martin	Ivarsson,	the	Ibrahimović	of	flow	cytometry,	who	

taught	me	everything	I	know	about	flow	cytometry	and	sparked	my	passion	for	science.	

Some	of	my	fondest	PhD	memories	are	of	looking	at	data	in	the	lecture	theatre	and	

planning	experiments	on	the	blackboard	(and	also	dancing	in	spoons).	Next	I’d	like	to	thank	

Andrew	Sharkey	whom	I	shared	little	lab	with.	Andy	your	enthusiasm	for	science	is	totally	

contagious	and	I	appreciate	all	the	time,	drive	and	ideas	that	you’ve	poured	into	the	project.	

The	next	drink	in	Novi	is	on	me.	I’m	also	very	grateful	to	Ashley	Moffett	for	having	me	in	her	

lab	and	for	whole	heartedly	supporting	the	project	and	also	my	future	in	research.	It	feels	

like	a	long	time	ago	that	I	bumped	into	you	at	King’s	and	you	mentioned	that	you	had	a	

dataset	to	play	with!	The	‘family’	feel	of	the	Moffett	lab	is	incredibly	special	and	that	is	

largely	down	to	the	awesome	Lucy	Gardner	and	has	continued	with	the	growth	of	the	Turco	

and	McGovern	labs.	I	can’t	miss	out	my	partner	in	crime	Yassen	Abbas,	whether	we’re	co-

founding	companies,	baking	masterpieces,	going	on	adventures,	swinging	by	A&E	or	

listening	to	Amy	McDonald	you’ve	made	this	PhD	very	memorable.	And	to	the	final	member	

of	the	breakfast	club,	Lama	Alzamil,	thank	you	for	having	the	perfect	GIF	for	every	occasion	

and	a	refreshing	attitude	to	all	things	life.		

	

I’d	like	to	thank	my	other	PhD	supervisor	Hormas	Ghadially	for	his	input	into	the	project	and	

for	giving	me	a	flavour	of	how	research	in	industry	operates.	It	was	really	interesting	to	see	

research	being	done	in	a	setting	outside	of	the	university,	so	thank	you.	On	that	note,	thank	

you	to	Thomas	and	Aleks	for	making	my	day-to-day	at	medImmune	so	enjoyable.	This	



	 10	

project	was	generously	funded	by	MedImmune/Astrazeneca	and	the	Cambridge	Biomedical	

Research	Centre	(BRC)	for	which	I	am	grateful	(and	for	the	lovely	fleece).	I’d	also	like	to	

acknowledge	the	other	students	on	the	medI	PhD	programme	in	particular	Sophia	Berry	and	

Sarwah	Al-Khalidi.	The	coffee	and	brownie	trips	to	see	the	fishies	got	me	through	the	write	

up.		

	

I’d	also	like	to	thank	James	Brenton	for	having	me	in	his	lab	at	Cancer	Research	UK	

Cambridge	Institute.	In	particular,	thanks	to	Debbie	Saunders	who	facilitated	me	joining	the	

group	and	later	James	Hall	and	Ania	Piskorz	with	whom	I	worked	most	closely.	But	a	big	

thanks	to	the	whole	group	for	making	me	feel	very	welcome.	The	CRUK	Cambridge	Institute	

would	not	be	the	same	without	the	fabulous	receptionist	Barbara	Houlihan	who	was	always	

there	for	a	friendly	chat	and	a	warm	welcome.	Thanks	also	go	to	the	members	of	the	Flow	

Cytometry	Core	for	their	patience	and	time	in	training	me	on	the	Helios.	In	particular	

Mateusz	‘dziadek’	Strzelecki	for	helping	me	run	my	clogocytes	and	making	the	long	hours	go	

a	little	faster.			

	

I	also	need	to	acknowledge	my	long-time	collaborator	and	friend	Amir	Horowitz.	With	his	

knowledge	of	CyTOF	and	passion	for	NK	cells,	Amir	really	drove	and	supported	the	project	at	

a	time	when	Cambridge	did	not	yet	have	a	CyTOF	community.	I	would’ve	been	totally	lost	

without	him	and	look	forward	to	our	next	drink!			

	

Sometimes	it’s	easy	to	forget	that	life	goes	on	outside	of	the	lab	and	for	that	I	was	very	

lucky	to	be	surrounded	by	some	great	eggs.	To	Oli	Brewster,	George	Chater,	Felicity	Eperon,	

and	the	patio	bear,	thanks	for	making	3	Elsworth	Place	such	a	great	place.	To	Ben	

Alexander-Dann,	from	the	Forbes	top	10	list	of	Shadow	Hunters,	thanks	for	coming	back	to	

King’s	for	the	PhD	journey.	Every	Pad	needs	another	Pad,	so	thank	you	to	Ben	McNally	for	

the	last	7/8/9	years?	No	one	has	been	more	supportive	than	Eleanor	Charlotte	Davies	and	I	

couldn’t	have	done	it	without	your	continued	love	and	support	and	care	packages	and	

baked	goods	and	understanding.	Thank	you	for	standing	by	me	through	all	the	

unpredictability	of	samples	and	experiments	and	especially	through	all	the	annoying	berries.	

Whether	near	or	far,	you’ve	been	there	ready	with	kind	words,	a	big	hug	and	delicious	food	

(when	are	we	opening	our	Piev	Restaurant?).			

	

I’d	also	like	to	give	a	big	shout	out	to	everyone	at	m.M,	always	a	pleasure	coming	back	to	

the	ends	and	thanks	for	the	visits	to	Cambridge-	thunderbirds	are	go.	Thanks	also	go	to	Lady	

Blobalot	of	the	Eastern	Isles	for	always	being	there	for	a	morning	phone	call.	Finally,	I’d	like	

to	thank	my	family,	parents	Michael	and	Birgit,	big	brother	Rowan	and	twin	bwavar	Lukas.	

Thanks	for	always	believing	in	me	and	making	home	such	a	happy	place	to	come	back	to.	

And	Luky	sorry	I’m	so	late	joining	the	Dr	party,	but	when	have	we	ever	been	on	time	for	

anything?



	 11	

Abbreviations		

	
ACCENSE	Automatic	Classification	of	Cellular	Expression	by	Nonlinear	Stochastic	Embedding	

ADCC	Antibody-dependent	cell-mediated	cytotoxicity	

AhR	Arylhydrocarbon	Receptor	
aKIR	Activating	Killer	cell	Immunoglobulin-like	Receptor	

aNK	Ascites-derived	Natural	Killer	cell	
ANXA1	Annexin	A1	
APCs	Antigen	Presenting	Cells	
BRCA1/2	Breast	Cancer	Type	1/2	Susceptibility	Protein			
CAAs	Cancer-associated	Adipocytes	
CAFs	Cancer-associated	Fibroblasts	
CCC	Cytotrophoblast	Cell	Column	
CHILP	Common	Helper	Innate	Lymphoid	Progenitor	
CHS	Chediak-Higashi	syndrome	
CILP	Common	Innate	Lymphoid	Progenitor	
CLP	Common	Lymphoid	Progenitors	
CRTH2	Chemoattractant	Receptor-homologous	molecule	expressed	on	T	Helper	Type	2	cells	

CSM	Cell	Staining	Media	

d	Decidual	
DAB	3’diaminobenzidine	
DensVM	Density-Based	Local	Maxima	Cluster	with	SVM	(Support-vector	machine)	
dILC	Decidual	Innate	Lymphoid	Cell	

dMC	Decidual	Mononuclear	Cell	

dNK	Decidual	Natural	Killer	Cell	
EDTA	Ethylenediaminetetraacetic	acid	

eEVT	Endovascular	Extravillous	Trophoblast	
EMT	Epithelial-to-mesenchymal	Transition	
eNK	Endometrial	Natural	Killer	Cell	

ECM	Extracellular	Matrix	

EOC	Epithelial	Ovarian	Cancer		
EOMES	Eomesodermin	
EPCAM	Epithelial	Cell	Adhesion	Molecule	
EVT	Extravillous	Trophoblast	
FACS	Fluorescence-activated	Cell	Sorting	
FCS	Fetal	Calf	Serum	

FIGO	International	Federation	of	Gynaecological	Oncologists	
FW	FACS	wash	
g1ILC	Group	1	Innate	Lymphoid	Cell	

GATA-3	GATA	binding	protein	3	
GM-CSF	Granulocyte-macrophage	colony-stimulating	factor	

gMFI	Geometric	Mean	Fluorescence	Intensity	

GPN	Glycyl-L-phenylalanine-beta-naphthylamide	
GzmB	Granzyme	B	

HCV	Hepatitis	C	Virus	



	 12	

HGSOC	High	Grade	Serous	Ovarian	Cancer	
HLA	Human	Leukocyte	Antigen	

ieILC1	Intra-epithelial	Innate	Lymphoid	Cell	1	

iEVT	Interstitial	Extravillous	Trophoblast	
Ig	Immunoglobulin	

IHC	Immunohistochemistry	
iKIR	Inhibitory	Killer	cell	Immunoglobulin-like	Receptor	
ILC	Innate	Lymphoid	Cell	

ILCP	Innate	Lymphoid	Cell	Precursor	
IMC	Imaging	Mass	Cytometry	
ITAM	Immunoreceptor	Tyrosine-based	Activation	Motif	
ITIM	Immunoreceptor	Tyrosine-based	Inhibitory	Motif	
ITSM	Immunoreceptor	Tyrosine-based	Switch	Motif	
KIR	Killer	cell	Immunoglobulin-like	Receptor	
LGSOC	Low	Grade	Serous	Ovarian	Cancer	
LILRB1	Leukocyte	immunoglobulin-like	receptor	subfamily	B	member	1	

LPA	Lysophosphatidic	Acid	
LTiP	Lymphoid	Tissue	inducer	Progenitor	
LTi	Lymphoid	Tissue	inducer	cell	

MCFS-1	Monocyte-chemotactic	Factor	

MDSC	Myeloid-Derived	Suppressor	Cell	
MHC	Major	Histocompatibility	Complex		

MIP1a/b	Macrophage	Inflammatory	Protein	1	alpha/beta	

MMP-9	Matrix	Metalloproteinase-9	
MOSEC	Mouse	Ovarian	Surface	Epithelial	Cell	line	
NCR	Natural	Cytotoxicity	Receptor	
NK	Natural	Killer	cell	
NKP	NK	cell	Precursor	
OC	Ovarian	Cancer	
OCP	Ovarian	Cancer	Patient	
OPG	Osteoprotegrin	
PARP	Poly	(ADP-ribose)	polymerase	

Pb	Peripheral	blood	
pbILC	peripheral	blood	Innate	Lymphoid	Cell	

PBMC	Peripheral	Blood	Mononuclear	Cell	

PBS	Phosphate-buffered	Saline	
pbNK	peripheral	blood	derived	Natural	Killer	cell	
PF	Peritoneal	Fluid	
PFA	Paraformaldehyde	

PTdNK	Pregnancy	Trained	decidual	Natural	Killer	cell	
RORgT	RAR-related	orphan	receptor	gt	
S1P	Sphingosine-1-phosphate	
S1P1	Sphingosine-1-phosphate	receptor	1	
STIC	Serous	Tubal	Intraepithelial	Carcinoma	
TAM	Tumour	associated	Macrophage	
T-bet	T-box	transcription	factor	 		
TGFb	Transforming	growth	factor	beta	



	 13	

Th	T	Helper	
TIL	Tumour	infiltrating	lymphocyte	

TEM	Tetraspanin-enriched	Microdomain	

TME	Tumour	Microenvironment	

TR	aNK	Tissue	Resident	ascites	derived	Natural	Killer	cells	
Treg	regulatory	T	cell	
tSNE	t-distributed	Stochastic	Neighbor	Embedding	
trNK	tissue	resident	Natural	Killer	cell	
uMC	uterine	Mononuclear	Cell	
uILC	uterine	Innate	Lymphoid	Cell	

VEGF	Vascular	endothelial	growth	factor	
	

	 	



	 14	

Publications	arising	from	this	thesis	

	
High-Resolution	Genetic	and	Phenotypic	Analysis	of	KIR2DL1	Alleles	and	Their	

Association	with	Pre-Eclampsia	
	
Oisín	Huhn,	Olympe	Chazara,	Martin	A.	Ivarsson,	Christelle	Retière,	Timothy	C.	

Venkatesan,	Paul	J.	Norman,	Hugo	G.	Hilton,	Jyothi	Jayaraman,	James	A.	Traherne,	John	

Trowsdale,	Mitsutero	Ito,	Christiane	Kling,	Peter	Parham,	Hormas	Ghadially,	Ashley	

Moffett,	Andrew	M.	Sharkey	and	Francesco	Colucci	

J	Immunol	September	24,	2018,	ji1800860;	DOI:	https://doi.org/10.4049/jimmunol.1800860	

	

Distinctive	Phenotypes	and	Functions	of	Innate	Lymphoid	cells	in	Human	

Decidua	during	early	pregnancy					

	
Oisín	Huhn1,2,3,4,†,	Martin	A.	Ivarsson

4,5,†
,	Lucy	Gardner

4
,	Mike	Hollinshead

4
,	Jane	C	

Stinchcombe
10
,	Puran	Chen

5
,	Norman	Shreeve

1
,	Olympe	Chazara

2,4,12
,Lydia	E.	Farrell

2,4
,	

Jakob	Theorell
6,7
,	Hormas	Ghadially

3
,	Peter	Parham

8,9
,	Gillian	Griffiths

10
,	Amir	Horowitz

11
,	

Ashley	Moffett
2,4
,	Andrew.	M.	Sharkey

2,4,*
,	Francesco	Colucci

1,2,*,13	

Nat	Commun	11,	381	(2020).	https://doi.org/10.1038/s41467-019-14123-z	

	

	 	



	 15	

List	of	Figures	
Figure	1.0.1	ILC	subsets	and	development	.............................................................................	21	

Figure	1.	0.2	Linkage	disequilibrium	between	HLA-B	-21	SNP,	HLA-B	and	HLA-C	..................	23	

Figure	1.0.3	Role	for	granules	in	NK	cell	education	................................................................	26	

Figure	1.0.4	Menstrual	Cycle	..................................................................................................	30	

Figure	1.0.5	Cartoon	of	the	maternal-fetal	interface	.............................................................	31	

Figure	1.0.6	Ovarian	cancer	classifications	............................................................................	38	

Figure	3.0.1	Rhodium	is	a	suitable	live	dead	discriminator	for	PBMCs	and	dMCs	.................	62	

Figure	3.0.2	Spurious	binding	of	anti-KLRG1	antibody	2F1	to	Lin-	dILCs.	...............................	64	

Figure	3.0.3	Validation	of	mass	cytometry	by	flow	cytometry	...............................................	65	

Figure	3.0.4	Representative	antibody	staining	.......................................................................	66	

Figure	3.0.5	Run-to-run	variation	by	CyTOF	...........................................................................	68	

Figure	3.0.6	Effect	of	cryopreservation	on	matched	dMCs	....................................................	70	

Figure	3.0.7	Effect	of	cryopreservation	on	non-matched	dMCs	............................................	71	

Figure	3.0.8	Gating	strategy	to	identify	dNK,	CD56bright	and	CD56dim	pbNK	......................	74	

Figure	3.0.9	Marker	frequencies	on	CD56dim	pbNK,	CD56bright	pbNK	and	dNK	.................	75	

Figure	3.0.10	Top	20	dNK	and	pbNK	phenotypes	..................................................................	77	

Figure	3.0.11	tSNE	of	matched	CD45+	Lin-	peripheral	blood	and	decidual	leukocytes	

identifies	tissue	specific	ILC	cell	subsets	........................................................................	79	

Figure	3.0.12	Marker	expression	on	tSNE	of	matched	CD45+	Lin-	peripheral	blood	and	

decidual	leukocytes	........................................................................................................	80	

Figure	4.0.1	dILC	subset	composition	....................................................................................	87	

Figure	4.0.2a	Comparison	of	CyTOF	clusters	with	scRNA-seq	dataset	(Vento-Tormo	2018)	.	89	

Figure	4.0.3	Cryopreservation	artefact	..................................................................................	92	

Figure	4.0.4	ILC	subset	proportions	.......................................................................................	93	

Figure	4.0.5	dILC	Transcription	Factor	Profiles	.......................................................................	94	

Figure	4.0.6	In	search	of	classical	ILC1s	..................................................................................	96	

Figure	4.0.7	Pregnancy	Trained	dNK	(PTdNK)	........................................................................	97	

Figure	4.0.8	Comparing	dILC	subsets	by	CyTOF	with	subsets	defined	by	CD103	and	NKp44	 99	

Figure	4.0.9	Gating	strategy	for	dNK	subsets	based	on	CD103,	CD39	and	ITGB2	................	101	

Figure	4.0.10	CD39	expression	on	pbNK	and	dILC	subsets	..................................................	102	

Figure	4.0.11	Alternative	gating	strategy	.............................................................................	104	

Figure	4.0.12	dILC	response	to	PMA	plus	ionomycin	...........................................................	106	

Figure	4.0.13	Marker	expression	on	functionally	responding	dNK1	to	PMA	plus	ionomycin

	......................................................................................................................................	107	

Figure	4.0.14	dILC	response	to	‘missing	self’	(K562	co-culture)	...........................................	109	

Figure	4.0.15	Marker	expression	on	functionally	responding	dNK1	to	K562	co-culture	......	110	

Figure	4.0.16	Effect	of	HLA-B	-21	dimorphism	on	dNK	response	to	‘missing	self’	...............	111	

Figure	4.0.17	KIR	acquisition	on	dNK	and	pbNK	...................................................................	113	

Figure	4.0.18	KIR	acquisition	and	dNK	granule	content	.......................................................	114	

Figure	4.0.19	dNK	with	more	KIR	expression	have	increased	responsiveness	when	triggered	

by	activating	NKR	.........................................................................................................	116	

Figure	4.0.20	CD103	expression	in	the	decidua	...................................................................	117	

Figure	4.0.21	Identifying	trophoblast	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	

cytometry	(IMC)	...........................................................................................................	120	



	 16	

Figure	4.0.22	Identifying	dNK	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	

cytometry	(IMC)	...........................................................................................................	121	

Figure	4.0.23	Example	analysis	pipeline	for	IMC	data	..........................................................	122	

Figure	5.0.1	KIR	haplotypes	and	KIR2DL1	allele	frequencies	...............................................	129	

Figure	5.0.2	Antibody	binding	profiles	of	common	KIR2DL1	alleles	.....................................	131	

Figure	5.0.3	Distinguishing	haplotype	specific	KIR2DL1	allotypes	.......................................	132	

Figure	5.0.4	A	new	strategy	to	detect	KIR2DL1	biallelic	expression	and	specific	populations	

associated	with	KIR	A	and	B	haplotypes	.......................................................................	133	

Figure	5.0.5	KIR2DL1	allotype	expression	frequencies	on	pbNK	and	dNK	...........................	134	

Figure5.0.6	KIR2DL1	allotype	expression	is	similar	between	matched	and	non-matched	dNK	

and	pbNK	......................................................................................................................	135	

Figure	5.0.7	Cell	surface	expression	of	KIR2DL1	on	allotype	specific	subsets	......................	136	

Figure	5.0.8	KIR2DL1	allotype	expression	on	NKG2C	expansions	........................................	137	

Figure	5.0.9	Inhibition	mediated	by	KIR2DL1	allotypes	in	pbNK	..........................................	139	

Figure	5.0.10	Inhibition	mediated	by	KIR2DL1	allotypes	in	dNK	..........................................	141	

Figure	5.0.11	Granzyme	B	content	of	KIR2DL1	allotype	specific	pbNK	subsets.	..................	143	

Figure	5.0.12	‘Missing-self’	response	of	KIR2DL1	allotype	specific	pbNK	subsets.	..............	144	

Figure	5.0.13	Allelic	stratification	in	‘missing-self’	response	...............................................	145	

Figure	5.0.14	Distinguishing	between	KIR2DL1A	allotypes	..................................................	146	

Figure	5.0.15	8C11	is	able	to	block	binding	of	1A6	to	KIR2DL1	............................................	147	

Figure	5.0.16	A	new	strategy	to	achieve	intra-haplotyic	resolution	for	KIR2DL1	allelic	

phenotyping	on	the	KIR	A	Haplotype	...........................................................................	148	

Figure	5.0.17	KIR2DL1A	allotype	expression	on	pbNK	in	KIR	AA	individuals	........................	149	

Figure	5.0.18	‘Missing-self’	response	of	KIR2DL1A	allotype	specific	pbNK	subsets.	............	150	

Figure	6.0.1	Immune	composition	of	OCP	ascites	................................................................	158	

Figure	6.0.2	Representative	stains	on	aNK	and	pbNK	(CD45+	Lin-	CD56+)	..........................	160	

Figure	6.0.3	Effect	of	cryopreservation	on	aNK	phenotype	.................................................	161	

Figure	6.0.4	Marker	frequencies	on	CD56dim	pbNK,	CD56bright	pbNK	and	aNK	................	163	

Figure	6.0.5	OCP	ascites	CD45+	Lin-	subset	composition	.....................................................	165	

Figure	6.0.6	Phenotype	of	Lin-	subsets	in	OCP	ascites	.........................................................	167	

Figure	6.0.7	aNK	responses	to	PMA	plus	ionomycin	............................................................	169	

Figure	6.0.8	aNK	response	to	‘missing	self’	(K562	co-culture)	.............................................	171	

Figure	6.0.9	Marker	expression	on	functionally	responding	aNK	........................................	173	

Figure	6.0.10	C57BL/6	Peritoneal	fluid	immune	composition	.............................................	175	

Figure	6.0.11	Composition	of	g1	ILCs	in	C57BL/6	.................................................................	176	

Figure	6.0.12	NKG2A	expression	on	g1ILC	subsets	..............................................................	177	

Figure	6.0.13	Qa-1b	and	PD-L1	expression	on	the	mouse	ovarian	surface	epithelial	cell	

(MOSEC)	line,	ID8	.........................................................................................................	179	

Figure	7.1	Chapter	4	Summary	.............................................................................................	184	

Figure	7.0.2	Chapter	5	Summary	..........................................................................................	185	

Figure	7.0.3	Chapter	6	Summary	..........................................................................................	186	

Figure	7.0.4	Chapter	7	Summary	..........................................................................................	187	

Figure	a0.1	K562	and	721.221	NK	ligands	from	Tremblay-McLean	2019	.............................	197	

Figure	a0.2	CyTOF	schematic	from	Fluidigm’s	“Helios,	a	CyTOF	system”	www.fluidigm.com

	......................................................................................................................................	198	

Figure	a3	KIR	fingerprint	of	NKG2Chi	dNK	from	d1	..............................................................	199	

Figure	a0.4	Violin	plots	from	Vento-Tormo	et	al.	for	subset	specific	candidate	markers	....	199	



	 17	

Figure	a0.5	ANXA1	staining	of	endometrium	by	IHC	...........................................................	200	

Figure	a6	KIR2DL1	alleles	and	antibody	binding	sites	..........................................................	200	

Figure	a.0.7	Marker	expression	on	functionally	responding	CD56bright	aNK	to	PMA	plus	

ionomycin	.....................................................................................................................	201	

Figure	a.0.8	Marker	expression	on	functionally	responding	CD56dim	aNK	to	PMA	plus	

ionomycin	.....................................................................................................................	202	

Figure	a.0.9	Marker	expression	on	functionally	responding	TR	aNK	to	PMA	plus	ionomycin

	......................................................................................................................................	203	

Figure	a.0.10	Marker	expression	on	functionally	responding	CD56bright	aNK	to	K562	co-

culture	..........................................................................................................................	204	

Figure	a.0.11	Marker	expression	on	functionally	responding	CD56dim	aNK	to	K562	co-

culture	..........................................................................................................................	205	

Figure	a.12	Marker	expression	on	functionally	responding	TR	aNK	to	K562	co-culture	......	206	

	

List	of	Tables	
Table	1.1	Trophoblast	HLA	expression	...................................................................................	32	

Table	2.1	Flow	cytometry	anti-human	antibodies	.................................................................	52	

Table	2.3	Mass	cytometry	anti-human	antibodies	.................................................................	53	

Table	2.4	Antibodies	used	in	immunohistochemistry	............................................................	56	

Table	3.5	Lin-	CD56+	CD3-	marker	expression	frequencies	by	CyTOF	vs	literature	reported	

frequencies	.....................................................................................................................	72	

Table	a1	ILC	subset	definitions.	Taken	from	“Innate	Lymphoid	Cells:	10	Years	on”	(Vivier	

2018)	6	.........................................................................................................................	207	

Table	a2	Clinical	Characteristics	of	ascites	donors	7	............................................................	208	

Table	a3	HLA-C	status,	LILRB1	and	KIR	expression	of	NKG2Chi	dNK	8	.................................	208	

Table	a4	CyTOF	panel	for	fresh	ascites	stains	9	...................................................................	208	

Table	a5	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer	10	.........................	210	

	

List	of	Code	
Code	1	Residual	Plot	.............................................................................................................	216	

Code	2	Boolean	receptor	combinations	...............................................................................	217	

	

	

	 	



	 18	

1		
Introduction	

	

	

	

	

	 	



	 19	

1	Introduction	
	

1.1	Introduction	to	Innate	Lymphoid	Cells	(ILCs)	

	

1.1.1	Meet	the	family	

	

Innate	Lymphoid	Cells	(ILCs)	represent	a	diverse	group	of	lymphocytes	which	lack	antigen	

specific	receptors.	They	are	largely	tissue	resident	(Gasteiger	2015),	orchestrate	context	

specific	immune	responses	and	fulfil	non-immunological	roles	including	tissue	remodelling	

and	metabolic	homeostasis.	Based	on	transcription	factor	dependencies	and	cytokine	

production	profiles,	ILCs	are	considered	the	innate	counterparts	of	T	cells	and	have	been	

named	accordingly.	Thus,	in	2013	a	nomenclature	was	proposed	describing	three	ILC	

subsets,	ILC1s,	ILC2s	and	ILC3s,	corresponding	to	Th1,	Th2	and	Th17	cells	respectively.	This	

has	now	been	updated	to	reflect	the	differentiation	trajectories	of	ILCs	and	as	such,	five	ILC	

subsets	have	been	defined:	Natural	Killer	(NK)	cells,	ILC1s,	ILC2s,	ILC3s	and	Lymphoid	Tissue	

inducer	cells	(LTis)	(Figure	1.1)	(Vivier	2018).	A	summary	of	the	receptor	profiles	for	each	

subset	in	human	and	mouse	can	be	found	in	Table	a1	of	the	appendix,	although	this	does	
not	capture	tissue	specific	phenotypes	nor	does	it	reflect	the	plastic	nature	of	ILCs.	The	

following	sections	will	briefly	introduce	each	subset,	covering	their	initial	identification,	

phenotypic	identity	and	physiological	roles.		

	

NK	cells	

	

NK	cells	were	first	identified	for	their	ability	to	lyse	tumour	cells	without	prior	sensitisation	

(Kiessling	1975).	Kiessling	et	al.	noted	that	splenic	cell	suspensions	displayed	cytotoxicity	

towards	leukaemic	target	cells	even	when	devoid	of	T	and	B	cells.	These	‘naturally	occurring	

cytotoxic	cells’	were	subsequently	coined	Natural	Killer	cells.	NK	cells	are	characterised	by	

the	expression	of	transcription	factors,	T-bet	and	Eomes,	and	IFN-g	production.	They	are	
important	for	type	1	immunity	against	intracellular	pathogens	and	tumours	and	represent	

the	major	cytotoxic	ILC.	Cytotoxicity	is	mediated,	in	part,	by	specialised	secretory	lysosomes	

(granules)	which	contain	cytotoxic	molecules	including	granzymes	and	perforin.	NK	cells	

have	been	identified	in	a	number	of	lymphoid	and	non-lymphoid	tissues	e.g.	liver,	lung	and	

uterus	where	they	are	also	thought	to	perform	non-cytotoxic	functions	including	vascular	

remodelling	(Bjorkstrom	2016).		

	

ILC1s	

	

Like	NK	cells,	ILC1s	express	T-bet	and	produce	IFN-g.	However,	they	do	not	all	express	
Eomes	nor	other	typical	NK	cell	markers	such	as	CD56,	CD94	and	granzymes.	They	were	first	

identified	as	cells	that	produced	IFN-g	in	response	to	IL-12	treatment	that	were	enriched	in	

the	inflamed	intestines	of	Crohn’s	disease	patients	(Bernink	2013).	They	are	also	involved	in	

type	1	immunity	but	are	not	cytotoxic.	An	exception	to	this	is	represented	by	intra-epithelial	

ILC1s	(ieILC1s),	which	express	CD56,	perforin	and	granzymes	and	display	cytotoxicity	

towards	HLA-null	cell	lines	(Fuchs	2013).	ieILC1s	express	a	unique	integrin	profile	including	

CD103	and	are	found	enriched	in	epithelial	regions.	They	too	are	elevated	in	Crohn’s	disease	

patients.	More	recently,	the	existence	of	classical	ILC1s	has	been	questioned.	A	CyTOF	study	
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profiling	the	ILC	composition	of	mucosal,	non-mucosal	and	pathological	tissues	was	unable	

to	find	classical	ILC1s	but	could	identify	ieILC1s	(Simoni	2017).		

	

ILC2s	

	

ILC2s	are	characterised	by	GATA-3	and	CRTH2	expression.	They	have	been	named	

differently	on	several	occasions	and	aliases	include	nuocytes,	non-B	non-T	cells,	natural	

helper	cells	and	innate	type	2	helper	cells.	Their	initial	discovery	arose	from	studying	the	

effects	of	IL-25	in	the	lung.	IL-25	was	shown	to	induce	IL-4,	IL-5	and	IL-13	production	

resulting	in	pathology	of	the	lung.	This	still	occurred	in	mice	lacking	B	and	T	cells	and	thus	

ILC2s	were	identified	(Fort	2001).	ILC2s	were	subsequently	shown	to	express	the	receptors	

for	IL-25	and	IL-33	and	shown	to	play	roles	in	helminth	clearance	(Moro	2010).	In	humans,	

CD127
+
CD161

+
CRTH2

+
	cells	were	first	identified	in	gut	and	lung	tissue	(Mjosberg	2011).	It	is	

worth	noting	that	ILC	phenotypes	are	tissue	specific	and	CD127
low/neg	CRTH2-	ILC2s	have	

been	identified	in	the	uterus	(Balmas	2018).	In	addition	to	driving	type	2	immunity,	ILC2s	

have	been	implicated	in	metabolic	homeostasis,	through	preventing	the	inflammatory	

signature	in	adipose	tissue	associated	with	obesity,	and	tissue	remodelling,	amphiregulin	

production	repairs	tissues	once	infections	have	been	resolved	(Monticelli	2011).		

	

ILC3s	

	

ILC3s	were	initially	identified	in	tonsils	and	peyer’s	patches	and	mistaken	for	a	subset	of	NK	

cells.	These	“NK-22”	expressed	CD56	and	NKp44,	made	IL-22,	and	could	induce	IL-10	

production	by	epithelial	cells	(Cella	2009).	They	are	part	of	the	immune	response	against	

extracellular	microbes	and	are	also	important	for	maintaining	the	gut	microbiota	and	

intestinal	integrity.	Indeed,	IL-22	can	induce	intestinal	stem	cells	to	proliferate.	ILC3s	express	

the	transcription	factors	RAR-related	orphan	receptor	gt	(RORgt)	(Cupedo	2009)	and	
arylhydrocarbon	receptor	(AhR)	and	can	be	further	subdivided	into	NCR

+
ILC3s	and	NCR

-

ILC3s	based	on	NKp44	expression.	NCR
-
ILC3s	are	phenotypically	very	similar	to	LTis	and	

therefore	few	studies	distinguish	between	the	two.	
	

LTis	

	

Like	ILC3s,	LTis	also	express	RORgt	and	AhR.	They	were	first	identified	in	the	mouse	as	a	

CD4
+
CD3

-
	lymphoid	population	in	fetal	lymph	nodes	(Mebius	1997).	Through	cell	surface	

expression	of	lymphotoxin-beta,	they	are	involved	in	the	formation	of	secondary	lymphoid	

structures.	Indeed,	RORgt	knock	out	mice	lack	LTis	and	mature	lymph	nodes	(Eberl	2004).	

LTis	exhibit	plasticity	and	can	lose	RORgt	expression,	upregulate	NK	cell	markers	and	

produce	IFN-g	(Vonarbourg	2010).		
	

	



	 21	

	
Figure	1.0.1	ILC	subsets	and	development	

Figure	1.1	ILC	subsets	and	development		

	

Taken	from	Innate	Lymphoid	Cells:	10	years	on	(Vivier	2018):		

ILC	development,	mainly	based	on	mouse	ILCs	differentiation	paths,	is	schematized.	ILCs	

develop	from	CILPs	(common	innate	lymphoid	progenitors),	which	themselves	differentiate	

from	CLPs	(common	lymphoid	progenitors).	CILPs	can	differentiate	into	NK	cell	precursors	

(NKP)	cells	or	into	CHILPs	(common	helper	innate	lymphoid	progenitors),	which	themselves	

give	rise	to	LTiPs	(lymphoid	tissue	inducer	progenitors)	and	ILCP	(innate	lymphoid	cell	

precursors).	LTiPs	differentiate	into	LTis	and	ILCPs	into	ILC1,	ILC2,	or	ILC3.	Each	stage	of	

differentiation	is	dependent	on	the	expression	of	the	indicated	transcription	factors:	NFIL3	

(nuclear	factor	IL-3	induced),	Id2	(inhibitor	of	DNA	binding	2),	TOX	(thymocyte	selection-

associated	high	mobility	group	box	protein),	TCF-1	(T	cell	factor	1),	ETS1	(avian	

erythroblastosis	virus	E26	homolog-1),	GATA3	(GATA	binding	protein	3),	PLZF	

(promyelocytic	leukemia	zinc	finger),	T-bet	(T-box	transcription	factor),	Eomes	

(Eomesodermin),	RUNX3	(runt-related	transcription	factor	3),	RORa	(RAR-related	orphan	

receptor	a),	Bcl11b	(B	cell	lymphoma/leukemia	11B),	Gfi1	(growth	factor	independent	1),	

RORgt	(RAR-	related	orphan	receptor	gt),	and	AhR	(Aryl	hydrocarbon	receptor).	It	has	been	
shown	in	humans	that	ILC1	subsets	may	originate	from	precursors	other	than	ILCPs	(Fuchs	

2013),	but	the	identity	of	which	remains	unknown	at	this	time.		



	 22	

1.1.2	Receptors	

	

1.1.2.1	Receptors	for	“self”	

	

Whilst	lacking	genetically	recombined	antigen	specific	receptors,	ILCs	express	a	wide	array	

of	germline	encoded	activating	and	inhibitory	receptors.	Many	of	these	recognise	human	

leukocyte	antigens	(HLA)	or	“self”.	

	

Killer-cell	Immunoglobulin-like	Receptors	(KIRs)	

	

The	KIR	family	is	made	up	of	~15	members	and	contains	both	activating	and	inhibitory	

receptors.	They	are	named	based	on	the	number	of	immunoglobulin	domains	they	possess,	

KIR2D-	or	KIR3D,	and	the	length	of	their	cytoplasmic	tail,	L	(long)	for	inhibitory	and	S	(short)	

for	activating.	The	cytoplasmic	tails	of	inhibitory	KIR	(iKIR)	contain	immunoreceptor	

tyrosine-based	inhibitory	motifs	(ITIMs)	which	recruit	phosphatases	SHP-1	and	SHIP.	These	

inhibit	activation	by	dephosphorylating	Vav1,	thereby	preventing	actin	dependent	processes	

required	for	activation	(Long	2008).	In	contrast,	the	short	cytoplasmic	tail	of	activating	KIR	

(aKIR)	end	in	a	charged	residue	which	allow	them	to	associate	with	DAP12.	DAP12	contains	

an	immunoreceptor	tyrosine-based	activation	motif	(ITAM)	which	acts	as	a	binding	site	for	

ZAP70	and	Syk	tyrosine	kinases	(Long	2013).	All	the	ligands	identified	thus	far	for	KIR	have	

been	HLA	class	I	molecules	(Parham	2012)	and	the	cognate	ligands	for	several	remain	

unknown.	The	binding	site	for	KIR	on	HLA	molecules	overlaps	with	the	peptide	binding	

groove	and	KIR	are	sensitive	to	which	peptides	are	loaded	(Malnati	1995,	Sim	2019).		

	

KIR	genes,	located	on	chromosome	19,	are	very	polymorphic	and	exhibit	both	copy	number	

and	allelic	variations.	Two	KIR	haplotypes	have	been	defined	and	both	can	be	found	in	every	

human	population	studied	to	date.	The	KIRA	haplotype	contains	a	fixed	number	of	genes	

and	are	predominantly	inhibitory,	KIRB	haplotypes	are	much	more	varied	and	represent	all	

non-KIRA	haplotypes	(Figure	5.1).	Disease	association	studies	have	linked	KIR	haplotypes	
with	disease,	outcome	of	cell	transplantation	and	pregnancy.	For	example,	KIRA	is	

associated	with	spontaneous	resolution	of	HCV	infection	in	individuals	homozygous	for	
C1+HLA-C	(Khakoo	2004).	In	contrast,	KIRA	is	linked	to	increased	risk	of	pre-eclampsia	and	

miscarriage	when	the	fetus	inherits	paternal	C2+HLA-C	(Hiby	2004,	Hiby	2008).	Some	KIRs	

are	present	on	both	haplotypes	such	as	KIR2DL1,	but	most	KIR2DL1	alleles	will	preferentially	

be	associated	with	one	haplotype	or	the	other	(Hilton	2015).	

	

LILRB1	(Leukocyte	Immunoglobulin	Like	Receptor	B1,	Ig-like	transcript	2,	ILT2,	CD85j)	

	

LILRB1	belongs	to	the	LILR	receptor	family	of	type	I	transmembrane	proteins	and	is	

expressed	by	B	cells,	monocytes/macrophages,	dendritic	cells	and	a	subset	of	NK	and	T	cells.	

It	binds	to	HLA	class	I	molecules	and	displays	the	highest	affinity	for	HLA-G	and	in	particular,	

dimerised	HLA-G	(Borges	&	Cosman	2000,	Shiroishi	2006).	Four	Ig	domains	make	up	its	

extracellular	portion	and	there	are	three	ITIMs	and	an	immunoreceptor	tyrosine-based	

switch	motif	(ITSM),	SXYXXL,	within	its	cytoplasmic	tail.	Functionally,	there	is	debate	as	to	

whether	LILRB1	is	activating	or	inhibitory.	The	presence	of	three	ITIMs	suggests	the	latter	

and	studies	on	pbNK	repeatedly	demonstrate	its	inhibitory	capabilities	(Vitale	1999,	Riteau	

2001,	Apps	2011).	However,	conflicting	results	have	been	obtained	for	dNK.	It	has	been	
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shown	that	a	LILRB1
+
	dNK	clone	was	inhibited	by	721.221	expressing	HLA-G	(Hanna	2006).	A	

separate	study	found	that	dNK	co-culture	with	721.221	cells	expressing	either	monomeric	or	

dimeric	HLA-G	neither	increased	nor	decreased	degranulation	by	LILRB1
+
	dNK	(Apps	2011).	

In	contrast,	it	has	been	reported	that	dNK,	but	not	pbNK,	produce	IL-6	and	IL-8	upon	co-

culture	with	HLA-G	transfected	721.221s	and	that	this	was	slightly	decreased	upon	addition	

of	an	anti-LILRB1	antibody	(Li	2009).	Similarly,	it	was	found	that	anti-LILRB1	antibody	

treatment	decreased	IFN-g	and	VEGFa	production	by	dNK	after	co-culture	with	721.221-
HLA-G	cells	(Gamliel	2018).	Activating	signals	may	be	possible	despite	the	presence	of	three	

ITIMs	due	to	the	ITSM.	Indeed,	binding	of	adaptor	proteins	such	as	SAP	to	ITSMs	of	another	

receptor,	2B4,	convert	it	from	inhibitory	to	activating	(Eissman	2005),	although	this	has	not	

been	shown	for	LILRB1	yet.	Thus,	the	function	of	LILRB1	may	vary	between	tissues	and	

pathologies.	

		

CD94/NKG2	

	

HLA-E	presents	the	leader	peptides	of	other	HLA	class	I	molecules.	In	this	way	HLA-E	acts	as	

a	sentinel	for	global	HLA	expression.	NKG2A	and	NKG2C	are	paired	inhibitory	and	activating	
receptors	which,	in	combination	with	CD94,	bind	to	HLA-E.	NKG2A	possesses	two	ITIMs	

whilst	NKG2C	associates	with	DAP12.	A	single	amino	acid	substitution	in	the	predicted	

binding	site	is	thought	to	increase	the	binding	affinity	of	NKG2A	for	HLA-E	compared	to	

NKG2C	(Valés-Goméz	1999).	Moreover,	leader	peptides	generated	from	HLA-G	result	in	

stronger	binding	affinities	for	both	receptors	compared	to	other	HLA	class	I	(Vales-Gomes	

1999).	NKG2A	is	expressed	by	subsets	of	NK,	T	and	ILC1	and	has	become	a	target	for	

checkpoint	blockade	(Monalizumab;	André	2018).		NKG2C	is	associated	with	NK	cell	

“memory”	and	is	expressed	by	HCMV-induced	peripheral	blood	NK	(pbNK)	expansions	and	

pregnancy	trained	dNK	(discussed	in	section	4.2.2.2).	There	is	a	dimorphism	in	the	leader	

sequence	of	HLA-B	at	position	-21	which	determines	whether	it	can	be	loaded	onto	HLA-E	or	

not	(Figure	1.2).	A	threonine	at	position	-21	does	not	deliver	functional	peptides	for	HLA-E	
and	is	associated	with	reduced	surface	level	expression	of	HLA-E	and	decreased	education	

and	‘missing	self’	responses	(discussed	in	sections	1.1.3	and	1.1.4)	by	NKG2A
+
	pbNK	

(Horowitz	2016).	Moreover,	the	-21	SNP	has	been	associated	with	HIV-1	control,	

immunotherapy	success	in	AML	and	pregnancy	outcome	(Ramsuran	2018,	Hallner	2019,	

Shreeve	unpublished).	

	

	
Figure	1.	0.2	Linkage	disequilibrium	between	HLA-B	-21	SNP,	HLA-B	and	HLA-C	

Figure	1.2	Linkage	disequilibrium	between	HLA-B	-21	SNP,	HLA-B	and	HLA-C	

	

Threonine	at	position	-21	of	the	leader	sequence	of	HLA-B	does	not	provide	a	functional	

peptide	for	HLA-E.	It	can	be	found	on	both	Bw4	and	Bw6	bearing	HLA-B	allotypes	and	can	
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associate	with	both	C1	and	C2	bearing	HLA-C	allotypes.	A	methionine	at	the	same	position	

does	provide	functional	peptides	for	HLA-E	and	is	found	almost	exclusively	on	Bw6
+
HLA-B	

allotypes.	In	European	populations,	M	is	in	linkage	disequilibrium	with	C1
+
HLA-C.		

	

	1.1.2.2	Natural	cytotoxicity	receptors	

	

There	are	three	natural	cytotoxicity	receptors	(NCRs):	NKp30,	NKp44	and	NKp46.	These	

immunoglobulin-like	superfamily	members	contain	one,	one	and	two	extracellular	Ig	

domains	respectively.	NKp46	is	an	activating	receptor	expressed	by	resting	NK	and	subsets	
of	ILC1s	and	ILC3s.	Cross-linking	of	NKp46	can	trigger	degranulation	and	cytokine	production	

in	NK	from	different	tissues	(Costa	2008,	Hanna	2006).	Several	ligands	have	been	identified	

including	haemaglutinins	on	virus	infected	cells	(Mandelboim	2001)	and	complement	factor	

P.	NKp46-fc	fusion	proteins	did	not	find	ligands	on	JEG3	and	JAR	trophoblast	cell	lines	(Vacca	

2008).	NKp44	is	expressed	at	rest	by	NCR+ILC3	and	subsets	of	ILC1.	It	is	also	upregulated	by	
activated	NK	cells,	for	example	upon	IL-2	treatment	(Vitale	1998).	It	associates	with	DAP12	

and	is	activating	in	redirected	killing	assays	(Vitale	1998).	Various	ligands	have	been	

identified	including	Proliferating	Cell	Nuclear	Antigen	(PCNA),	PDGF	and	viral	

haemaglutinins.	NKp44-fc	fusion	proteins	also	bound	to	JEG3	and	JAR	trophoblast	lines	

(Vacca	2008).	More	recently,	it	was	shown	that	NKp44	could	bind	to	a	subset	of	HLA-DP	

allotypes	including	HLA-DP401.	HLA-DP401	is	frequent	in	Caucasians	and	could	induce	

degranulation	of	primary	pbNK	in	a	peptide	specific	manner	(Niehrs	2019).	NKp30	
expression	has	been	reported	on	resting	ILCs	and	can	be	upregulated	upon	activation,	e.g.	

IL-2	and	IL-15	treatment	(Rham	2007).	Several	ligands	have	been	characterised	including	B7-

H6,	CMV	pp65	and	BAT3	(Brandt	2006).	Soluble	B7-H6	made	by	ovarian	tumours	reduces	

NKp30	expression	on	tumour	associated	NK	and	renders	them	hypofunctional	(Pesce	2015).	

There	are	three	major	isoforms	of	NKp30,	pbNK	preferentially	express	NKp30a	and	NKp30b,	

whilst	decidual	NK	(dNK)	express	NKp30c	(Siewiera	2015).	Stimulating	pbNK	cells	via	NKp30	

induced	degranulation,	in	contrast	dNK	show	modest	degranulation	and	secrete	large	

amounts	of	VEGFa	upon	NKp30	cross-linking	(Siewiera	2015).		

	

1.1.2.3	CD96/DNAM-1/TIGIT,	CD161	and	NKG2D	

	

DNAM-1	(CD226),	CD96	(TACTILE)	and	TIGIT	are	immunoglobulin-like	superfamily	receptors	

that	interact	with	nectins	and	nectin-like	proteins.	They	share	CD155	(PVR)	as	a	common	

ligand	but	also	exhibit	differential	nectin	specificities,	e.g.	TIGIT	binds	PVRL3	whilst	DNAM-1	

does	not.	DNAM-1	mediates	NK	cytotoxicity	versus	tumour	cells	(Lakshmikanth	2009)	and	is	

downregulated	on	ascites	derived	NK	cells	from	ovarian	cancer	patients	(Hoogstad-van	

Evert	2018).	CD96	and	TIGIT	contain	ITIM	motifs	and	CD96	engagement	decreased	IFN-g	
production	by	murine	splenic	NK	cells	(Chan	2014).	TIGIT	transcripts	are	enriched	in	

ieILC1/dNK3	in	the	decidua	in	comparison	to	other	decidual	ILCs	(Vento-Tormo	2018).	Like	

NKG2A/C,	NKG2D	and	CD161	(KLRB1)	are	C-type	lectin-like	receptors	but	do	not	associate	
with	CD94.	Instead,	NKG2D	forms	homodimers	via	a	disulphide	bridge	and	transmits	

activating	signals	via	DAP10	(Wu	1999).	Triggering	of	NKG2D	in	plate	bound	assays	induces	

degranulation	by	murine	splenic	NK	(Shi	2018).	Ligands	for	NKG2D	include	MHC-like	stress	

molecules	ULBP1-6,	MICA	and	MICB	(Zingoni	2018).		Extravillous	trophoblast	(EVT,	discussed	

in	1.2.2)	do	not	express	known	NKG2D	ligands	nor	bind	NKG2D-fc	fusion	proteins	(Apps	

2008)	but	NKG2D	ligands	are	expressed	by	decidual	immune	cells	and	syncytial	trophoblast	
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(Marlin	2012,	Mincheva-Nilsson	2006).	CD161	is	highly	expressed	by	all	ILC	subsets	and	

ligands	include	Lectin-like	transcript	1	(LLT1)	and	CLEC2D.	LLT1	is	expressed	on	leukocytes	

and	in	immune	privileged	sites	(Llibre	2016)	and	CLEC2D	is	expressed	by	EVT	and	ovarian	

tumours.	CD161	acts	as	both	an	activating	and	inhibitory	receptor	based	on	the	readout	

assessed.	Stimulation	of	CD161	on	pbNK	results	in	decreased	degranulation	but	increased	

IFN-g	production	(Aldemir	2005,	Bambard	2010).		

	

	

1.1.3	Education	

	

Education	refers	to	the	process	by	which	the	functional	capabilities	of	NK/ILC1	cells	are	

calibrated,	usually	through	interactions	with	self-MHC	class	I	molecules.	In	this	way	NK/ILC1	

cells	become	tolerant	of	self	and	attain	the	ability	to	respond	to	altered	self.	Initial	evidence	

came	from	MHC	deficient	mice,	where	it	was	noted	that	their	NK	cells	were	tolerant	of	self	

but	could	not	respond	to	MHC	deficient	targets	(Liao	1991).	The	genes	for	KIR	and	HLA	are	

located	on	separate	chromosomes.	This	means	individuals	may	lack	the	cognate	ligand	for	

some/all	of	their	KIR	genes.	In	humans,	a	sizeable	proportion	of	circulating	CD56
dim

	NK	cells	

can	lack	receptors	for	self	MHC	and	are	said	to	be	‘uneducated’	(Anfossi	2006).	Anfossi	et	al.	

found	that	uneducated	pbNK	were	hypofunctional	upon	K562	co-culture	and	CD16	

stimulation.	In	contrast,	they	found	that	CD56
dim

	pbNK	which	expressed	at	least	a	single	

inhibitory	KIR	were	functionally	competent.	HLA-C1,	-C2	and	Bw4	have	all	been	shown	to	

mediate	education	through	interactions	with	inhibitory	KIR	(Anfossi	2006,	Sim	2016,	

Goodridge	2019).	Subsequently	it	has	been	found	that	non-MHC	receptors	such	as	SLAM	

family	members	can	mediate	education	(He	2017).	Moreover,	activating	KIR,	such	as	

KIR2DS1,	can	decrease	functional	activity	in	response	to	‘missing-self’	(Fauriat	2010b).		

	

Several	models	have	been	proposed	to	explain	how	NK	cells	become	educated.	In	the	

‘arming’	model,	NK	cells	begin	hypofunctional	and	require	inhibitory	signalling	during	

development	to	become	‘armed’	i.e.	functionally	responsive.	In	the	‘disarming’	model,	cells	

begin	functional	but	a	lack	of	inhibitory	signalling	results	in	chronic	activation	and	the	cells	

becoming	hyporesponsive.	A	rheostat	model	has	also	been	proposed	which	states	that	

education	is	not	an	on-off	switch	but	rather	a	tuneable	continuum	(Brodin	2009).	Data	from	

mouse	studies	also	suggests	that	education	is	reversible	and	can	be	mediated	by	cis	
interactions	(Joncker	2010,	Boudreau	2016).	The	mechanism	by	which	NK	cells	become	

educated	has	been	challenging	to	identify	but	progress	is	being	made.	Recently	it	was	found	

that	educated	pbNK	have	increased	granzyme	B	content	within	secretory	lysosomes	

(granules)	and	that	these	granzyme	B	rich	granules	sit	close	to	the	centrosome	(Goodridge	

2019).	These	large	granules	are	thought	to	act	as	intracellular	calcium	stores	which	can	

enhance	signalling	downstream	of	activation.	This	effect	was	not	associated	with	

transcriptional	changes	and	instead	the	authors	propose	a	disarming	model	(Figure	1.3).	
Briefly,	tonic	activation	stimulates	the	PI3K/AKT	pathway	which	activates	the	enzyme	

PIKfyve.	PIKfyve	converts	PI3P	to	PI(3,5)P2	which	activates	the	lysosomal	calcium	channel	

TRPML1.	Chronic	TRPML1	stimulation	can	lead	to	granzyme	B	reduction	and	decreased	

responses	to	K562	co-culture	(Goodridge	2019).	

	

Is	there	a	role	for	uneducated	cells?	In	certain	settings	uneducated	NK	cells	mediate	

pathogen	control	for	example	in	murine	cytomegalovirus	clearance	(Orr	2010)	and	have	
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been	associated	with	reduced	relapse	rates	post	hematopoietic	cell	transplantation	

(Boudreau	2017,	Venstrom	2009).	Also,	if	education	proves	to	be	dynamically	regulated	

then	uneducated	cells	which	acquire	receptors	for	self	may	also	become	educated.			

	

	

	

	
Figure	1.0.3	Role	for	granules	in	NK	cell	education	

Figure	1.3	Role	for	granules	in	NK	cell	education	
	

Taken	from	Goodridge	et	al.	2019.		

Model	describing	the	distinct	fates	of	NK	cells	during	NK	cell	education.	NK	cells	lacking	self-

specific	receptors	receive	tonic	stimulatory	input	through	activating	receptors	and	show	

poor	functional	responses,	a	process	referred	to	as	disarming.	These	cells	exhibit	lower	

levels	of	the	granule	matrix	protein	serglycin	and	effector	molecules	granzyme	B	and	

perforin	and	lack	dense-core	secretory	lysosomes.	One	putative	pathway	downstream	of	

activation	receptor	signaling	is	PI3K/AKT	that	stimulate	the	enzyme	PIKfyve,	which	converts	

PI3P	to	PI(3,5)P2	and	thereby	positively	regulate	the	lysosome-specific	Ca
2+	channel	

TRPML1.	PIKfyve	and	TRPML1	are	critically	involved	in	lysosomal	modulation	in	several	cell	

types.	Inhibitory	KIRs	interfere	with	activation	signals	at	a	proximal	level	and	thereby	shut	

down	any	signals	that	could	drive	such	lysosomal	modulation.	In	support	of	this	notion,	

pharmacological	interference	with	PIKfyve	or	silencing	of	TRPML1	replicated	the	educated	

state	with	enlarged	lysosomes,	increased	granzyme	B	loads	and	more	potent	effector	

function.	The	secretory	lysosome	is	part	of	the	acidic	Ca
2+
	stores	and	may	thus	potentiate	

receptor-mediated	Ca
2+
	release	from	the	ER.	Interference	with	signalling	from	the	acidic	

Ca
2+	stores	resulted	in	the	loss	of	NK	cell	function.	Thus,	the	accumulation	of	dense-core	

secretory	lysosomes	during	NK	cell	education	may	contribute	to	the	increased	function,	not	

only	through	the	increased	cytotoxic	payload,	but	also	through	enhanced	signalling	from	

acidic	Ca
2+	stores	
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1.1.4	Modes	of	activation	

	

ILC	function	is	tightly	controlled	by	continuously	integrating	activating	and	inhibitory	signals.	

There	are	several	modes	of	activation	that	have	already	been	mentioned	but	will	be	

elaborated	upon	here:	‘missing	self’,	ADCC	and	cytokine	stimulation.		

‘Missing	self’	refers	to	NK/ILC1s	ability	to	detect	cells	which	have	downregulated/lost	HLA	
class	I	expression.	When	the	loss	of	inhibitory	signalling	mediated	by	HLA	class	I	is	combined	

with	stimulation	of	activating	receptors,	the	net	activation	signal	triggers	a	functional	

response	by	the	cell.	HLA	class	I	downregulation	is	a	mechanism	by	which	

tumours/viruses/intracellular	pathogens	evade	adaptive	immune	responses	and	thus	the	

missing	self-response	fills	an	important	gap.	Educated	ILCs	are	able	to	mediate	the	‘missing	

self’	response	as	described	in	section	1.1.3.			

Antibody-dependent	cellular	cytotoxicity	(ADCC):	Some	NK	cells	express	CD16	(FcγRIIIA)	

and	CD32	(FcγRIIC)	which	bind	to	the	Fc	portions	of	antibodies.	Either	through	ITAMs	in	

their	cytoplasmic	tails	or	in	associated	proteins	they	transmit	activating	signals	which	result	

in	degranulation	and	cytokine	secretion.	In	this	way,	NK	cells	clear	antibody	coated	targets	

and	act	as	the	effectors	of	the	adaptive	immune	response.	CD16	expression	is	restricted	to	

the	CD56
dim

	NK	subset	in	peripheral	blood	and	is	not	expressed	by	decidual	NK.		

Cytokine	stimulation:	ILCs	express	numerous	cytokine	receptors	in	a	subset	dependent	

manner	(Table	a1).	Cytokine	stimulation	alone	is	often	sufficient	to	induce	functional	

responses	from	ILCs	including	further	cytokine	production.	In	this	way	ILCs	act	as	hubs	

within	cytokine	networks	to	shape	the	nature	of	an	immune	response.		

	

1.1.5	Granules:	Specialised	secretory	lysosomes	

	

NK/ieILC1s	contain	specialised	lytic	granules	also	known	as	secretory	lysosomes.	Like	non-

secretory	lysosomes,	they	possess	lysosomal	enzymes	contained	within	a	bi-layer	

membrane	(Burkhardt	1990).	However,	they	also	possess	dense	cores	of	cytolytic	proteins	

complexed	with	serglycin	and	other	chondroitin	sulfate-rich	proteoglycans	(Burkhardt	

1990).	These	cytolytic	proteins	include	granzymes,	perforin,	granulysin	and	Fas	Ligand.	Upon	

activation,	lytic	granules	are	trafficked	to	the	immunological	synapse,	whereupon	they	fuse	

with	the	cell	membrane	and	deliver	their	cytotoxic	effector	molecules	to	the	target.	

Granzymes	represent	a	multimember	family	of	serine	proteases	which	induce	apoptosis	via	

several	mechanisms	including	caspase	activation	(Talanian	1997).	Perforin	is	a	pore-forming	

cytolytic	protein	and	has	been	hypothesised	to	induce	cell	death	directly	by	membrane	

disruption	or	indirectly	by	facilitating	granzyme	entry	into	targets.	However,	it	has	also	been	

shown	that	perforin-induced	membrane	damage	is	not	sufficient	to	induce	all	the	features	

typical	of	T	cell	killing	(Duke	1989).	Granulysin	exists	as	two	isoforms,	the	larger	15kDA	

isoform	is	thought	to	be	non-cytotoxic	and	acts	as	a	chemokine	and	also	induces	monocyte	

to	dendritic	cell	differentiation	(Clayberger	2012).	In	addition	to	delivering	cytolytic	proteins	

to	target	cells,	granules	can	act	as	intracellular	calcium	stores	to	boost	activating	receptor	

mediated	calcium	release	(Discussed	in	more	detail	in	1.1.3	Education)	(Goodridge	2019).		

	

A	number	of	diseases	are	linked	to	granule	defects.	Patients	with	Chediak-Higashi	Syndrome	

(CHS)	have	mutations	in	the	lysosomal	trafficking	regulator,	LYST.	The	pbNK	from	these	

patients	contain	fewer	but	larger	granules	that	are	unable	to	polarize	towards	target	cells	
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(Chiang	2017,	Haliotis	1980).	These	NK	cells	exhibit	decreased	degranulation	but	increased	

cytokine	production	(Chiang	2017,	Gil-Krzewska	2016,	Haliotis	1980).	

	

1.1.6	Tissue	residency	

	

Defying	the	classical	paradigm	of	NK	cells	as	killers	has	been	the	identification	of	tissue	

resident	NK	(trNK)	cells	and	other	NK	subsets	with	reduced	cytotoxic	capabilities.	Far	less	is	

known	about	the	origin	and	function	of	trNK	cells,	but	this	is	swiftly	changing	as	tissue	

specific	markers	are	being	identified	such	as	CD69,	CD9,	CD103	and	CD49a.	CD69	was	

originally	described	as	an	activation	marker	but	it	plays	a	role	in	retaining	lymphocytes	in	

tissues.	Sphingosine-1-phosphate	(S1P)	concentrations	are	highest	in	the	blood	and	form	a	

decreasing	gradient	into	tissues.	Through	blocking	S1P	interactions	with	S1P	receptors	such	

as	sphingosine-1-phosphate	receptor	1	(S1P1),	CD69	blocks	lymphocyte	egress	into	the	

blood	(Shiow	2006).	CD9	is	a	tetraspanin	and	interacts	with	a	wide	variety	of	ligands	within	

membrane	regions	known	as	tetraspanin-enriched	microdomains	(TEMs)	(Reyes	2018).	

CD103	binds	to	E-cadherin	expressed	by	epithelial	cells.	In	several	tissues,	CD103
+
	

lymphocytes	can	be	found	enriched	in	epithelial	regions	(Fuchs	2013,	Webb	2014,	Workel	

2016)	although	this	is	not	always	the	case	(Workel	2016).	CD49a	forms	a	heterodimer	with	

β1	integrin	to	bind	collagen.	Both	CD49a	and	CD103	can	be	induced	on	pbNK	cells,	which	at	

rest	do	not	express	either,	by	treating	with	TGF-β	and/or	hypoxia	(Cerdeira	2013).		

	

ILCs	are	largely	tissue	resident	although	they	are	also	present	in	the	blood,	in	particular	NK	

cells	(Gasteiger	2015).	This	thesis	focuses	on	ILCs	in	two	distinct,	yet	similar,	biological	

settings:	reproduction	and	ovarian	cancer.	These	are	discussed	in	the	following	sections.				

	

1.2	Reproductive	physiology	

	

1.2.1	Menstrual	cycle	

	

The	endometrium	is	the	mucosal	lining	of	the	non-pregnant	uterus	and	is	formed	of	two	

layers,	the	functionalis	and	basalis.	The	functionalis	undergoes	proliferation	and	

differentiation	before	being	shed	in	the	menses.	The	basalis	is	the	lower	layer	from	which	

the	functionalis	regenerates.	In	the	absence	of	implantation,	the	menstrual	cycle	completes	

roughly	every	28	days.	It	can	be	divided	into	several	phases	according	to	hormonal	and	

morphological	changes	(Figure	1.4).	The	proliferative/follicular	phase	is	driven	by	an	initial	
oestrogen	surge	and	leads	to	proliferation	of	the	endometrial	stroma	and	glands	and	

thereby,	the	regeneration	of	the	functionalis.	High	oestrogen	levels	signal	the	pituitary	

gland	to	release	large	amounts	of	luteinising	hormone	(LH)	which	triggers	ovulation	around	

day	14.	The	corpus	luteum	forms	in	the	ovarian	follicle	and	produces	progesterone	marking	

entry	into	secretory/luteal	phase.	Herein,	a	number	of	morphological	changes	occur	in	

preparation	for	implantation.	Endometrial	glands	proliferate	less	and	produce	glycogen-rich	

secretions	which	peak	around	day	21,	coinciding	with	the	implantation	window	(Harper	

1992).	The	stroma	appears	oedematous,	potentially	due	to	stromal-cell	derived	

prostaglandins	which	increase	vascular	permeability,	as	seen	in	rats	(Kennedy	1979).	

Stromal	fibroblasts	enlarge	and	become	decidualised.	This	means	they	begin	to	secrete	a	

number	of	factors	including	prolactin	and	relaxin	(Huang	1987)	and	lay	down	extra	cellular	

matrix	(ECM).	During	the	luteal	phase,	the	spiral	arteries	are	also	developed	but	unlike	
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angiogenesis	associated	with	wound	healing	and	tumours,	this	most	likely	occurs	by	non-

sprouting	angiogenesis	(endothelial	proliferation	internally	splits	one	vessel	into	two)	

(Gambino	2002).	In	the	absence	of	implantation,	progesterone	production	by	the	corpus	

luteum	ceases	and	menstruation	occurs.		

	

The	endometrial	stroma	is	also	an	immune-rich	compartment	whose	composition	dynamics	

change	throughout	the	menstrual	cycle.	Within	the	basalis	layer,	T-	and	B-cell	immune	

aggregates	can	be	found	which	resemble	mucosa-associated	lymphoid	tissue	(MALT)	as	

seen	in	the	gastro-intestinal	tract	(Yeaman	1997).	In	the	functionalis	layer,	multiple	immune	

cell	types	have	been	identified	including	NK,	T	cells,	macrophages,	mast	cells,	B	cells	and	

neutrophils	(Flynn	2000,	Russell	2011).	There	is	a	huge	expansion	of	NK	cells	post-ovulation	

which	results	in	them	being	the	dominant	subset	throughout	the	secretory	phase	(King	

1989,	Flynn	2000,	Shivhare	2015).	These	endometrial	NK	(eNK)	cells	can	be	found	in	close	

contact	with	endometrial	glands	and	spiral	arteries	and	have	been	shown	to	express	

angiogenic	factors	such	as	VEGF	and	angiopoietin-2	(Li	2001).	If	implantation	does	not	

occur,	eNK	begin	to	degenerate	even	before	signs	of	menstruation	can	be	detected	(King	

1989).	Thus,	they	may	play	direct	roles	in	remodelling	the	uterine	vasculature	in	preparation	

for	implantation	and	maintenance	of	the	endometrial	lining	(Wilkens	2013).		

	

1.2.2	Implantation	and	the	early	stages	of	pregnancy		

	

Following	successful	fertilisation	in	the	fallopian	tubes,	the	embryo	undergoes	several	cell	

divisions	to	form	a	12-	to	16-cell	mass	known	as	the	morula.	Within	72	hours	of	fertilisation,	

the	morula	will	enter	the	uterine	cavity	wherein	it	forms	the	blastocyst.	This	is	signified	by	

the	formation	of	a	fluid-filled	inner	cavity	and	delineation	between	the	outer	cell	layer	

(trophectoderm)	and	inner	cell	mass	(embryoblast).	It	is	very	challenging	to	study	the	very	

earliest	steps	of	implantation	but	they	likely	involve	initial	adhesion	(apposition)	of	the	

blastocyst	to	the	decidualised	endometrium,	also	known	as	decidua,	followed	by	a	more	

stable	adhesion	and	thereafter	invasion	(Norwitz	2001,	Enders	1999).	By	this	point,	the	

trophectoderm	has	differentiated	into	two	layers,	a	layer	of	cytotrophoblast	beneath	a	

syncytial	layer	of	syncitiotrophoblast.	The	syncitiotrophoblast	continue	to	expand	through	

the	stroma	and	increase	production	and	activation	of	proteinases	such	as	matrix	

metalloproteinase-9	(MMP-9)	(Huppertz	1998).	By	the	tenth	day	after	conception,	the	

blastocyst	is	completely	embedded	in	the	stroma	and	uterine	epithelium	has	regrown	over	

the	implantation	site.	The	syncitiotrophoblast	have	reached	the	endometrial	glands	which	

nourish	the	developing	embryo	in	the	absence	of	a	fully	established	placental	circulation.	

They	also	begin	to	remodel	the	maternal	vasculature	by	eroding	maternal	capillaries	to	form	

sinusoids.		
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Figure	1.0.4	Menstrual	Cycle	

Figure	1.4	Menstrual	Cycle	

	

The	menstrual	cycle	can	be	divided	into	two	phases:	the	proliferative/follicular	phase	and	

secretory/luteal	phase.	Endometrial	wall,	ovarian	follicle,	hormone	and	immune	changes	are	

summarised.	Figure	is	adapted	from	https://ib.bioninja.com.au.		

	

Extensive	proliferation	by	cytotrophoblast	generates	columns	of	villous	trophoblast	

surrounded	by	syncytium.	Some	of	these	columns	become	anchoring	villi	from	which	

extravillous	trophoblast	(EVT)	arise	and	further	invade	the	decidua.	EVT	differentiate	along	

two	trajectories	to	become	endovascular	and	interstitial	EVT.	Interstitial	EVT	(iEVT)	invade	
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through	the	stroma	and	into	the	myometrium	wherein	they	fuse	to	become	multinucleated	

giant	cells.	They	encircle	the	spiral	arteries	and	destroy	the	arterial	media.	Endovascular	

trophoblast	(eEVT),	on	the	other	hand,	invade	along	the	endothelium	of	decidual	arteries	to	

line	the	walls	and	form	endovascular	plugs	(which	are	broken	when	the	maternal	circulation	

is	established	around	week	12).	In	this	way,	the	arteries	become	non-pulsatile	and	low	

resistant	(Figure	1.5).	
	

	
Figure	1.0.5	Cartoon	of	the	maternal-fetal	interface	

Figure	1.5	Cartoon	of	the	maternal-fetal	interface	

	

Placental	villi	attach	to	the	decidua.	EVT	differentiate	from	cytotrophoblast	cell	columns	

(CCC)	and	migrate	through	the	decidua	(interstitial	EVT)	or	along	spiral	arteries	

(endovascular	trophoblast).	Eventually	iEVT	fuse	to	become	multinucleated	giant	cells.	The	

decidua	is	populated	by	glands	and	numerous	immune	cell	subsets,	predominantly	NK	cells,	

macrophages	and	T	cells.		

CCC	=	Cytotrophoblast	Cell	Column,	iEVT	=	interstitial	EVT,	eEVT	=	endovascular	EVT.	

Adapted	from	Menkhorst	et	al.	(Menkhorst	2016)	

	

1.2.3	The	immune	system	at	the	maternal-fetal	interface			

	

There	are	two	points	of	contact	between	the	maternal	immune	system	and	developing	

fetus:	
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1) Endovascular	EVT	(eEVT)	and	syncitiotrophoblast	come	into	direct	contact	with	

maternal	blood	

2) Interstitial	EVT	(iEVT)	encounter	tissue	resident	leukocytes	as	they	invade	through	
the	decidua	

	

Therefore,	the	only	fetal-derived	cells	that	come	into	contact	with	the	maternal	immune	

system	at	the	maternal-fetal	interface	are	trophoblast.	Trophoblast	express	a	unique	subset	

of	HLA	molecules	(Table	1.1),	characterised	by	HLA-C,	-E	and	-G	expression	by	EVT	only.	
Such	an	HLA	profile	is	tailored	toward	innate	immune	recognition	(King	2000,	Apps	2008a).		

	
Table	1.1	Trophoblast	HLA	expression	

	 Classical	Class	I	 Non-Classical	Class	I	 Class	II	

	 HLA-A	 HLA-B	 HLA-C	 HLA-E	 HLA-G	 	

EVT	 	 	 	 	 	 	

VT	 	 	 	 	 	 	

	

Table	1.1	Trophoblast	HLA	expression	
	

The	following	sections	focus	on	the	immune	system	within	the	decidua	

		

1.2.3.1	Myeloid	cells		

	

Macrophages	are	myeloid	cells	which	play	important	roles	in	antigen	presentation,	

phagocytosis	and	co-ordinating	immune	responses.	Broadly	speaking,	they	can	be	classed	as	

either	pro-inflammatory/anti-tumorigenic,	M1,	or	anti-inflammatory/pro-tumorigenic,	M2	

(Mills	2000).	After	NK	cells,	macrophages	are	the	next	most	abundant	leukocyte	in	first	

trimester	decidua	accounting	for	~20-30%	of	the	CD45
+
	compartment	(Lessin	1988).	

Decidual	macrophages	express	prototypic	M2	markers	including	CD206,	DC-SIGN	and	CD163	

(Laskarin	2005).	Evidence	for	antigen	presenting	roles	of	decidual	macrophages	in	the	

context	of	generating	T-cell	responses	is	lacking	in	humans.	Currently	trophoblast-specific	T	

cells	are	yet	to	be	identified	although	clonal	expansions	have	been	identified	in	the	decidua	

(Vento-Torno	2018).	Rather,	decidual	macrophages	are	thought	to	play	roles	in	immune	

suppression	and	tissue	remodelling.	They	are	able	to	produce	IL-10,	Prostaglandin	E2,	TGF-β	

and	IDO	which	inhibit	immune	responses	(Renaud	2008).	Decidual	macrophages	can	be	

found	in	close	contact	with	the	spiral	arteries	and	also	produce	VEGF	and	MMP-9	(Bulmer	&	

Johnson	1984,	Hazan	2010).	Therefore,	they	are	likely	to	partake	in	vascular	remodelling.	

Decidual	macrophages	express	receptors	specific	for	EVT	such	as	LILRB1,	which	binds	all	

HLA-class	I	but	preferentially	binds	dimerised	HLA-G	(Apps	2007).	Thus,	these	inhibitory	

interactions	with	EVT	may	also	contribute	to	an	immunosuppressive	environment.		

	

Dendritic	cells	(DCs)	are	important	antigen	presenting	cells	involved	in	T-cell	activation.	

They	can	be	divided	into	plasmacytoid	DCs	(pDCs)	and	two	subsets	of	conventional	DCs,	

cDC1	and	cDC2.	Dendritic	cells	represent	around	1%	of	decidual	leukocytes	(Gardner	2003).	

As	mentioned	above,	the	lack	of	T-cell	clones	specific	for	fetal	antigens	within	the	decidua	

suggest	DCs	do	not	process	fetal	antigens.	However,	fetal-specific	T-cells	can	be	found	in	

peripheral	blood	of	pregnant	women	(Lissauer	2012).	A	subset	of	decidual	DC	express	DC-
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SIGN,	DC-SIGN
+
	DC	can	induce	regulatory	T	(Treg)	cells	and	produce	IL-15	to	support	

decidual	NK	(dNK)	(Hsu	2012).	cDC1	express	the	receptor	for	XCL1,	XCR1,	at	both	the	

transcript	level	(Vento-Torno	2018)	and	protein	level	(Naomi	McGovern,	unpublished).	

Thus,	dNK	production	of	XCL1	could	recruit	cDC1	as	is	seen	in	the	tumour	setting	(Böttcher	

2018).	Mouse	studies	have	provided	evidence	that	DCs	are	important	for	implantation,	

tissue	remodelling	and	the	maintenance	of	pregnancy.	Indeed,	mice	which	were	ablated	for	

CD11c
+
	decidual	DCs	showed	reduced	decidualisation	and	increased	resorption	rates	(Krey	

2008,	Plaks	2008).		

	

Granulocytes	are	comprised	of	neutrophils,	eosinophils,	basophils	and	mast	cells.	Their	

roles	within	the	decidua	remain	poorly	understood	in	part	due	to	their	scarcity.	Single-cell	

RNA	sequencing	at	the	maternal-fetal	interface	did	identify	a	cluster	of	decidual	leukocytes	

corresponding	to	granulocytes	(Vento-Torno	2018).	Another	recent	study	identifies	three	

mast	cell	subsets	in	non-pregnant	endometrium	and	myometrium.	These	subsets	express	

classical	mast	cell	proteases	and	also	steroid	receptors	in	line	with	other	decidual	leukocytes	

(De	Leo	2017).	In	addition,	it	was	shown	that	dILC3	play	a	role	in	recruiting	neutrophils	to	

the	decidua	via	GM-CSF	production	which	also	induced	neutrophil	production	of	heparin	

binding-epidermal	growth	factor	(HB-EGF)	(Croxatto	2016,	Vacca	2015).		

	

1.2.3.2	Lymphocytes	

	

T	cells	are	the	third	most	abundant	decidual	leukocyte,	representing	~10-20%	of	CD45
+
	

compartment	(Bulmer	1991).	Many	subsets	of	T	cells	have	been	described	including	

cytotoxic	CD8
+
	T	cells	and	helper	CD4

+
	T	cells.	CD8

+
	T	cells	possess	cytotoxic	machinery,	

including	granzymes	and	perforin,	and	are	the	most	numerous	decidual	T-cell	subset	

(Tilburg	2010).	No	CD8
+
	T	cells	specific	for	trophoblast	antigens	have	been	identified.	

However,	CD8
+
	T-cell	expansions	have	been	found	within	the	decidua	and	it	will	be	of	

interest	to	establish	whether	they	are	HLA-C	restricted	and	which	antigens	they	recognise	

(Vento-Torno	2018).	Virus	specific	CD8
+
	memory	T	cells	have	been	found	to	be	enriched	in	

the	decidua	in	comparison	to	peripheral	blood.	Therefore,	it	has	been	hypothesised	that	

these	CD8+	T	cells	are	present	to	protect	the	developing	fetus	from	pathogens	(Van	Egmond	

2016).	In	contrast,	CD4
+
	T	cells	orchestrate	immune	responses	through	the	production	of	

cytokines	and	chemokines.	Different	flavours	of	CD4
+
	T-cells	have	been	defined	based	on	

their	cytokine	profiles.	A	skewing	towards	the	pro-inflammatory	Th1	phenotype	has	been	

associated	with	pregnancy	complications	(Piccinni	1998).	Tregs	are	a	subset	of	CD4
+
	T-cells	

with	immunosuppressive	functions.	Their	frequency	and	function	have	been	inversely	

correlated	with	disorders	of	pregnancy	including	unexplained	infertility	and	miscarriage	

(Jasper	2006,	Winger	2011).	Mouse	studies	have	demonstrated	that	fetal-specific	Tregs	are	

induced	at	the	maternal-fetal	interface	and	persist	post-delivery.	These	cells	proliferate	in	

subsequent	pregnancies	with	the	same	paternal	background	and	are	associated	with	

decreased	resorptions	(Rowe	2012).	Mouse	studies	have	also	shown	that	T-cell	access	into	

the	decidua	is	impeded	by	epigenetic	silencing	of	chemokine	genes	in	decidual	stromal	cells	

(Nancy	2012).	

	

B	cells	are	the	central	players	in	humoral	immunity	but	they	are	only	rare	in	the	decidua.	

Studies	have	reported	that	anti-trophoblast	antibodies	can	be	detected	in	serum	and	that	
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elevated	titres	can	be	found	in	recurrent	miscarriage	patients	(Davies	1985,	Rogenhofer	

2012).	However,	one	study	identified	antibodies	against	JEG-3	cells	rather	than	primary	

trophoblast	and	therefore	they	may	not	be	representative.	Elevated	levels	of	B	cells	have	

also	been	reported	in	term	decidua	from	pre-term	labour	patients,	rising	to	~2.5%	

compared	to	~1%	in	term	controls	(Huang	2017).	Thus,	whether	B	cells	play	an	important	

role	in	pregnancy	remains	to	be	determined.		

	

NK	cells	are	the	most	abundant	leukocytes	during	early	pregnancy.	Their	numbers	increase	

throughout	the	luteal	phase	of	the	menstrual	cycle	and	continue	to	increase	upon	

implantation	such	that	they	account	for	~70%	of	decidual	CD45
+
	leukocytes	(King	1991).	

They	were	described	as	early	as	1895,	where	they	were	identified	as	large	granulated	cells	

(Marchland	1895).	A	long	time	before	the	“discovery”	of	NK	cells,	these	large	granulated	

cells	were	hypothesised	to	be	of	lymphoid	origin	(Weil	1921).	It	wasn’t	until	decades	later	

that	they	were	identified	first	as	CD45
+
	leukocytes	and	subsequently	as	CD56

+
	NK	cells	

(Bulmer	&	Sunderland	1984,	Bulmer	1991,	King	1991,	Starkey	1991).	Decidual	NK	cells	(dNK)	

display	a	unique	phenotype	distinct	from	their	peripheral	blood	counterparts.	They	are	

CD56	superbright,	express	high	levels	of	tissue	residency	markers	CD49a,	CD9	and	CD69,	

and	a	smaller	subset	are	also	CD103	positive.	They	are	largely	positive	for	canonical	NK	

markers	such	as	NKp46	and	NKp30,	although	the	isoforms	expressed	can	differ	from	those	

of	pbNK	(Siewiera	2015).	In	this	way	the	same	receptor	can	be	activating	in	one	tissue	and	

inhibitory	in	another.	They	share	features	with	CD56
bright

	pbNK	such	as	high	NKG2A	

expression	and	a	lack	of	CD16	and	CD57.	Like	CD56
dim

	pbNK,	they	also	express	KIR	and	

LILRB1.	KIR	expression	is	differentially	regulated	between	pbNK	and	dNK,	as	dNK	KIR	

repertoires	are	skewed	towards	HLA-C	binding	KIR	(Sharkey	2015).			

	

Several	lines	of	evidence	highlight	the	importance	of	NK	cells	in	establishing	and	maintaining	

successful	pregnancies,	including	knockout	mouse	models.	Pregnancies	from	an	NK-	and	T	

cell	knock	out	mouse,	tgepsilon26,	exhibit	severe	birth	defects	such	as	smaller	litter	sizes,	

placentae	and	birth	weights.	Normal	birth	phenotypes	could	be	restored	by	bone	marrow	

grafts	from	SCID	mice	(Guimond	1998).	Two	additional	NK	deficient	immunocompromised	

mouse	models	also	display	deficiencies	in	arterial	remodelling	such	as	thicker	arterial	walls	

and	narrower	lumina	(Greenwood	2000).	Similarly,	abnormal	decidual	phenotypes	could	be	

rescued	by	adoptive	transfer	from	T-	and	B-cell	deficient	mice	or	by	addition	of	exogenous	

IFN-g	(Ashkar	2000).	Even	knocking	out	single	NK	cell	receptors	can	result	in	histological	
abnormalities	and	birth	defects.	Ncr1	and	AhR	KO	mice	have	defective	NK	cell	maturation	

and	abnormal	spiral	artery	remodelling	(Felker	2013).	NKG2A	knock	out	mice	show	reduced	

spiral	artery	remodelling,	increased	uterine	artery	resistance	and	lower	mean	fetal	weight	at	

term	(Shreeve	2019,	manuscript	in	preparation).	However,	NK	deficient	mice	can	also	have	

normal	litter	sizes,	as	is	the	case	for	Rag2-/-Il2rg-/-	mice	which	lack	all	lymphocytes	(Colucci	

1999,	Greenwood	2000)	and	Nfil3-/-	mice,	which	lack	subsets	of	NK	cells	and	ILCs	

(Boulenouar	2016).	Genetic	studies	have	also	linked	pregnancy	outcome	with	specific	

combinations	of	KIR	and	HLA	genes.	A	model	is	emerging	whereby	gene	combinations	which	

favour	inhibition	of	NK	cells	are	associated	with	disorders	of	placentation	whilst	gene	

combinations	which	favour	activation	are	associated	with	protection	and	increased	birth	

weights	(Hiby	2004,	Hiby	2008,	Hiby	2010,	Nakimuli	2015,	Kennedy	2016).	In	addition,	

women	with	unexplained	infertility	have	fewer	decidual	CD56
+
	leukocytes	than	fertile	
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controls	(Klentzeris	1994).	However,	two	women	lacking	ILCs	(JAK3	deficiency)	were	able	to	
get	pregnant,	have	clinically	event-free	pregnancies	and	healthy	babies	of	average	weight	

(Vély	2016).	Thus,	NK	cells	are	not	essential	for	successful	pregnancies	under	normal	

conditions	but	can	impact	pregnancy	outcome.		

	

dNK	defy	the	classical	paradigm	of	NK	cells	as	killers	and	are	poorly	cytotoxic	towards	

trophoblast	and	MHC	deficient	targets	(King	1989b).	They	can	be	pushed	to	kill	trophoblast	

by	IL-2	stimulation	(King	and	Loke	1990)	but	IL-2	levels	in	the	decidua	are	very	low	(King	

1995,	Jokhi	1994a).	They	are	able	to	form	synapses	with	target	cells	but	then	fail	to	polarise	

their	microtubule	organising	centres	and	granules	to	the	synapse	(Kopcow	2005).	It	is	not	

the	case	that	they	are	unable	to	be	activated	as	they	are	capable	of	degranulating	and	

producing	a	wide	array	of	chemokines	and	cytokines	upon	PMA	plus	ionomycin	treatment,	

activating	receptor	cross	linking,	cytokine	stimulation	and	co-cultures	with	primary	

trophoblast,	trophoblast	cell	lines	and	other	NK	cell	targets	(El	Costa	2008,	Hanna	2006,	

Montaldo	2015,	Xiong	2013,	Saito	1993).	Several	pregnancy-related	roles	have	been	

suggested	for	dNK	including	regulating	EVT	invasion,	remodelling	of	the	spiral	arteries	and	

immune	regulation.	A	number	of	factors	(GM-CSF,	IL-8,	CXCL10)	produced	by	dNK,	either	at	

rest	or	after	stimulation	of	an	activating	KIR,	have	been	shown	to	increase	EVT	migration	

(Xiong	3013,	Abbas	2017,	Hanna	2006).	Thus,	dNK	may	control	the	extent	of	trophoblast	

invasion	and	also	direct	EVT	towards	the	spiral	arteries	for	remodelling.	There	is	also	

evidence	to	suggest	that	dNK	directly	remodel	spiral	arteries	around	which	they	have	been	

shown	to	cluster	(Trundley	2004).	dNK	can	produce	MMP-9	which	breaks	down	extracellular	

matrix	(ECM)	of	the	vascular	smooth	muscle	wall	(Hazan	2010).	They	also	produce	

angiogenic	factors	such	as	VEGF	and	angiopoietins-1	and	-2	(Hanna	2006,	Lash	2006).	These	

are	able	to	disrupt	the	vascular	smooth	muscle	wall	whose	affect	can	be	partially	abrogated	

by	Ang-2	inhibition	in	in	vitro	models	(Robson	2012).	dNK	have	also	been	shown	to	

orchestrate	the	local	immune	environment.	IFN-g	produced	by	NK	cells	can	drive	IDO	
production	by	decidual	CD14

+
	cells	which	induces	expansion	of	Tregs	(Vacca	2010).	Finally,	

whilst	dNK	are	poorly	cytotoxic	towards	trophoblast	they	have	been	shown	to	kill	decidual	

stromal	cells	infected	with	HCMV	(Tilburgs	2015,	Crespo	2015,	Siewiera	2013).	Thus,	dNK	

cells	mediate	a	number	of	different	processes	during	decidualisation	and	early	pregnancy	

which	may	reflect	the	existence	of	various	dNK	subsets.	

	

From	the	very	first	phenotypic	characterisations	of	decidual	CD3
-
CD56

+
	lymphocytes,	it	was	

apparent	that	they	exhibited	heterogeneity	(King	1991).	More	recently	multiple	dNK	subsets	

have	been	identified	both	at	the	RNA	and	protein	levels.	Using	single	cell	RNAseq,	four	dNK	

subsets	were	identified	dNK1,2,3	and	a	proliferating	dNKp	(Vento	Torno	2018).	dNK1	are	

characterised	by	expression	of	KIR,	LILRB1,	CD39	and	increased	granzymes.	dNK2	on	the	

other	hand	express	high	levels	of	anti-inflammatory	ANXA1	which	has	been	shown	to	

increase	NKG2A	levels	on	NK	(Zou	2016).	dNK3	resemble	ieILC1-like	cells	and	will	be	

discussed	below	under	ILC1.	By	flow	cytometry,	three	dNK	subsets	have	been	described	

based	on	NKp44	and	CD103	expression	(Montaldo	2015).	The	CD103
+
	subsets	were	

identified	as	the	main	IFN-g	producers	in	response	to	PMA	plus	ionomycin	and	K562	co-

culture.	NK	cells	also	display	memory-like	properties	and	can	expand	in	response	to	certain	

conditions	such	as	CMV	infection.	Expansions	of	uterine	NK	cells	have	also	been	described	in	

both	mice	(Filipovic	2018)	and	humans	(Ivarsson	2017,	Gamliel	2018).	A	population	of	
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NKG2C
high

	LILRB1
+
	pregnancy-trained	dNK	(PTdNK)	were	found	to	be	increased	in	secondary	

and	subsequent	pregnancies.	These	cells	have	epigenetic	and	transcriptomic	profiles	

favouring	IFN-g	and	VEGF	production.	Indeed,	PTdNK	may	explain	observations	that	a	higher	

proportion	of	decidual	vessels	undergo	endovascular	EVT	invasion	in	parous	women	

compared	to	nulliparous	women	(Prefumo	2006).		

	

ILC1s	are	characterised	by	T-bet	expression	and	IFN-g	production	(Bernink	2013).	Two	
human	ILC1	subsets	have	been	described,	CD56

-
CD94

-
CD127

+
CD117

-
NKp44

-
	cells	“classical”	

ILC1s	and	CD56
+
	CD103

+
	intra-epithelial	ILC1s	(ieILC1s).	The	latter	share	several	features	

with	NK	cells	and	indeed	have	been	described	as	dNK3	within	the	decidua	(Bernink	2013,	

Fuchs	2013,	Vento	Torno	2018).	CD103
+
	dNK	(Lin

-
CD117

-
CD127

-
CD56

+
)	are	the	main	IFN-g	

producing	dNK	(Montaldo	2015).	CD56
-
	ILC1s	are	rare	in	term	decidua,	comprising	~3%	of	

the	Lin
-
CD127

+
	compartment	and	their	existence	has	been	called	to	question	in	a	separate	

study	(Simoni	2017).	In	the	mouse,	uILC1s	are	defined	as	T-bet
+
	NKp46

+
NK1.1

+
CD49a

+
	

Eomes
-
	group	1	ILCs	(g1ILCs).	They	are	the	most	abundant	uterine	g1ILC	pre-puberty	(~75%)	

but	throughout	gestation	account	for	<15%	of	uterine	g1ILCs	(Filipovic	2018).	Furthermore,	

uILC1s	are	expanded	in	second	pregnancies	and	increase	expression	of	the	memory	

associated	CXCR6	(Filipovic	2018).	Plasticity	between	murine	g1ILCs	has	been	documented,	

for	example	TGF-β	in	the	tumour	microenvironment	can	drive	Eomes
+
	NK	towards	an	ILC1	

phenotype	(Gao	2017).		

	

ILC2	play	important	roles	during	helminth	and	allergy	responses.	Their	presence	and	

function	in	the	uterus	remains	unclear.	In	mice,	they	are	very	rare	or	absent	from	the	

decidua	but	enriched	in	the	myometrium	and	MLAP	(Doisne	2015).	They	are	receptive	to	IL-

33	stimulation	which	induces	ILC2	proliferation	and	boosts	IL-5	production	(Bartemes	2018).	

They	have	been	shown	to	promote	fetal	growth	and	protect	against	endotoxin	induced	

pregnancy	loss	(Balmas	2018).	This	same	mouse	study	also	identified	ILC2s	within	human	

decidua	although	other	studies	have	been	unable	to	detect	CRTH2	expression	within	the	

decidua	(Balmas	2018,	Vacca	2015).	These	discrepancies	may	in	part	be	explained	by	the	

gate	chosen	to	select	ILCs.	By	gating	on	CD127
+
	cells,	no	ILC2s	can	be	found	in	first	trimester	

human	decidua	but	a	sizable	population	of	CD127
low/neg	

ILC2s	are	detectable	(Balmas	2018).	

Indeed,	human	ILC2s	have	also	been	identified	as	the	most	common	non-NK	decidual	ILC	at	

term.	Moreover,	ILC2	numbers	within	decidua	basalis	are	increased	in	women	with	preterm	

labor	(Xu	2018).		

	

Two	subsets	of	RORgt+	ILCs	have	been	identified	in	the	decidua,	ILC3	and	LTi-like.	LTi-like	
cells	are	phenotypically	similar	to	LTis	which	promote	lymph	node	formation	in	the	

developing	fetus.	ILC3s	can	be	further	subdivided	based	on	NKp44	expression	into	NCR
+
ILC3	

and	NCR
-
ILC3.	As	described	in	1.1.1,	NCR

-
	ILC3s	and	LTi-like	cells	are	difficult	to	distinguish	

and	have	typically	been	treated	as	one	population.	ILC3s	and	LTi-like	cells	have	been	

identified	in	human	decidua	but	are	found	in	murine	myometrium	and	MLAP	(Doisne	2015,	

Montaldo	2015,	Male	2010).	NCR
+
ILC3	can	produce	IL-8,	GM-CSF	and	IL-22	whilst	LTi-

like/NCR
-
ILC3	favour	IL-17	and	TNF-α	production	(Vacca	2015).	IL-8	and	GM-CSF	can	

regulate	EVT	invasion	whilst	IL-22	and	IL-17	have	roles	in	neutrophil	recruitment	and	anti-
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microbial	production	(Croxatto	2016).	Both	subsets	can	perform	LTi-like	functions	by	

upregulating	ICAM-1	and	VCAM-1	on	decidual	stromal	cells	and	also	express	high	levels	of	

functional	PD-1	(Vacca	2015,	Vacca	2019).	Increased	ILC3	proportions	have	also	been	

detected	in	decidua	parietalis	of	women	with	preterm	labor	(Xu	2018).		

	

1.3	Ovarian	Cancer	

	

1.3.1	Classifying	ovarian	cancer:	A	who’s	who	

	

Ovarian	cancer	(OC)	refers	to	a	wide	variety	of	malignancies	which	share	an	anatomical	site,	

the	ovary.	They	are	divided	into	3	categories	based	on	the	tissue	structure	they	are	thought	

to	originate	from:	epithelial,	germ	cell	and	sex-cord-stromal.	Epithelial	are	the	most	

common,	accounting	for	~60%	of	all	ovarian	tumours	and	~90%	of	malignant	ovarian	

tumours.	There	are	four	main	histologic	subtypes	of	epithelial	ovarian	cancer	(EOC),	serous,	

endometroid,	mucinous	and	clear	cell.	These	differ	by	tissue	of	origin,	clinical	presentation,	

genetic	characteristics,	treatment	options	and	patient	outcome.	Serous	EOC	most	likely	

arises	from	the	ovaries	or	the	internal	lining	of	the	fallopian	tube,	endometroid	from	

endometrium	and	mucinous	from	intestinal	or	endocervical	epithelium.	The	origin	of	clear	

cell	EOC	is	keenly	debated	but	they	are	frequently	associated	with	endometriosis	and	can	

develop	from	endometriotic	cysts	(Kobayashi	2009).	Serous	EOC	can	be	further	subdivided	

into	high	grade	(~90%	of	all	serous	EOC)	and	low	grade	(~10%	of	all	serous	EOC)	serous	

ovarian	cancer	(Bergamini	2016).	High	grade	serous	ovarian	cancers	(HGSOC)	likely	originate	

from	fallopian	tubes,	are	associated	with	TP53	and	BRCA1/2	mutations,	more	advanced	

disease	stage	at	time	of	presentation	and	poorer	prognosis	(10-year	survival	rate	of	15%)	

(Peres	2019).	Despite	increased	chemoresistance	(Gershenson	2009),	LGSOCs	have	a	better	

prognosis,	are	often	diagnosed	at	younger	ages	and	likely	arise	from	the	ovary.	EOC	

subtypes	can	also	be	categorised	as	either	Type	I	or	II	(Figure	1.6).	Type	I	EOC	is	associated	
with	better	survival	and	lower	disease	stage	at	presentation.	It	is	thought	to	arise	from	

continued	ovulation	cycles,	inflammation	and	endometriosis.	In	contrast,	prognosis	for	Type	

II	EOC	is	poor.	Patients	often	present	with	advanced	disease	states	and	tumours	with	p53	

gene	abnormalities	(Ahmed	2010).	Finally,	the	International	Federation	of	Gynaecological	

Oncologists	(FIGO)	use	a	staging	system	to	class	the	extent	of	tumour	growth	and	spread.	

The	FIGO	staging	system	provides	prognostic	information	and	helps	determine	the	course	of	

treatment.	There	are	4	stages	with	further	subdivisions.	Stage	1	ovarian	cancer	is	confined	

to	the	ovaries,	stage	2	outside	the	ovaries	but	within	the	pelvis,	stage	3	involves	spread	to	

the	peritoneum	and/or	retroperitoneal	lymph	nodes	and	stage	4	distant	metastasis	

(www.figo.org).				
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Figure	1.0.6	Ovarian	cancer	classifications	

	
Figure	1.6	Ovarian	cancer	classifications	
Orange	=	Type	II	

Blue	=	Type	I	

	

1.3.2	HGSOC	tumour	origin	and	spread	

	

The	Cancer	Genome	Atlas	project	contains	extensive	genomic	analyses	of	ovarian	cancer	

samples.	In	this	way,	the	molecular	events	culminating	in	tumorigenesis	can	be	mapped	out.	

97%	of	HGSOC	tumours	contain	TP53	mutations,	~70%	of	which	are	missense	mutations	

(Bouaoun	2016).	TP53	is	the	gene	coding	for	the	transcription	factor	p53,	loss	of	p53	activity	
compromises	a	cells	ability	to	control	cellular	proliferation	and	has	been	identified	as	an	

early	driver	for	oncogenesis	in	ovarian	cancer	(Hoogstraat	2014).	Familiar	ovarian	cancer	

risk	is	usually	attributed	to	germline	mutations	in	BRCA1/2.	The	average	cumulative	risk	by	

age	70	for	BRCA-1	and	BRCA-2	mutation	carriers	is	39%	and	11%	respectively.	Genomic	

analyses	of	fallopian	tube	lesions,	primary	ovarian	tumours	and	metastases	support	a	model	

whereby	HGSOC	arises	from	serous	tubal	intraepithelial	carcinomas	(STICs)	near	the	

fimbriae	of	fallopian	tubes,	adjacent	to	the	ovary	(Labidi-Galy	2017).	How	these	STICs	

develop	into	HGSOC	is	still	unclear.	It	has	been	hypothesised	that	these	non-invasive	pre-

malignant	lesions	could	develop	into	invasive	tumours	within	the	fallopian	tube	before	

spreading	to	the	ovary.	Alternatively,	it	is	possible	that	STICs	that	are	shed	could	implant	on	

the	ovary	and	then	become	malignant.		

	

Ovarian	cancer	is	a	highly	metastatic	disease,	more	than	70%	of	cases	are	not	diagnosed	

until	after	the	cancer	has	already	spread	outside	of	the	pelvis	(FIGO	Stage	III	and	IV).	The	

omentum	is	an	adipocyte-rich	tissue	within	the	peritoneal	cavity	which	connects	the	

stomach	and	transverse	colon	(Figure	1.6).	HGSOC	is	highly	tropic	for	omentum,	which	is	a	

major	site	of	ovarian	metastases	in	both	humans	(Nieman	2011)	and	rodent	models	of	OC	

(Feki	2009).	There	are	two	possible	routes	by	which	primary	tumours	are	thought	to	reach	
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the	omentum:	passive	dissemination	via	peritoneal	fluid	and	hematogenous	metastasis	via	

blood	and/or	lymph	vessels	(Reviewed	in	Yeung	2015).	The	extent	to	which	hematogenous	

metastasis	plays	a	role	in	early	OC	spread	is	not	well	understood.	Circulating	tumour	cells	

have	been	found	in	OC	patient	peripheral	blood	(Poveda	2011).	Moreover,	in	parabiosis	

models,	ovarian	cancer	cells	injected	into	the	peritoneal	cavity	or	ovaries	of	host	mice	are	

able	to	metastasise	to	the	omentum	of	partner	mice	(Pradeep	2014).	However,	passive	

dissemination	is	considered	the	major	route	of	HGSOC	metastases.	Primary	tumour	cells	

undergo	an	epithelial-to-mesenchymal	(EMT)	transition	during	which	E-cadherin,	which	

anchors	neighbouring	epithelial	cells	together,	is	downregulated	(Rosso	2017).	This,	in	

concert	with	several	proteolytic	events,	facilitates	the	detachment	of	tumour	cells	from	the	

ovary	as	single	cells	and	spheroid	aggregates.	These	then	follow	the	circulatory	path	of	the	

peritoneal	fluid	and	can	attach	to	the	mesothelium,	a	single	layer	of	mesothelial	cells	lining	

the	peritoneal	cavity.	Attachment	is	achieved	through	binding	of	tumour	expressed	CD44,	

beta-integrins	and	CA125	to	mesothelin	and	hyaluronic	acid	(Gardner	1996,	Rump	2004).	

Colonisation	continues	via	proliferation	and	invasion	leading	to	secondary	tumour	sites.	

Tumour	cells	can	further	remodel	the	peritoneum	through	the	production	of	factors	such	as	

VEGF,	which	aid	in	neo-angiogenesis	and	ascites	formation	through	increased	vascular	

permeability	(Bekes	2016).	

	

	
Figure	1.6	Cross-section	of	the	female	abdomen	

Figure	1.6	Cross-section	of	the	female	abdomen	

Taken	from	macmillan.org.uk	
	

1.3.3	The	Ascites	

	

One	of	the	primary	functions	of	peritoneal	fluid	is	to	lubricate	the	abdominal	organs.	

Typically,	there	is	less	than	25ml	of	peritoneal	fluid	within	the	peritoneal	cavity	(Koninckx	

1980).	However,	more	than	a	third	of	ovarian	cancer	patients	present	with	large	volumes	of	

peritoneal	fluid,	also	known	as	ascites,	at	diagnosis.	Ascites	is	thought	to	be	play	a	number	

of	roles	during	tumour	progression	including	tumour	spread,	chemoresistance	and	

recurrence.		
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1.3.3.1	Where	does	ascites	come	from?	

	

Several	different	mechanisms	contribute	to	ascites	formation	including	impaired	drainage	

and	fluid	flow	into	the	peritoneum.	Drainage	within	the	peritoneal	cavity	occurs	mainly	

through	lymphatic	stomata	(Tsilibary	1983).	Through	these	channels	within	the	

mesothelium,	peritoneal	fluid	flows	along	lymphatic	vessels	via	parasternal	lymph	nodes	

into	the	thoracic	duct	from	where	it	is	drained	into	the	bloodstream	(Abu-hijleh	1995).	

Blockage	of	the	lymphatic	stomata	by	tumour	cells	is	hypothesised	to	lead	to	ascites	

formation.	Indeed,	radioactive	erythrocytes	that	have	been	injected	intraperitoneally	are	

not	detected	in	the	peripheral	blood	stream	within	5	hours	in	mice	which	have	developed	

ascites	from	ovarian	tumour	cell	injection	(Feldman	1972).	However,	cell-free	malignant	

ascites,	from	rats	with	intra-abdominal	tumours,	is	able	to	induce	ascites	when	injected	into	

the	peritoneal	cavity	of	healthy	rodents	(Garrison	1987).	Thus,	non-obstructive	mechanisms	

can	also	lead	to	ascites	formation.	This	can	occur	when	the	oncotic	pressure	difference	

across	the	peritoneal	membrane	decreases,	resulting	in	a	reverse	of	fluid	flow	into	the	

cavity.	This	is	in	part	driven	by	the	high	protein	content	of	malignant	ascites	and	an	increase	

in	the	cross-sectional	area	of	microvessels	lining	the	peritoneum	(Nagy	1993).	Moreover,	

tumour	cells	secrete	factors,	such	as	VEGF,	which	can	alter	microvasculature	permeability.	

In	this	instance,	VEGF	results	in	the	down	regulation	of	Claudin	5	and	thereby	disrupts	

endothelial	tight	junctions	(Herr	2012).			

	

1.3.3.2	Ascites	constituents:	acellular	

	

In	addition	to	VEGF,	the	ascites	is	a	reservoir	of	cytokines,	chemokines	and	growth	factors	

which	act	to	remodel	the	peritoneal	cavity,	improve	tumour	progression	and	inhibit	the	

immune	response	(Matte	2012).	Factors	directly	promoting	tumour	growth,	survival	and	

spread	include	osteoprotegrin	(OPG),	leptin,	IL-6,	hepatocyte	growth	factor	and	

lysophosphatidic	acid	(LPA).	OPG	is	a	secreted	member	of	the	TNFR	superfamily	and	

protects	OC	cells	from	TRAIL-mediated	apoptosis	(Lane	2012).	Leptin	is	produced	by	

adipocytes	and	can	stimulate	tumour	growth	in	vitro	(Choi	2005).	The	ascites	also	has	a	high	
concentration	of	inflammatory	cytokines	(IL-1β,	IL-6,	IL-8)	when	compared	to	serum	(Penson	

2000).	IL-6	has	been	found	to	improve	tumour	cell	growth,	migration	and	chemoresistance	

(Obata	1997,	Wang	2010).	The	latter	is	in	part	achieved	through	decreased	activation	of	the	

apoptotic	mediator,	caspase-3	(Wang	2010).	LPA	produced	by	OC	cells	can	induce	de	novo	
lipid	synthesis	and	proliferation	as	well	as	aid	metastases	through	the	disruption	of	OC	cell	

junctions	(Mukherjee	2012,	Liu	2012).	Moreover,	LPA	can	induce	a	transcriptional	program	

on	OC	cells	to	favour	VEGF	production	which	results	in	ascites	formation.	Other	ascites	

components	also	promote	VEGF	including	hypoxia	and	TGF-β.	Indeed,	TGF-β	blockade	could	

prevent	ascites	formation	and	lymphatic	remodelling	in	OC	bearing	mice	(Liao	2011).	In	

addition	to	promoting	tumour	development,	the	ascites	is	rich	in	immunomodulatory	

factors.	CA125	(MUC16),	binds	to	NK	cells	via	Siglec-9	attenuating	function	and	resulting	in	

the	down	regulation	of	CD16	(Belisle	2007,	2010).	EOC	cells	are	able	to	secrete	soluble	Fas	

ligand	(CD95L)	which	could	lead	to	apoptosis	of	activated	immune	cells	upregulating	Fas	

(Abrahams	2003).	CD1b	is	important	for	T	cell	recognition	of	lipid	antigens.	Through	the	

shedding	of	GD3	gangliosides	by	EOC	cells,	this	pathway	is	disrupted	and	thus	NKT	

responses	are	diminished	(Webb	2012).	Elevated	levels	of	IL-10	within	the	ascites	induce	the	

immunosuppressive	MDSC	phenotype	and	thereby	increased	T	cell	suppression	(Hart	2011).	



	 41	

Prognostically,	elevated	levels	of	many	of	these	factors	including	IL-6,	IL-10,	leptin	and	VEGF	

are	associated	with	poor	outcome	(Matte	2012,	Lane	2011,	Santin	1999).		

	

1.3.3.3	Ascites	constituents:	EOC	cells	

	

	Within	the	peritoneal	cavity,	EOC	cells	exist	in	a	number	of	different	states:	free-floating	

single-cells,	multicellular	aggregates	(Spheroids)	and	secondary	tumours	along	the	

mesothelium.	Spheroids	are	typically	three-dimensional	structures	with	a	central	lumen.	

However,	there	is	considerable	variation	between	spheroids	found	in	the	same	ascites	and	

across	donors.	Whilst	some	manifest	as	dense	balls	with	a	defined	outer	rim,	others	appear	

as	loose	cellular	aggregates	(Ardian	2012).	Spheroids	express	classical	epithelial	markers	

including	E-cadherin	and	EPCAM	and	low	levels	of	mesenchymal	markers.	Expression	of	

mesenchymal	markers	is	on	cells	on	the	outside	of	the	spheroids	suggestive	of	an	EMT	

transition	(Latifi	2012).	Spheroids	were	also	positive	for	CA125,	which	in	addition	to	

immunosuppressive	functions,	is	thought	to	play	a	role	in	metastases	through	adhesion	to	

mesothelin	(Rump	2004).	Once	attached	to	the	peritoneal	surface,	OC	cells	encounter	and	

establish	a	new	tumour	microenvironment	(TME)	that	is	composed	of	a	number	of	cell	types	

including	cancer-associated	fibroblasts	(CAFs),	endothelial	cells,	adipocytes	and	immune	

cells.		

	

The	stroma	represents	a	large	proportion	(median	~50%)	of	tumour	tissue	of	which	CAFs	

often	form	the	majority	(Labiche	2010).	CAFs	can	be	identified	by	the	upregulation	of	a	

number	of	markers	including	alpha-smooth	muscle	actin,	CXCL12	and	fibroblast	activation	

protein-1alpha	(Schauer	2011).	CAFs	support	tumour	development	via	promoting	

angiogenesis	and	cancer	cell	motility	and	invasion.	CXCL12	binds	to	CXCR4	on	endothelial	

cells	to	promote	their	migration	which	synergises	with	VEGF	driven	endothelial	cell	

expansion	(Kryczek	2005).	CAF	production	of	versican	activates	the	NF-κB	signalling	pathway	

in	OC	cells	leading	to	upregulation	of	CD44	and	MMP-9	and	increased	tumour	motility	and	

invasion	(Yeung	2013).	Ovarian	cancer	metastases	within	the	peritoneal	cavity	favours	

certain	sites	including	the	omentum	(Nieman	2011).	The	omentum	is	composed	largely	of	

adipocytes	which	can	be	co-opted	by	tumours	to	act	as	a	source	of	lipids	and	adipokines.	

These	cancer-associated	adipocytes	(CAAs),	are	able	to	directly	and	indirectly	promote	

tumour	growth,	migration	and	chemoresistance.	For	example,	through	the	secretion	of	

adipokines	such	as	IL-6	and	IL-8,	tumours	are	preferentially	recruited	to	the	omentum.	

Moreover,	fluorescently	labelled	lipids	were	transferred	from	adipocytes	to	SKOV3ip1	cells	

(human	EOC	cell	line)	upon	co-culture	(Nieman	2011).	This	suggests	that	adipocytes	provide	

fatty	acids	to	promote	tumour	growth.	However,	the	association	between	obesity	and	

ovarian	cancer	is	unclear	as	reports	are	conflicting	(Calle	2003).			

	

1.3.4	Immune	system	in	Ovarian	Cancer		

	

As	tumours	metastasise	from	the	ovaries	to	the	peritoneal	cavity	and	form	secondary	

colonies,	they	come	into	contact	with	the	immune	system	at	a	number	of	different	points.	

These	include	peritoneal	fluid/ascites,	peripheral	blood,	lymphatics	and	at	the	site	of	

metastases.		

	

1.3.4.1	Macrophages	
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Macrophages	can	be	classed	as	anti-tumorigenic	(M1)	or	pro-tumorigenic	(M2).	Polarisation	

towards	either	fate	is	determined	by	local	microenvironments	and	tumour	associated	

macrophages	(TAMs)	are	predominantly	M2-like.	CD14
+
	monocytes/macrophages	have	

been	reported	to	account	for	~75%	of	total	ascites	leukocytes	(Dong	2006).	Both	M1-like	

and	M2-like	macrophages	have	been	identified	in	ovarian	cancer	patient	(OCP)	ascites	

(Adhikary	2017).	CD163	expression	by	ascites	macrophages,	a	feature	of	M2	macrophages,	

is	positively	correlated	with	IL-6	and	IL-10	and	poor	clinical	outcome	(Reinartz	2014).	In	

contrast,	patients	with	TAMs	enriched	for	genes	linked	to	IFN-g	signalling,	indicative	of	M1-

like	macrophages,	have	favourable	clinical	outcomes	(Adhikary	2017).	Indeed,	an	increased	

M1/M2	ratio	of	tumour	infiltrating	macrophages	is	also	associated	with	improved	5-year	

prognosis	(Zhang	2014).	M2-like	macrophages	support	tumour	development	in	a	number	of	

ways.	For	example,	by	driving	the	over	expression	of	p-selectin	on	mesothelial	cells,	M2-like	

macrophages	facilitate	tumour	dissemination	throughout	the	peritoneal	cavity	(Carroll	

2018).	The	omentum	is	littered	with	immune	rich	aggregates	known	as	‘milky	spots’	to	

which	tumours	preferentially	localise	to.	Omental	tissue	resident	macrophages	are	thought	

to	be	critical	for	this	process	through	the	production	of	cytokines	such	as	MCSF-1	and	IL-10	

(Poster	from	V.	Krishnan).	Thus,	macrophages	within	the	ovarian	TME	favour	an	M2-like	

phenotype	which	is	associated	with	tumour	development	and	poor	clinical	outcomes.												

	

1.3.4.2	DCs	

	

Like	macrophages,	DCs	perform	both	anti-	and	pro-tumorigenic	functions	in	a	subset	specific	

context.	OCP	ascites	derived	pDCs	are	able	to	induce	antigen-specific	CD8
+
	T	regulatory	cells	

which	produce	IL-10	(Wei	2005)	and	promote	angiogenesis	through	TNF-α	and	IL-8	(Curiel	

2004).	In	contrast,	conventional	DCs,	which	are	largely	absent	from	malignant	ascites,	could	

inhibit	angiogenesis	in	vivo	via	IL-12	production,	when	injected	into	NOD.SCID	mice	(Curiel	

2004).	Further,	the	accumulation	of	pDCs	within	tumours,	but	not	ascites,	was	associated	

with	early	relapse	(Labidi-galy	2012).	DC	maturity	has	also	been	associated	with	HGSOC	

control.	Patients	with	a	high	density	of	mature	DC-LAMP
+
	DCs	within	the	tumour	(DC-

LAMP
high

)	have	improved	relapse	free	survival	and	overall	survival	(Truxova	2018).	NK	cells	

were	enriched	in	tumour	stroma	in	DC-LAMP
high

	patients	and	produced	more	IFN-g	upon	
PMA	plus	ionomycin	than	NK	cells	from	DC-LAMP

low
	patients	(Truxova	2018).		

		

1.3.4.3	Myeloid-derived	suppressor	cells	(MDSCs)	

	

MDSCs	are	a	heterogeneous	group	of	cells	that	include	immature	macrophages,	DCs	and	

granulocytes	with	immunosuppressive	functions.	They	are	thought	to	be	recruited	to	the	

ascites	via	the	action	of	Prostaglandin	E2	(Obermajer	2011)	and	suppress	T-cell	and	NK	cell	

activity	through	a	number	of	pathways.	MDSCs	have	been	shown	to	inhibit	CD4
+
	and	CD8

+
	

T-cell	responses	to	CD3	cross	linking	and	PMA	plus	ionomycin	in	an	ARG1-dependent	manor	

(Bak	2008).	T-cell	function	is	further	inhibited	by	MDSC-derived	nitrous	oxide	(NO)	which	

prevents	IL-2	signalling.		In	other	tumour	models,	MDSCs	have	been	shown	to	decrease	NK	

cell	NKG2D	surface	expression	and	function	through	membrane	bound	TGF-β	(Li	2009).	

	

1.3.4.4	T-cells	
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The	presence	of	tumour	infiltrating	CD3
+
	T	cells	has	been	associated	with	positive	clinical	

outcomes	(Zhang	2003).	This	has	been	observed	for	both	tumour-infiltrating	CD4
+
	and	CD8

+
	

T	cells	and	also	for	patients	which	have	high	CD8
+
:Treg	ratios	(Pinto	2018,	Sato	2005).	

Further	CD103,	which	binds	E-cadherin,	identifies	intra-epithelial	tumour	infiltrating	

lymphocytes	(TILs)	and	is	comprised	mainly	of	CD8
+
	T	cells	and	NK	cells.	CD103

+
	TILs	are	

strongly	associated	with	patient	survival	in	HGSOC,	whilst	tumours	containing	CD8
+
	CD103

-
	

T	cells	displayed	poor	outcome	similar	to	that	of	patients	lacking	CD8
+
	TILs	(Webb	2014).	

Tumours	have	developed	a	number	of	methods	to	subvert	T-cell	activity.	In	a	study	of	200	

primary	HGSOC	samples,	PD-L1	expression	was	detected	on	90%	of	tumours	(Pietzner	

2018).	PD-1	is	expressed	by	subsets	of	T	cells,	including	CD8
+
	T	cells.	Engagement	of	PD-1	

inhibits	T-cell	activity	and	can	drive	T-cell	exhaustion.	Moreover,	autologous	ascites	fluid	

attenuates	T-cell	responses	after	CD3	stimulation	(Tran	2010).		

	

1.3.4.5	B-cells	

	

Reports	on	the	prognostic	significance	of	B-cells	in	HGSOC	are	conflicting.	Patients	with	high	

levels	of	CD19
+
	B	cells	within	the	ascites	had	worse	overall	outcome	(Dong	2006).	Similarly,	

increased	CD19
+
	B	cell	infiltration	in	the	omentum	is	associated	with	poor	survival	in	high	

grade	EOC	patients	(Yang	2013).	In	contrast,	CD20
+
	B	cell	infiltration	to	omental	metastases	

is	thought	to	boost	anti-tumour	responses	potentially	by	producing	antibodies	against	

intracellular	tumour	antigens.	Upon	death	of	a	tumour	cell,	these	antibodies	bind	to	antigen	

forming	immune	complexes	which	can	activate	APCs	(Montford	2017).	The	presence	of	

CD20
+
	B	cells	within	the	primary	tumour	has	also	been	associated	with	improved	outcome	

(Milne	2009).	Thus,	the	role	that	B	cells	play	in	ovarian	cancer	is	unclear	and	may	differ	

depending	on	stage	and	site	of	disease.	Furthermore,	there	is	a	need	to	better	understand	

the	role	of	different	B-cell	subsets,	including	the	poorly	understood	B-reg.		

	

1.3.4.6	NK	cells	

	

Like	B	cells,	NK	cells	have	been	associated	with	both	positive	and	negative	clinical	outcomes	

in	HGSOC.	NK	cells	have	been	identified	in	the	ascites	and	are	also	able	to	infiltrate	tumours.	

Reports	suggest	that	there	are	at	least	similar,	if	not	greater,	proportions	of	NK	cells	in	the	

ascites	than	peripheral	blood	(Lukesova	2015,	Yunusova	2018).	Increased	proportions	of	

ascites-derived	NK	cells	(aNK)	have	been	found	to	be	both	beneficial	(Hoogstat-van	Evert	

2018)	and	detrimental	(Dong	2006)	prognostically.	Typically,	NK	cells	are	considered	anti-

tumorigenic	due	to	their	ability	to	kill	tumour	cells	without	priming.	However,	NK	subsets	

have	been	identified	which	are	poor	killers.	For	example,	decidual	NK	(dNK)	are	poorly	

cytotoxic	towards	tumour	cell	lines	and	produce	cytokines	and	chemokines	upon	activation	

(Discussed	in	1.2.3.2).	Likewise,	the	TME	is	able	to	augment	NK	cell	phenotype	and	function.	

aNK	display	decreased	expression	of	the	activating	receptors	NKp30,	DNAM-1	and	CD16	

when	compared	to	pbNK	(Pesce	2015,	Belisle	2007).	This	is	in	part	achieved	through	tumour	

production	of	soluble	B7-H6	(sB7-H6)	and	MUC16	(Belisle	2007).	aNK	also	display	increased	

expression	of	CD69,	NKG2A	and	NKp44	compared	to	pbNK	(Pesce	2015,	Nham	2018).	Some	
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of	these	phenotypic	changes	can	be	induced	on	pbNK	from	healthy	donors	by	treatment	

with	OCP	ascites	(Belisle	2007).		

	

Thus,	the	TME	shapes	aNK	receptor	repertoires,	but	how	these	changes	affect	aNK	function	

is	unclear.	aNK	are	able	to	respond	to	receptor	cross-linking,	cytokine	stimulation	and	co-

culture	with	HLA-null	cell	lines	(Carlsten	2009,	da	Silva	2017).	Moreover,	aNK	degranulate	

and	produce	IFN-g	when	co-cultured	with	OC	cell	lines	and	responses	are	boosted	by	IL-15	
super	agonist	(Felices	2017).	Ex-vivo	expanded	aNK	are	able	to	lyse	OVCAR-8	cells	but	co-
culture	also	leads	to	VEGF	production	(Nham	2018).	There	are	also	conflicting	reports	

comparing	aNK	and	pbNK	function.	For	example,	aNK	responses	to	K562	have	shown	to	be	

decreased	(Carlsten	2009),	comparable	(Hoogstat-van	Evert	2018)	and	even	increased	(da	

Silva	2017)	when	compared	to	pbNK.	These	discrepancies	may	arise	from	different	clinical	

characteristics	between	cohorts	of	patients.	For	example,	aNK	function	is	affected	by	the	

presence	of	OC	cells	and	sB7-H6	in	the	ascites,	the	extent	of	which	will	differ	between	

patients	(Pesce	2015,	da	Silva	2017).	

	

Another	factor	contributing	to	cohort	and	inter-donor	variation	could	be	differences	in	aNK	

subset	composition.	Like	pbNK,	two	subsets	of	aNK	have	been	identified,	CD56
bright

	and	

CD56
dim

.	CD56
bright

	NK	are	increased	in	the	ascites	compared	to	peripheral	blood	(Carlsten	

2009,	Belisle	2007).	Phenotypically,	they	share	many	of	the	same	characteristics	as	their	

peripheral	blood	counterparts.	For	example,	KIR	and	CD57	expression	is	enriched	on	

CD56
dim

	aNK	whilst	CD56
bright

	express	high	levels	of	NKG2A	(Carlsten	2009).	A	recent	study	

reports	PD-1	expression	is	enriched	on	OCP	aNK	and	is	restricted	to	the	CD56
dim

	

compartment	(Pesce	2017).	PD-1
+
	NK	cells	were	hypofunctional	in	comparison	to	matched	

PD-1
-
	NK	cells	in	response	to	K562	co-culture.	Antibody	blockade	of	the	PD-1/PD-L1	axis	

could	boost	PD-1
+
	NK	cell	degranulation	in	response	to	an	OC	cell	line.	Functionally,	

CD56
bright

	and	CD56
dim

	aNK	degranulate	to	similar	levels	upon	co-culture	with	K562	

(Carlsten	2009).		

	

In	summary,	whilst	the	prognostic	significance	of	NK	cells	in	HGSOC	is	unclear,	large	

proportions	of	NK	have	been	identified	in	OCP	ascites.	Two	aNK	subsets	have	been	

identified	which	bare	the	hallmarks	of	ascites-mediated	immune	suppression	yet	maintain	

the	ability	to	respond	to	stimulation.	

		

1.3.4.7	Other	ILCs	

	

Knowledge	of	ILC	function	in	the	context	of	cancer	is	still	in	its	infancy	and	there	are	few	

studies	assessing	the	roles	of	ILCs	in	HGSOC.	However,	a	CD56
+
	CD3

-
	regulatory	ILC	subset	in	

HGSOC	has	been	described	that	is	able	to	inhibit	T-cell	cytokine	production	and	expansion	

(Crome	2017).	These	CD56
+
	CD3

-
	regulatory	ILCs	are	characterised	by	IL-22	and	CCL3	

production	in	response	to	IL-2	stimulation.	These	ILCs	also	share	many	features	with	NK	

cells,	including	CD94,	NKp46	and	KIR	expression.	The	authors	point	out	that	receptor	

repertoires	on	these	subsets	vary	between	donors	and	some	may	in	fact	be	‘true’	ILCs	and	

not	NK	cells.	The	omentum	features	as	a	key	metastasis	site	in	HGSOC	patients.	A	previous	

study	has	profiled	ILC	subsets	by	mass	cytometry	across	a	number	of	healthy	and	
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pathological	tissues,	including	omentum	from	obese	patients	(Simoni	2017).	They	found	

that	whilst	nearly	85%	of	CD45
+
	Lin

-
	cells	were	NK	cells,	other	ILCs	were	also	present	–	

ieILC1-like	(10%),	ILC2	(1%)	and	ILC3	(5%).	Moreover,	they	found	omentum-specific	

phenotypes	such	as	lack	of	NKp44	expression	by	ieILC1-like	cells	(Simoni	2017).	Thus,	whilst	

relatively	little	is	known	about	the	role	of	ILCs	in	HGSOC,	they	are	present	at	key	sites	of	

tumorigenesis.	

	

1.3.5	Treating	Ovarian	Cancer		

	

First	line	management	of	ovarian	cancer	has	remained	largely	unchanged	over	the	last	two	

decades.	It	typically	involves	surgery	in	combination	with	platinum/taxane-based	

chemotherapy.	Most	patients	show	good	responses	to	primary	treatment	but	tumours	recur	

in	90%	of	women.	Alternative	strategies	which	have	proven	successful	include	VEGF	

inhibition	e.g.	by	bevacizumab	and	PARP	inhibitors.	Recently,	results	from	the	Phase	III	

PAOLA-1	trial	show	that	the	PARP	inhibitor,	Lynparza,	improves	progression	free	survival	in	

women	also	being	treated	with	Bevacizumab.	Many	therapies	have	been	developed	which	

harness	the	anti-tumour	activities	of	the	immune	system	and	many	more	are	being	

developed.	For	example,	checkpoint	inhibitors	seek	to	relieve	inhibition	of	immune	cells	

within	the	TME.	Several	trials	have	focused	on	disrupting	the	PD-1/PD-L1	axis	

(NCT01772004,	NCT02054806).	Whilst	promising	results	have	been	observed,	these	fall	

short	of	the	successes	the	same	treatments	have	had	on	other	cancers	such	as	melanoma	

and	bladder	cancer.	Blocking	NKG2A-mediated	inhibition	has	been	shown	to	increase	NK-	

and	T-cell	activity	in	vitro.	Moreover,	combination	therapies	targeting	NKG2A	and	PD-L1	

further	increase	NK-	and	T-cell	responses	and	improve	survival	in	tumour	bearing	mouse	

models	(André	2018).	Expression	of	HLA-E,	the	ligand	for	NKG2A,	has	been	detected	on	

ovarian	tumours	and	an	anti-NKG2A	antibody,	Monalizumab,	has	been	administered	to	

ovarian	cancer	patients	in	a	dose	ranging	study	(Tinker	2019).	Thus,	understanding	ILC	

subset	composition,	phenotype	and	function	is	vital	for	designing	therapeutic	strategies.		

	

1.4	Research	Objectives	

	

The	overarching	aim	of	this	thesis	is	to	understand	the	phenotypic	and	functional	diversity	

of	tissue	resident	ILCs.	I	am	particularly	interested	in	two	distinct,	yet	similar,	tissues:	

decidua	from	first	trimester	pregnancies	and	ascites	from	ovarian	cancer	patients.	More	

detailed	objectives	for	each	chapter	are	outlined	below:	

	

1.4.1	Chapter	3:	Establishing	a	CyTOF	panel	to	study	decidual	ILCs	

• Is	CyTOF	a	suitable	methodology	for	the	study	of	decidual	ILCs?	

• How	does	the	phenotype	of	dNK	by	CyTOF	compare	with	published	datasets	and	

well-defined	pbNK	subsets?	

• What	is	the	overall	diversity	of	the	dNK	receptor	repertoire?	

• Are	there	tissue	specific	signatures	for	ILCs	in	decidua	vs	blood?	

	

1.4.2	Chapter	4:	Distinctive	Phenotypes	and	Functions	of	Innate	Lymphoid	cells	in	Human	

Decidua	during	early	pregnancy	

• What	subsets	of	ILC	are	present	within	the	decidua	and	how	do	they	relate	to	

existing	descriptions	of	dILC	diversity?	
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• How	do	identified	subsets	respond	to	stimulation?	

• What	are	the	phenotypic	and	functional	changes	associated	with	KIR	acquisition?	

• How	are	particular	dILC	subsets	localised	within	the	decidua?	

	

1.4.3	Chapter	5:	Differences	in	expression	and	function	of	KIR2DL1	allotypes	

• How	do	particular	KIR2DL1	allotypes	confer	increased	risk	to	pre-eclampsia?	

• Is	it	possible	to	stain	for	specific	KIR2DL1	allotypes	by	flow	cytometry?	

• Do	KIR2DL1	allotypes	differ	in	expression	levels	and	function?	

	

1.4.4	Chapter	6:	Innate	Lymphoid	Cells	in	the	ascites	of	ovarian	cancer	patients	

• What	subsets	of	ILC	are	present	within	the	ascites	of	ovarian	cancer	patients?	

• How	do	the	identified	subsets	relate	to	pbNK	and	dILCs?	

• Do	ILC	subsets	of	the	ascites	respond	differently	to	tumour	cells?	

• Is	there	a	suitable	mouse	model	available	to	investigate	the	importance	of	NKG2A	in	

ovarian	cancer?	
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2		
Methods	and	Materials	
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2	Methods	and	Materials	

	

2.1	Samples	and	cell	lines	

	

2.1.1	Human	

	

2.1.1.1	Decidua	

	

2.1.1.1.1	Patient	samples	

	

Decidual	samples	were	obtained	from	women	undergoing	elective	first	trimester	

terminations	(7-12	weeks)	at	the	Rosie	Maternity	hospital	and	West	Suffolk	hospital.	Clinical	

information	for	the	majority	of	samples	is	limited	to	gestational	age.	However,	parity	for	a	

subset	of	women	was	also	obtained.	All	donors	supplied	fully	informed	consent	and	ethical	

approval	was	granted	by	the	Cambridge	Research	Ethics	Committee	(study	04/Q0108/23	

and	17/EE/0151	IRAS	225205).		

	

2.1.1.1.2	Isolating	decidual	mononuclear	cells	(dMCs)	

	

Decidual	tissue	pieces	were	first	separated	from	placental	and	fetal	tissues	and	washed	in	

RPMI-1640	(Gibco).	Remaining	blood	clots	and	vessels	were	removed	using	scalpels.	

Samples	were	then	dissociated,	first	using	scalpels	and	then	by	GentleMACS.	For	the	

GentleMACS	step,	5ml	of	Collagenase	IV	(0.1g/100ml,	sigma)	in	RPMI-1640	with	10%FCS	

were	added	to	samples.	The	tissue	was	then	incubated	for	up	to	45	minutes	at	37
o
C	on	a	

shaker.	The	collagenase	mix	was	quenched	by	the	addition	of	RPMI-1640.	The	sample	was	

allowed	to	settle	before	filtration	through	100um	and	40um	filters.	Decidual	mononuclear	

cells	(dMCs)	were	then	isolated	following	a	pancoll	(PAN-biotech)	centrifugation	step	and	

washed	in	RPMI-1640	before	use	or	cryopreservation.	This	method	is	adapted	from	Male	et	

al.	2012	(Male	2012).	

	

2.1.1.2	Peripheral	Blood	

	

Peripheral	blood	was	obtained	from	a	number	of	sources:	matched	peripheral	blood	was	

obtained	from	women	undergoing	elective	first	trimester	terminations	(as	discussed	in	

2.1.1.1.1),	whole	blood	was	purchased	from	the	NHS	Blood	and	Transplant	unit	and	

matched	blood	was	obtained	from	women	undergoing	paracentesis	(as	discussed	below).	In	

addition,	cryopreserved	PBMCs	from	healthy	donors	were	kindly	provided	by	Karl-Johan	

Malmberg,	Karolinska	Institutet.	All	peripheral	blood	donors	supplied	fully	informed	

consent.	

	

PBMCs	were	isolated	by	performing	a	pancoll	(PAN-biotech)	centrifugation	step.	PBMCs	

were	then	washed	in	RPMI-1640	before	use	or	cryopreservation.	

	

2.1.1.3	Ascites	
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Ascites	samples	were	obtained	from	ovarian	cancer	patients	undergoing	paracentesis	at	

Addenbrookes	Hospital.	Some	clinical	information	for	all	donors	can	be	found	in	table	a2	of	
the	appendix.	All	donors	supplied	fully	informed	consent.	

	

To	remove	tumour	spheroids	from	the	ascites,	samples	were	filtered	twice,	once	through	

muslin	and	then	through	a	40um	filter.	Cells	were	then	washed	in	RPMI-1640	and	used	fresh	

or	cryopreserved.		

	

2.1.2	Cell	lines	

	

2.1.2.1	K562	

	

K562	is	a	human	myelogenous	leukaemia	cell	line.	Cells	were	purchased	from	DSMZ	in	

Germany	and	cultured	using	complete	medium	(RPMI-1640,	antibiotics,	10%	FCS).	

K562	express	numerous	NK	ligands	(Figure	a1)	(Tremblay-McLean	2019).	

	

2.1.2.2	721.221	

	

721.221	is	a	human	EBV	transfected	B	cell	line.	721.221s	were	stably	transfected	with	

various	C1
+
HLA-C	and	C2

+
HLA-C	alleles,	indicated	in	the	text	where	appropriate.	Transfected	

cell	lines	were	kindly	donated	by	Louise	Boyle.	Cells	were	cultured	using	complete	medium	

(RPMI-1640,	antibiotics,	10%	FCS).	

721.221	express	numerous	NK	ligands	(Figure	a1)	(Tremblay-McLean,	2019).	

	

2.1.2.3	p815	

	

p815	is	a	mouse	mast	cell	line.	P815s	were	purchased	from	DSMZ	in	Germany	and	cultured	

using	complete	medium	(RPMI-1640,	antibiotics,	10%	FCS).	

	

2.1.2.4	KIR2DL1	transfected	cell	lines	

	

2.1.2.4.1	YTS	cells:	Stable	transfections	

	

YTS	are	a	human	NK	cell	line.	YTS	cells	were	stably	transfected	with	a	pcDNA3.1	plasmid	

encoding	a	single	KIR2DL1	allele	(either	*001,	*003	or	*004).	These	cells	were	kindly	gifted	

by	Pippa	Kennedy,	Manchester	University.	Cells	were	grown	in	RPMI	medium	(10%	FCS)	

under	selection	with	G418	(1.5	mg/ml).	

	

2.1.2.4.2	HEK293	cells:	Transient	transfections	

	

HEK293	is	a	human	embryonic	kidney	cell	line.	HEK293	cells	were	transiently	transfected	

with	a	pcDNA3.1	plasmid	encoding	a	single	KIR2DL1	allele	(either	*001,	*003	or	*004).	

Transfections	was	performed	using	Lipofectamine	2000	(Invitrogen)	according	to	

manufacturer’s	instructions.	These	plasmids	were	kindly	gifted	by	Pippa	Kennedy,	

Manchester	University.	Transfectants	were	cultured	using	complete	medium	(RPMI-1640,	

antibiotics,	10%	FCS).	
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2.1.2.5	ID8	luciferase	cell	line	

	

ID8	is	a	mouse	ovarian	surface	epithelial	cell	line	(MOSEC).	ID8s	were	stably	transduced	by	

lentivirus	with	a	firefly	luciferase	under	a	CAG	promoter.	Single	cells	were	sorted	into	wells	

and	clones	expanded.	Luciferase	activity	was	verified.	Cells	and	plasmids	were	provided	by	

medImmune/Astrazeneca.	Cells	were	cultured	in	DMEM;	4%	FBS;	ITS	(providing	5ug/ml	

insulin;	5ug/ml	transferrin;	5ng/ml	sodium	selenite)	and	selected	using	4ug/ml	puromycin.	

	

2.1.3	Mice	

	

All	mice	used	in	this	study	were	C57BL/6	wild-type	(WT)	purchased	from	Charles	River	UK.	

Mice	were	housed	in	pathogen-free	conditions	at	the	University	of	Cambridge	Central	

Biomedical	Service.	University	of	Cambridge	and	United	Kingdom	Home	Office	Regulations	

were	strictly	adhered	to	and	all	work	was	carried	out	under	home	office	Project	Licences	

PPL	70/8222	and	70/7798.	

	

Procedures	for	isolating	cells	from	the	uterus,	spleen	and	peritoneal	fluid	were	as	follows.	

Uterus:	Uteri	were	dissected	from	non-pregnant	adult	virgins	and	transferred	to	ice-cold	

HBSS	media	(gibco)	containing	Ca
2+
	and	Mg

2+
.	Samples	were	then	minced	using	scissors	and	

enzymatically	digested	in	Liberase	DH	(Roche)	for	30	minutes	at	37
o
C.	Cells	were	then	

washed	and	rested	for	15	mins	in	Ca
2+/

Mg
2+
-free	PBS.	Cells	were	then	passed	through	a	

70um	filter	and	mononuclear	cells	isolated	by	a	Percoll	(GE	Healthcare)	based	density	

centrifugation	step.	Cells	were	then	washed	in	PBS	ready	for	use.	This	method	is	adapted	

from	Collins	et	al.	2009	(Collins,	2009).		

Spleen:	Spleens	were	dissected	from	non-pregnant	adult	virgins	and	transferred	to	ice-cold	

HBSS	media	(gibco)	containing	Ca
2+
	and	Mg

2+
.	Samples	were	then	minced	using	scissors	and	

passed	through	a	70um	filter.	Mononuclear	cells	were	isolated	by	a	Percoll	(GE	Healthcare)	

based	density	centrifugation	step.	Cells	were	then	washed	in	PBS	ready	for	use.		

Peritoneal	fluid:	The	outer	skin	of	the	peritoneum	was	cut	and	peeled	back	to	reveal	a	layer	

of	inner	skin	covering	the	peritoneal	cavity.	5ml	of	cold	PBS	was	injected	into	the	peritoneal	

cavity	and	the	abdomen	was	gently	massaged.	This	fluid	was	then	drained	and	transferred	

to	ice.	This	was	repeated	several	times.	Cells	were	then	passed	through	a	70um	filter	and	

mononuclear	cells	isolated	by	a	Percoll	(GE	Healthcare)	based	density	centrifugation	step.	

Cells	were	then	washed	in	PBS	ready	for	use.	This	method	is	adapted	from	Ray	et	al.	2010	

(Ray	2010).	

	

2.2	Genotyping	

	

To	isolate	genomic	DNA	from	whole	blood	samples,	the	QIAamp	DNA	Mini	Blood	Kit	

(Qiagen)	was	used.	In	order	to	isolate	DNA	from	decidual	tissue,	the	tissue	was	first	digested	

using	proteinase	K	and	RNase	A	(Roche)	in	combination	with	tissue	lysis	and	protein	

precipitation	buffers	(Qiagen).	DNA	was	subsequently	precipitated	using	isopropanol.		

	

2.2.1	KIR	gene	presence/absence	and	HLA-C1/C2	status	

	

KIR	gene	presence/absence	and	HLA-C1/C2	status	were	determined	by	PCR-SSP	as	

previously	described	(Hiby	2010,	2008,	2004).	Typing	was	kindly	performed	by	several	
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people	including	Lydia	Farrell,	Jyothi	Jayaraman,	Imogen	Duncan,	Gerry	Burns,	Olympe	

Chazara	and	Andrew	Sharkey.	

	

2.2.2	KIR2DL1	allele	typing		

	

KIR2DL1	allele	typing	was	performed	by	pyrosequencing	by	Olympe	Chazara.	Exons	1,	4,	5,	

7,	and	9	were	targeted	as	described	by	Norman	et	al.	2013	(Norman	2013).		

	

2.2.3	-21	M/T	typing	

	

HLA-B	exon	1	was	amplified	by	PCR.	Amplicons	underwent	restriction	digest	(nlaIII)	and	

bands	were	run	on	a	gel.	SNPs	were	called	manually.	This	assay	was	developed	by	James	

Traherne	and	performed	with	Norman	Shreeve.			

	

2.3	Cryopreservation	and	Thawing	

	

Where	indicated,	cells	were	frozen	in	90%FCS/10%DMSO	(sigma).	To	thaw	cells,	vials	were	

submerged	in	a	water	bath	until	nearly	completely	melted.	1ml	of	warmed	complete	media	

was	added	drop-by-drop	to	the	vial	and	then	gently	transferred	to	a	larger	volume.	Cells	

were	then	washed	in	complete	medium	and	counted	ready	for	use.		

	

2.4	Suspension	Cytometry	

	

2.4.1	Flow	Cytometry	

	

Human:	Cells	were	counted	and	distributed	at	approximately	1	x	10
6
	cells/well	in	200ul	

FACS	wash	(FW,	1xPBS;	Rockland,	2%	FCS,	2mM	EDTA;	VWR	Life	Science).	Cells	were	stained	

for	surface	antigens	in	30ul	of	cocktail	for	1	hour	at	4
o
C.	When	staining	for	KIR2DS1,	2ul	of	

11PB6	antibody	were	directly	added	to	wells	for	the	last	15	mins	of	staining.	Viability	was	

assessed	using	LIVE/DEAD	Aqua	(Life	Technologies)	incubated	for	30mins	at	4
o
C.	Cells	were	

then	fixed	in	1%	paraformaldehyde	(Thermofisher)	for	10mins	at	room	temperature	and	

washed	in	FW.	Cells	were	later	analysed	on	a	LSR	Fortessa	(BD	Biosciences).	These	protocols	

were	adapted	from	(Fauriat	2010).		

For	intracellular	staining,	post	fixation	the	cells	were	washed	in	FW	and	then	permeabilised	

using	the	permeabilisation	buffer	from	the	FoxP3	transcription	factor	staining	kit	

(Thermofisher)	for	45mins	at	4
o
C.	Permeabilised	cells	were	stained	with	30ul	of	a	cocktail	

containing	intracellular	antibodies	for	1hour	at	4
o
C.	After	several	washes,	cells	were	ready	

for	acquisition	on	a	LSR	Fortessa	(BD).		

If	biotinylated	antibodies	were	used,	they	were	detected	using	Streptavidin	Qdot605	

(LifeTechnologies).	Typically,	the	Streptavidin	Qdot605	would	be	included	during	the	

viability	stain.		

	

Mouse:	Protocol	used	is	slightly	adapted	from	the	2.4.1.	FC-receptor	blocking	was	

performed	before	the	primary	antibody	stain	by	incubating	the	cells	for	10mins	at	room	

temperature	with	TruStain	(anti-mouse	CD16/32).	Antibody	cocktails	were	diluted	in	

Horizon	Brilliant	Stain	Buffer	(BD	Biosciences).	
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Table	2.1	Flow	cytometry	anti-human	antibodies	

Antibody-Fluorophore	(Clone)	 SOURCE	 Catalogue	number	

CD3-PE-Cy5	(HIT3A)	 BioLegend	 Cat#	300310	

CD14-BV510	(M5E2)	 BioLegend	 Cat#	301842	

CD19-BV510	(HIB19)	 BioLegend	 Cat#	302242	

CD56-PE-Dazzle	(HCD56)	 BioLegend	 Cat#	318348	

NKG2A-APC	(Z199)	 Miltenyi	 Cat#	130-098-812	

KIR2DL1-APC-Vio770	(REA248)	 Miltenyi	 Cat#	130-103-937	

KIR2DL3-FITC	(180701)	 Miltenyi	 Cat#	130-100-125	

KIR2DL1/S1-PE-Vio770	(11PB6)	 Miltenyi	 Cat#	130-099-891	

KIR2DL1/S1-PE-Cy7	(EB6)	 Beckman	Coulter	 Cat#	A09778	

KIR2DL2/3/S2-	Percp-Cy5.5	

(GL183)	 Beckman	Coulter	

Cat#	A66900	

KIR2DL2/3/S2-	BB515	(CH-L)	 BD	Biosciences	 Cat#	566053	

KIR2DS4-APC	(JJC11.6)	 Miltenyi	 Cat#	130-099-709	

Perforin-Bv421	(dG9)	 BioLegend	 Cat#	308121	

Granzyme	A-Pe-Cy7	(CB9)	 eBioscience	 Cat#	25-9177-41	

Granzyme	B-	Alexa	Fluor	700	

(GB11)	 BD	Biosciences	

Cat#	560213	

Granulysin-PE		(DH2)	 BioLegend	 Cat#	348004	

KIR2DS4	(179315)	 R&D	Systems	 Cat#	MAB1847	

KIR3DL1-Bv421	(DX9)	 BioLegend	 Cat#	312714	

CD16-Bv650	(3G8)	 BD	Biosciences	 Cat#	563692	

CD19-AF700	(HIB19)	 BD	Biosciences	 Cat#	557921	

CD3-Bv510	(OKT3)	 BioLegend	 Cat#	317332	

CD4-PE-Cy5	(OKT4)		 BioLegend	 Cat#	317412	

CD8-FITC	(SK1)	 BioLegend	 Cat#	344704	

KIR2DL1B/S1-PE	(1127b)	 R&D	Systems	 Cat#	FAB8887P-100	

KIR2DL1A/L3/L2/S2-biotin	

(8C11)	 Gifted	from	Retiére	

NA	

KIR2DL1*/S1/L3/L2/S2-biotin	

(1A6)	 Gifted	from	Retiére	

NA	

CD107a-Bv650	(H4A3)	 BioLegend	 Cat#	328638	

	

Table	2.1	Flow	cytometry	anti-human	antibodies	

	
Table	2.2	Flow	cytometry	anti-mouse	antibodies	

Antibody-Fluorophore	(Clone)	 SOURCE	 Catalogue	number	

CD49b-FITC	(DX5)	 BioLegend	 Cat#	108906	

NKp46-PerCP-eFluor710	(29A1.4)	 eBioscience	 Cat#	46-3351-82	

NKG2A-APC	(16A11)	 BioLegend	 Cat#	142807	

Eomes-eFluor450	(Dan11mag)	 eBioscience	 Cat#	48-4875-82	

CD11b-Bv650	(M1/70)	 BioLegend	 Cat#	101239	
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CD3-Bv785	(17A2)	 BioLegend	 Cat#	100232	

CD49a-PE	(Ha31/8)	 BD	Pharmingen	 Cat#	562115	

NK1.1-PE-CF594	(PK136)	 BD	Pharmingen	 Cat#	562864	

CD45-Buv395	(30-F11)	 BD	Horizon	 Cat#	564279	

CD19-BuV737	(1D3)	 BD	Biosciences	 Cat#	564296	

	

Table	2.2	Flow	cytometry	anti-mouse	antibodies	

	

	

2.4.2	Mass	Cytometry	

	

Cells	were	washed	in	serum	free	RPMI	1640	medium	(gibco)	and	a	viability	stain	performed	

using	500	uM	rhodium	DNA	intercalator	diluted	1	in	500	(Fluidigm	Sciences)	for	15	mins	at	

37
o
C	with	5%	C02.	Cells	were	washed	in	cell	staining	medium	(CSM,	1	x	PBS	(Rockland),	

0.03%	BSA	(Sigma),	2mM	EDTA	(VWR	Life	Science))	and	distributed	at	2-4	x	10
6
	cells	per	

well.	Antibody	cocktails	were	passed	through	a	0.1um	filter	and	cells	were	then	stained	for	1	

hour	at	4
o
C	in	a	total	volume	of	65ul.	Cells	were	then	washed	twice	in	CSM	and	fixed	in	1%	

PFA	overnight	at	4
o
C.	After	fixation,	cells	were	washed	in	CSM	and	then	permeabilised	using	

the	permeabilisation	buffer	from	the	FoxP3	transcription	factor	staining	kit	(Thermofisher).	

Permeabilised	cells	were	stained	with	65ul	of	filtered	antibody	mixture	for	1	hour	at	4
o
C.	

Cells	were	then	washed	thrice	in	CSM	and	DNA	stained	using	125uM	Cell-ID	Intercalator	Ir	

(Fluidigm	Sciences)	diluted	1	in	10,000	in	1%	PFA.	Finally,	cells	were	washed	twice	in	CSM	

and	then	twice	in	MiliQ	water.	Before	acquisition	on	an	Helios	mass	cytometer	(Fluidigm),	

samples	were	passed	through	a	40um	filter	and	EQ
TM
	Four	Element	Calibration	Beads	

(Fluidigm)	were	added	to	make	up	10%	of	the	sample.	A	schematic	of	the	CyTOF	workflow	is	

in	the	appendix	(Figure	a2).	
	

Where	antibodies	required	conjugation,	MaxPar	X8	labeling	kits	(Fluidigm	Sciences)	were	

used	according	to	the	manufacturer’s	instructions.		

	
Table	2.3	Mass	cytometry	anti-human	antibodies	

Isotope-Antibody	(Clone)	 SOURCE	 Catalogue	number	

89Y-CD45	(HI30)	 Fluidigm	Sciences	 Cat#	3141009B	

CD3	Qdot605	(UCHT1)	 Thermofisher	 Cat#	Q10054	

CD14	Qdot605	(Tük4)	 Thermofisher	 Cat#	Q10013	

CD19	Qdot605	(SJ25-C1)	 Thermofisher	 Cat#	Q10306	

HLA-DR	Qdot605	(Tü36)	 Thermofisher	 Cat#	Q10052	

CD57	(HCD57)	 BioLegend	 Cat#	322325	

KIR2DS4	(FES172)	 Beckman	Coulter	 Cat#	B33084	

CD103	(Ber-ACT8)	 BioLegend	 Cat#	350202	

143Nd-CD117	(104D2)	 Fluidigm	Sciences	 Cat#	3143001B	

144Nd-	CD69	(FN50)	 Fluidigm	Sciences	 Cat#	3144018B	

Granzyme	B	(CLB-GB11)	 Novus	 Cat#	NBP1-50071	

MIP1b	(D21-1351)	 BioLegend	 	

NKp30	(P30-15)	 BioLegend	 Cat#	325204	

KIR2DL2/L3/S2	(GL183)	 Beckman	Coulter	 Cat#	IM1846	
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150Nd-IL-22	(22URTI)	 Fluidigm	Sciences	 Cat#	3150007B	

151Eu-CD107a	(H4A3)	 Fluidigm	Sciences	 Cat#	3151002B	

Eomes	(WD1928)	 eBioscience	 Cat#	14-4877-82	

MIP1a	(1.2_3E8-2H6-2B6)	 Peprotech	 Cat#	500-M74	

CD96	(NK92.39)	 BioLegend	 Cat#	338404	

155Gd-CD56	(B159)	 Fluidigm	Sciences	 Cat#	3155008B	

156Gd-LILRB1	(GHI/75)	 Fluidigm	Sciences	 Cat#	3156020B	

NKG2C	(134591)	 R&D	Systems	 Cat#	MAB138	

158Gd-IFNg	(B27)	 Fluidigm	Sciences	 Cat#	3158017B	

159Tb-GM-CSF	(BVD2-21C11)	 Fluidigm	Sciences	 Cat#	3159008B	

NKp44	(P44-8)	 BioLegend	 Cat#	325102	

161Dy-Tbet	(4B10)	 Fluidigm	Sciences	 Cat#	3161014B	

162Dy-NKp46	(BAB281)	 Fluidigm	Sciences	 Cat#	3162021B	

163Dy-CD49a	(TS2/7)	 Fluidigm	Sciences	 Cat#	3163015B	

164Dy-CD161	(HP-3G10)	 Fluidigm	Sciences	 Cat#	3164009B	

165Ho-CD127	(A019D5)	 Fluidigm	Sciences	 Cat#	3165008B	

166Er-NKG2D	(ON72)	 Fluidigm	Sciences	 Cat#	3166016B	

167Er-KIR3DL1	(DX9)	 Fluidigm	Sciences	 Cat#	3167013B	

169Tm-NKG2A	(Z199)	 Fluidigm	Sciences	 Cat#	3169013B	

XCL1	(109001)	 R&D	Systems	 Cat#	mab6951	

171Yb-DNAM-1	(DX11)	 Fluidigm	Sciences	 Cat#	3171013B	

172Yb-Ki-67	(B56)	 Fluidigm	Sciences	 Cat#	3172024B	

KIR2DL1	(143211)	 R&D	Systems	 Cat#	MAB1844	

174Yb-CD94	(HP-3D9)	 Fluidigm	Sciences	 Cat#	3174015B	

AhR	(FF3399)	 eBioscience	 Cat#	14-9854-82	

KIR2DL3	(180701)	 R&D	Systems	 Cat#	MAB2014	

209Bi-CD16	(3G8)	 Fluidigm	Sciences	 Cat#	3209002B	

142Nd-CD19	(SJ25-C1)	 Fluidigm	Sciences	 Cat#	3142001B	

145Nd-CD4	(SK3)	 Fluidigm	Sciences	 Cat#	3145001B	

146Nd-CD8	(RPA-T8)	 Fluidigm	Sciences	 Cat#	3146001B	

147Sm-CD7	(CD7-6B7)	 Fluidigm	Sciences	 Cat#	3147006B	

CD9	(SN4)	 Thermofisher	 Cat#	14-0098-82	

162Dy-CD69	(FN50)	 Fluidigm	Sciences	 Cat#	3162001B	

167Er-CD27	(L128)	 Fluidigm	Sciences	 Cat#	3167006B	

	

Table	2.3	Mass	cytometry	anti-human	antibodies	

	

2.4.4	in	vitro	functional	assays	
	

Cells	were	rested	overnight	at	37
o
C	with	5%	C02	in	complete	medium	supplemented	with	

2.5ng/ml	IL-15	(Peprotech).	The	non-adherent	fraction	was	harvested	to	be	used	in	

functional	assays.		

	

PMA	plus	ionomycin:	1	x106	Effector	cells	were	treated	with	eBioscienceTM	cell	stimulation	

cocktail	(Invitrogen)	for	4	hours	in	96-well	U	bottom	plates	at	37
o
C,	5%	C02.	Golgi	Plug	(BD	

Biosciences)	and	Golgi	Stop	(BD	Biosciences)	were	added	for	the	final	3	hours	of	stimulation.	

When	staining	for	CD107a,	antibody	was	added	in	assay.	
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K562:	Effector	cells	were	co-cultured	with	K562	target	cells	at	a	ratio	of	10:1	in	96-well	U	
bottom	plates.	Plates	were	spun	lightly	at	300rpm	for	2	mins	before	incubation	for	6	hours	

at	37
o
C,	5%	C02.	Golgi	Plug	(BD	Biosciences)	and	Golgi	Stop	(BD	Biosciences)	were	added	for	

the	final	5	hours	of	stimulation.	This	K562	assay	has	been	adapted	from	Fauriat	et	al.	2010	

(Fauriat	2010).	When	staining	for	CD107a,	antibody	was	added	in	assay.	If	cytokine	

stimulation	was	performed,	IL-12	(10ng/ml,	PeproTech)	and	IL-15	(10ng/ml,	PeproTech)	

were	used.	

	

P815:	P815	cells	were	resuspended	at	0.5	x106/ml	and	coated	with	indicated	antibodies	by	

incubating	for	30mins	at	4
o
C.	Effector	cells	were	co-cultured	with	coated	P815	target	cells	at	

a	ratio	of	5:1	in	96-well	U	bottom	plates.	Plates	were	spun	lightly	at	300rpm	for	2	mins	

before	incubation	for	6	hours	at	37
o
C,	5%	C02.	Golgi	Plug	(BD	Biosciences)	and	Golgi	Stop	

(BD	Biosciences)	were	added	for	the	final	5	hours	of	stimulation.	When	staining	for	CD107a,	

antibody	was	added	in	assay.	This	protocol	was	adapted	from	Costa	et	al.	2008	(El	Costa	

2008).		

	

Plate	bound	cross-linking:	Indicated	antibodies	were	added	to	8-well	flat-bottomed	

stripwell	plates	(Corning)	in	10mM	HEPES	solution.	Antibodies	were	allowed	to	adhere	

overnight	at	4
o
C.	Wells	were	washed	with	PBS	and	then	2.5	x	10

6
	decidual	effector	cells	

were	added	per	well.	Plates	were	spun	lightly	at	300rpm	for	2	mins	before	incubation	for	6	

hours	at	37
o
C,	5%	C02.	Golgi	Plug	(BD	Biosciences)	and	Golgi	Stop	(BD	Biosciences)	were	

added	for	the	final	5	hours	of	stimulation.	When	staining	for	CD107a,	antibody	was	added	in	

assay.	

	

Rituximab	coated	721.221-C2	inhibition	assay:		
	
721.221	cells	transfected	with	C2

+
HLA-C	(Cw2)	were	coated	with	rituximab	by	direct	

addition	of	Rituximab	(1ug/ml)	to	721.221-Cw2	target	cells.	1	x10
6
	effector	cells	were	plated	

out	in	96-well	U	bottom	plates.	Effector	cells	were	co-cultured	with	Rituximab	coated	

721.221-Cw2	target	cells	at	a	ratio	of	10:1.	Plates	were	spun	lightly	at	300rpm	for	2	mins	

before	incubation	for	6	hours	at	37
o
C,	5%	C02.	Golgi	Plug	(BD	Biosciences)	and	Golgi	Stop	

(BD	Biosciences)	were	added	for	the	final	5	hours	of	stimulation.	When	staining	for	CD107a,	

antibody	was	added	in	assay.	

	

2.5	Imaging		

	

2.5.1	Immunohistochemistry	(IHC)	

	

Paraffin	embedded	sections	were	dewaxed	by	submerging	slides	for	2	x	5	mins	in	Histo-clear	

(National	Diagnostics).	Slides	were	then	subjected	to	reducing	concentrations	of	ethanol	as	

follows,	100%	(2	x	5mins),	90%	(1	x	5mins),	70%	(1	x	3mins),	50%	(1	x	5mins).	After	

dehydration,	slides	were	washed	in	PBS	and	went	through	a	citrate	based	antigen	retrieval	

step.		Slides	were	heat	treated	in	Citrate	buffer	(MenaPath,	Cat#	MP-607-PG1))	in	a	pressure	

cooker	for	20mins	at	120
o
C	and	then	washed	in	PBS.	Sections	were	then	covered	by	blocking	

buffer	(PBS,	2%	serum	of	the	animal	that	the	secondary	antibody	was	raised	in)	for	20mins	

at	room	temperature	and	primary	antibodies	prepared	in	PBS.	Blocking	buffer	was	removed	
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and	primary	antibody	cocktails	added	for	1	hour	at	room	temperature.	Biotinylated	

secondary	antibody	cocktails	were	prepared	in	2%	human	AB	serum	and	allowed	to	sit	for	

1hour	before	a	1	x	10min	hard	spin	(12,000	rpm).	Slides	were	then	washed	in	PBS	and	

secondary	antibody	cocktail	added	for	30	mins	at	room	temperature.	Next,	slides	were	

incubated	with	Avidin/Biotinylated	peroxidase	Complex	(ABC	reagent,	Vector	Laboratories)	

for	30mins	at	room	temperature.	For	the	substrate,	3’diaminobenzidine	(DAB,	Sigma)	was	

dissolved	in	DI	water	according	to	manufacturer’s	instructions.	Sections	were	washed	in	PBS	

and	DAB	added	for	up	to	several	minutes.	Enzymatic	activity	was	quenched	by	submerging	

slides	in	tap	water.	Sections	were	then	counterstained	using	Carazzi’s	haematoxylin	for	

5mins	at	room	temperature.	Finally,	the	counterstain	was	washed	off	using	tap	water	and	

slides	were	mounted	in	glycerol	gelatin	(Sigma).				

	
Table	2.4	Antibodies	used	in	immunohistochemistry	

Antibody	(Clone)	 Source	 Catalogue	Number	

CD103	(EP206)	 Bio	SB	 Cat#	BSB	2862	

CD56	(123c3)	 Cell	Signalling	 Cat#	03/2018	

Cytokeratin	7	(OV-TL	12/30)	 Dako	 Cat#	M7018	

	

Table	2.4	Antibodies	used	in	immunohistochemistry	

	

2.5.2	Imaging	Mass	Cytometry	(IMC)	

	

Imaging	mass	cytometry	combines	mass	cytometry	with	laser	ablation.	In	brief,	sections	are	

stained	with	a	panel	of	metal-labelled	antibodies.	A	laser	then	ablates	a	region	of	interest	

pixel	by	pixel.	The	ions	liberated	by	the	laser	are	collected	and	the	abundances	are	

calculated	by	time	of	flight	mass	cytometry.	An	image	is	reconstituted	using	the	ion	values	

measured	for	each	pixel.	

	

All	incubations	were	performed	at	room	temperature	in	a	humidified	chamber.	

Acetone	fixed	frozen	sections	were	taken	out	the	freezer	and	left	to	dry	for	several	minutes.	

Sections	received	additional	acetone	fixation,	by	submerging	in	chilled	acetone	for	5mins.	

Acetone	was	removed	by	two	1	x	PBS	(Rockland,	Cat#	MB-008)	washes.	Sections	were	then	

permeabilised	with	0.05%	Tween-20	PBS	for	10mins	and	blocked	using	human	AB	serum	for	

50mins.	Antibodies	were	diluted	in	0.05%	Tween	0.5%	BSA	in	PBS.	The	blocking	solution	was	

blotted	off	and	primary	antibodies	added	for	1hour.	Sections	were	washed	in	0.05%	Tween	

twice	and	a	secondary	staining	step	performed	for	1hour.	3	x	5min	0.05%	Tween	washes	

were	performed	and	then	DNA	stained	using	125uM	Cell-ID	Intercalator	Ir	(Fluidigm	

Sciences)	diluted	1	in	1000	in	0.05%	Tween.	Finally,	sections	were	washed	twice	in	MilliQ	

water	and	allowed	to	dry	ready	for	acquisition	on	an	Hyperion	instrument	(Fluidigm).		

	

Antibodies	used	for	IMC	are	the	same	as	those	used	for	suspension	mass	cytometry	table	

2.3.	145Nd-anti-PE	(PE001)	was	used	to	detect	HLA-G-PE	(MEMG9).		

	

2.6	Analysis	

	

2.6.1	Dimension	reducing	algorithms	
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Dimension	reducing	algorithms	were	performed	using	the	package	Cytofkit	from	

Bioconductor	(Chen	2016).	

PCA:	PCA	is	a	linear	dimension	reducing	algorithm.	Essentially	new	“axis”	are	created	from	

linear	combinations	of	original	“axis”.	For	the	analysis,	markers	were	normalised	to	mean	=	

0	and	standard	deviation	=	1.		

tSNE:	t-Distributed	Stochastic	Neighbour	Embedding	(tSNE)	is	a	non-linear	dimension	

reducing	algorithm	(Amir	2013).	It	attempts	to	preserve	global	and	local	geometries	by	using	

all	pairwise	distances	between	cells.	In	this	way,	cells	which	are	similar	will	form	islands	in	

2D	renderings	of	the	tSNE	landscape.	The	way	it	works	is	as	follows,	first	pairwise	distances	

are	measured	between	cells	in	high	dimensional	space	and	a	similarity	matrix	is	constructed.	

The	similarity	between	cells	!"	and	!#	is	defined	by:		
	

	

	

	

Where	$"	is	!"’s	variance		
This	value	takes	into	account	how	similar	!"	and	!#	are	versus	how	similar	!"	is	to	all	other	
cells.		

Cells	are	then	randomly	assigned	a	starting	position	on	a	2D	map	and	pairwise	distances	

between	all	cells	calculated.	A	new	similarity	matrix	is	calculated	on	the	2D	rendering	where	

the	similarity	between	cells	&"and	&#	is	defined	by:		
	

	

	

	

tSNE	then	works	iteratively,	changing	the	location	of	points	on	the	2D	map	and	recalculating	

the	similarity	matrix.	For	each	iteration,	the	divergence	between	the	high-dimensional	and	

low-dimensional	similarity	matrices	is	calculated.	Each	iteration	seeks	to	minimise	the	

divergence	between	the	two.		

For	tSNE	analysis	a	number	of	parameters	are	tunable	including	the	number	of	iterations	

(1000),	perplexity	(30)	and	trade-off	(0.5).	Default	values	were	used	for	all	parameters	and	

are	indicated	in	the	brackets.	Perplexity	roughly	corresponds	to	an	estimation	of	how	many	

close	neighbours	a	cell	has,	in	this	way	the	experimenter	is	making	assumptions	about	the	

topology	of	the	dataset.	The	trade-off	parameter	is	linked	to	the	computational	power	the	

algorithm	requires	and	represents	a	trade-off	between	speed	and	accuracy.		

	

2.6.2	Clustering	algorithm	

	

A	number	of	clustering	algorithms	have	been	applied	to	high-dimensional	CyTOF	data.	

These	can	be	loosely	divided	into	those	which	use	the	original	high-dimensional	data	set	as	

input	data	e.g	Rphenograph	and	peak	finding	algorithms	e.g	ACCENSE.	Density-based	

clustering	aided	by	support	vector	machine	(DensVM)	is	similar	to	ACCENSE	in	that	it	uses	a	

peak	finding	algorithm	applied	to	the	tSNE	landscape	to	identify	clusters	(Shekhar	2014,	

Becher	2014).	DensVM	differs	from	ACCENSE	by	being	able	to	assign	any	unassigned	cells	to	

a	cluster	through	an	additional	machine	learning	step.		Clustering	was	performed	using	the	

package	Cytofkit	from	Bioconductor	(Chen	2016),	default	parameters	were	selected.	
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2.6.3	Residual	plots	

	

To	determine	whether	certain	regions	of	a	tSNE	landscape	were	enriched	with	cells	from	a	

particular	tissue,	a	nearest	neighbour-based	method	was	used	to	create	a	residual	

probability	plot.	Example	code	used	for	this	was	supplied	by	Jakob	Theorell	and	can	be	

found	in	the	appendix	Code1.	It	has	since	become	the	R	package	DepecheR	from	

Bioconductor	(Theorell	2019).		

	

2.6.4	Boolean	Receptor	Repertoire	

	

To	assess	population	diversity	by	Boolean	receptor	combinations,	thresholds	to	define	

receptor	positivity	were	manually	defined	for	each	marker	on	a	donor-by-donor	basis.	These	

thresholds	were	used	to	transform	the	raw	expression	values	by	CyTOF	into	either	0	(not	

expressed)	or	1	(expressed).	26	markers	were	included	in	the	analysis	and	thus	a	total	of	

2^26	=	67,108,864	combinations	are	possible.	The	number	and	frequency	of	each	receptor	

combination	was	calculated.	Code	written	to	perform	this	analysis	can	be	found	in	the	

appendix	Code2.				
	

2.6.5	Statistical	analysis	

	

Statistical	tests	used	are	specified	in	figure	legends.	Data	was	checked	for	normality	and	

then	the	appropriate	test	selected.	Corrected	p-values	under	0.05	were	considered	

significant.	Statistical	analyses	were	largely	performed	using	PRISM	(GraphPad	Software	

Inc.)	and	the	open	source	statistical	package	R	(www.r-project.org).	FCS	files	were	analysed	

with	FlowJo	v10.5.3	(Tree	Star	Inc.).	

	

	 	



	 59	

3	
Establishing	a	CyTOF	panel	to	study	

decidual	ILCs	
	

	

	 	



	 60	

3	Establishing	a	CyTOF	panel	to	study	decidual	ILCs	

	

In	this	chapter:	

I	develop	CyTOF	as	a	methodology	for	the	study	of	decidual	ILCs.	This	involves	designing	

and	building	an	antibody	panel	and	establishing	a	reliable	staining	protocol	suitable	for	

decidua.	In	addition,	I	compare	the	phenotype	and	diversity	of	ILCs	from	peripheral	

blood	and	decidua.		

	

3.1	Introduction		

	

Since	its	invention	in	the	late	1960s,	the	number	of	parameters	detectable	by	flow	

cytometry	has	risen	from	a	handful	(forward	scatter	and	fluorescence	above	530nm	on	a	

FACS-1)	to	over	30	(Cytek	Aurora	and	BD	FACSymphony
TM
).	However,	spectral	constraints	

place	an	upper	limit	on	the	number	of	markers	that	can	be	detected	simultaneously.	To	

overcome	this,	new	antibody	based	cytometry	platforms	have	been	developed	which	

replace	fluorophores	with	other	detectable	elements	such	as	heavy	metal	isotopes	(mass	

cytometry)	or	oligonucleotides	(e.g.	REAP-seq).	Here	I	focus	on	mass	cytometry	(CyTOF)	

which	uses	time	of	flight	mass	spectrometry	to	allow	the	routine	measurement	of	over	40	

markers	(Bandura	2009).	In	this	way,	the	complexity	of	the	immune	system	in	health	and	

disease	is	being	captured	with	increased	resolution.		

	

The	first	NK	cell	specific	CyTOF	study	focused	on	how	environmental	and	genetic	factors	

shape	peripheral	blood	NK	(pbNK)	cell	repertoires	(Horowitz	2013).		This	landmark	paper	

revealed	the	unappreciated	diversity	of	pbNK,	finding	over	100,000	phenotypes	in	just	22	

donors.	Here,	phenotype	refers	to	a	boolean	combination	of	markers	rather	than	

functionally	relevant	subset.	This	led	to	a	collaboration	between	the	groups	of	Peter	

Parham,	Stanford	University	School	of	medicine,	and	Ashley	Moffett,	department	of	

Pathology,	University	of	Cambridge.	The	aim	of	this	collaboration	was	to	characterise	dNK	

heterogeneity	using	the	pbNK	centric	panel	developed	by	Horowitz	et	al.	2013	(Horowitz	

2013).	At	this	point	in	time,	CyTOF	on	tissue	resident	lymphocytes	was	limited	to	a	handful	

of	publications	which	did	not	include	the	uterus	(Han	2013,	Yao	2014).	Thus,	a	pilot	study	

was	conducted	in	which	Dr	Andrew	Sharkey	and	Lucy	Gardner	isolated	and	stained	6	fresh	

matched	PBMC	and	decidual	mononuclear	cell	(dMC)	samples.	These	were	frozen	and	

shipped	to	Stanford	for	acquisition	as	Cambridge	lacked	a	mass	cytometer	at	this	point	in	

time.	The	analysis	of	this	pilot	data	formed	part	of	my	masters’	thesis:	‘Characterising	the	

architecture	of	the	decidual	natural	killer	cell	niche	using	time	of	flight	mass	cytometry	

(CyTOF)’,	which	was	supervised	by	Professor	Ashley	Moffett	and	Dr.	Martin	A.	Ivarsson.	

	

The	pilot	study	suffered	from	several	problems:	reagents	that	work	well	on	peripheral	blood	

do	not	necessarily	work	on	tissue	preparations,	self-conjugated	antibodies	could	generate	

spurious	binding	profiles	and	a	strong	batch	effect	was	present.	However,	a	cautious	look	at	

the	data	suggested	that	dNK	were	made	up	of	a	number	of	subsets	and	that	the	observed	

level	of	dNK	diversity	was	at	least	similar	to	that	of	pbNK.	Therefore,	it	was	concluded	that	

CyTOF	was	an	appropriate	technique	for	profiling	the	dNK	niche,	but	a	decidua	compatible	

staining	protocol	was	needed.	In	addition,	a	new	tissue	centric	ILC	panel	should	be	

constructed	to	incorporate	additional	decidual	ILCs	(dILCs)	as	well	as	functional	readouts.		
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3.2	Results	

	

3.2.1	Establishing	a	CyTOF	protocol	and	panel	

	

As	outlined	in	3.1,	there	were	several	issues	with	the	pilot	study	which	I	sought	to	address.	

Furthermore,	a	new	antibody	panel	needed	to	be	built	which	incorporated	other	ILC	

subsets,	functional	readouts	and	markers	associated	with	tissue	resident	ILCs.		

	

3.2.1.1	Live/Dead	

	

A	major	issue	the	pilot	study	faced	was	the	inability	to	discriminate	live	and	dead	cells.	

Cisplatin	was	at	the	time,	and	still	is,	widely	used	as	a	live/dead	reagent	for	mass	cytometry	

(Fienberg	2012).	Upon	entering	cells	with	compromised	membranes,	it	forms	covalent	

sulfhydryl	bonds	with	proteins	and	thereby	non-specifically	labels	cellular	protein	content	

(Fluidigm).	This	is	different	from	its	application	as	a	chemotherapy	agent,	where	its	property	

as	a	DNA	intercalator	is	exploited.	However,	whilst	cisplatin	works	very	well	for	PBMCs,	

there	is	a	very	high	background	on	dMCs	which	makes	it	unusable	as	a	live/dead	

discriminator	(Figure	3.1A).	It	is	not	the	case	that	the	cells	are	not	surviving	the	tissue	
isolation	and	staining	protocol,	as	there	is	good	viability	when	the	same	protocols	are	used	

but	viability	is	assessed	by	flow	cytometry	instead	(Figure	3.1B).	I	therefore	tested	the	
membrane	impermeable	cationic	nucleic	intercalator,	Rhodium,	as	an	alternate	live/dead	

reagent.	This	works	well	on	both	PBMCs	and	dMCs	(Figure	3.1C).	As	it	does	not	form	

covalent	bonds	like	cisplatin,	there	was	concern	that	Rhodium	signal	intensity	would	

decrease	over	time.	This	is	not	the	case	over	48hrs	(Figure	3.1D).	In	addition,	there	is	good	
concordance	with	viability	as	assessed	by	flow	cytometry	both	with	resting	dMCs	and	when	

cell	death	is	induced	by	the	addition	of	DMSO	(Figure	3.1D).							
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Figure	3.0.1	Rhodium	is	a	suitable	live	dead	discriminator	for	PBMCs	and	dMCs	

Figure	3.1	Rhodium	is	a	suitable	live	dead	discriminator	for	PBMCs	and	dMCs	

I	assessed	the	viability	of	isolated	PBMCs	and	dMCs.	A)	Cisplatin	staining	of	single	cell	gate	is	
shown	by	mass	cytometry	of	freshly	isolated	cells	B)	Cisplatin	staining	of	single	cell	gate	by	
mass	cytometry	is	compared	with	Live/dead	aqua	and	near	infrared	staining	of	single	cells	
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by	flow	cytometry	of	freshly	isolated	dMCs.	Data	is	obtained	from	the	same	experiment	

using	the	same	dMCs.	C)	Rhodium	staining	of	single	cell	gate	by	mass	cytometry	of	

cryopreserved	cells	D)	Viability	of	cryopreserved	dMCs	is	shown	by	FACS	(live/dead	aqua)	

and	CyTOF	(Rhodium).	T1	=	samples	acquired	on	Helios	48	hours	after	Rhodium	staining.	

T2=	samples	acquired	on	Helios	96	hours	after	Rhodium	staining.	Red	=	samples	were	spiked	

with	10%	DMSO	for	20mins.	Green	=	samples	were	not	spiked	with	DMSO.		

	

3.2.1.2	Antibody	validation	

	

There	are	several	factors	which	shape	panel	construction	for	CyTOF:	

i) Metal	Sensitivity:	much	like	flow	cytometry,	certain	channels	are	considered	

“brighter”	or	“dimmer”.	The	Helios	is	tuned	for	a	mass	window	of	approximately	

AM	89-209.	Towards	either	end	of	this	mass	window	the	signal	intensities	are	

lower	whilst	Tm169	is	the	“brightest”	channel.	

ii) Spurious	antibody	binding:	there	are	relatively	few	commercial	antibodies	

available,	so	users	may	need	to	conjugate	antibodies	in	house.	Most	clones	that	

work	by	fluorescence	flow	cytometry	should	work	by	mass	cytometry.	However,	

the	chemistry	required	to	conjugate	an	antibody	with	a	lanthanide-loaded	

polymer	can	alter	epitope	binding	leading	to	loss	or	spurious	antibody	binding.		

iii) Spillover:	whilst	signal	overlap	is	minimal	in	CyTOF	there	are	several	sources	of	

spillover.	Certain	ions	(La,	Ce,	Pr	and	Nd)	are	more	prone	to	oxidisation	leading	

to	an	M	+	16	signal	(~2-3%).	The	purity	of	an	isotope	is	not	100%,	for	example	

146Nd	may	contain	trace	amounts	of	145Nd.	Finally,	differences	in	the	starting	

position	and	velocity	of	ions	can	lead	to	the	broadening	of	a	mass	peak	and	

spillover	into	M±1	peak	(<0.3%	on	the	Helios).		
iv) Background:	most	of	the	metals	used	to	label	CyTOF	antibodies	are	rarely	found	

in	biological	samples	and	therefore	there	is	little	“autofluorescence”.	This	is	not	

always	the	case.	For	example,	the	chemotherapy	agent	cisplatin	can	be	detected	

by	CyTOF.	Metal	impurities	can	also	be	introduced	instead	from	reagents	and	the	

environment.	Barium	(AM	130	-138)	is	present	in	many	detergents.	Mercury,	tin	

and	lead	can	be	present	in	lab	buffers	and	distilled	water.	

	

I	constructed	a	41	marker	panel	incorporating	antibodies	binding	to	a	combination	of	

surface	markers,	transcription	factors	and	cytokines	or	chemokines	as	functional	readouts	

(Table	a5).	Where	possible,	the	above	considerations	i)-	iv)	were	taken	into	account.	To	

increase	the	size	of	the	panel	I	also	used	115Indium	and	Qdots	which	contain	cadmium	as	

these	can	be	detected	between	AM	106-116	(114Cd	is	the	most	abundant	isotope).	All	

antibodies	were	titrated	using	cryopreserved	PBMCs	and	dMCs.	For	functional	readouts	

(CD107a,	GM-CSF,	XCL1,	IFN-γ,	IL-22,	MIP1α	and	MIP1β),	titrations	were	performed	on	cells	

stimulated	with	PMA	plus	ionomycin	for	4	hours.		

	

In	the	pilot	study,	153Eu-KLRG1	gave	a	positive	signal	on	dNK,	but	dNK	do	not	express	

KLRG1	(Figure3.2,	Butcher	1998).	To	validate	the	antibody	panel,	I	compared	a	subset	of	

markers	with	stains	obtained	by	flow	cytometry	(Figure	3.3).	All	antibodies	tested	behaved	
comparably	across	both	cytometry	platforms.	Antibodies	not	validated	in	this	way	were	

compared	against	stains	found	in	the	literature	where	possible.	New	batches	of	antibodies	

were	re-titrated	and	compared	to	old	batches	to	establish	new	working	concentrations	and	
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these	were	not	always	the	same.	Representative	stains	for	all	markers	on	CD45
+
	Lineage	

negative	(CD3,	CD19,	CD14,	HLA-DR)	dILCs	are	shown	in	Figure	3.4.	HLA-DR	can	be	
expressed	by	subsets	of	pbNK	but	it	was	included	in	the	dump	channel	to	remove	

monocyte/macrophages	and	dendritic	cells.	Further,	HLA-DR	was	not	detected	at	high	levels	

by	ILCs	across	a	range	of	tissues	(Simoni	2017).		

	

	
Figure	3.0.2	Spurious	binding	of	anti-KLRG1	antibody	2F1	to	Lin-	dILCs.	

Figure	3.2	Spurious	binding	of	anti-KLRG1	antibody	2F1	to	Lin-	dILCs.	
	

dMCs	from	unmatched	donors	were	stained	by	CyTOF	and	Flow	Cytometry	for	KLRG1	using	

the	clone	2F1.	2D	panels	show	staining	of	2F1	on	Lin
-
	dILCs.		
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Figure	3.0.3	Validation	of	mass	cytometry	by	flow	cytometry	

Figure	3.3	Validation	of	mass	cytometry	by	flow	cytometry	

	

(A)	Cryopreserved	PBMCs	and	Decidual	Mononuclear	Cells	(dMCs)	were	stained	for	

indicated	markers	(Huhn	and	Ivarsson,	Table	S2)	by	mass	cytometry	and	flow	cytometry.	NK	

cells	=	Lin
-
	CD56

+
;		T	cells	=	CD3

+
	CD19

-
	CD14

-
	CD56

-
.	(B)	Correlation	of	marker	expression	by	

CyTOF	and	FACS	(n=3).	Two-tailed	p-value	calculated	for	Pearson	correlation coefficients.		
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Figure	3.0.4	Representative	antibody	staining	

Figure	3.4	Representative	antibody	staining	
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(A)	Gating	strategy	to	identify	CD45
+
	Lin

-
	cells	reads	as	follows:	Beads	excluded,	Singlets,	

Live,	CD45
+
,	CD3

-	
CD14

-	
CD19

-
	HLA-DR

-
.	(B)	Representative	2D	plots	of	all	phenotypic	

markers	on	cryopreserved	CD45
+
	Lin

-
	PBMCs	and	unmatched	fresh	CD45

+
	Lin

-
	dMCs.	(C)	

Representative	2D	plots	of	functional	markers	on	cryopreserved	CD45
+
	Lin

-
	dMCs	after	4	

hours	PMA	plus	ionomycin	stimulation.	Protein	transport	inhibitors	were	added	for	the	last	

3	hours.		

	

3.2.1.3	Batch	effect	

	

A	principle	component	analysis	(PCA)	analysis	performed	on	dMCs	stained	in	the	pilot	study	

revealed	that	samples	grouped	according	to	which	day	the	samples	were	acquired	on	the	

CyTOF	2	(Figure	3.5A).	This	is	most	likely	the	result	of	an	absence	of	EQ	beads	used	on	Day	

3.	To	test	the	extent	of	run-to-run	variation,	cryopreserved	dMCs	from	the	same	donor	

were	stained	using	the	same	reagents	and	acquired	on	the	same	Helios	over	three	

independent	experiments.	Expression	levels	across	the	3	runs	are	very	consistent	(Figure	
3.5B).	Further	to	this,	a	PCA	analysis	of	donors	stained	with	the	same	antibody	panel	across	

5	experiments	did	not	group	according	to	experiment	(n=12)	(Figure	3.5C).	Thus,	there	is	a	
minimal	batch	effect	observed	over	short	term	studies	permitting	quantitative	analysis	

across	multiple	experiments.		
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Figure	3.0.5	Run-to-run	variation	by	CyTOF	

Figure	3.5	Run-to-run	variation	by	CyTOF	
	

(A)	Equal	numbers	of	CD45
+
	Lin

-
	PBMCs	and	dMCs	from	matched	donors	from	the	pilot	

study	were	used	in	this	analysis.	Principle	components	were	generated	to	describe	the	

variation	attributed	to	the	expression	of	the	following	24	markers:	CD122,	CD7,	CD10,	CD9,	

CD161,	CD94,	CD27,	CD56,	CD57,	CD16,	CD69,	NKp44,	NKp46,	NKG2A,	NKG2C,	NKG2D,	

2DL1,	2DS4,	2DL3,	3DL1,	3DL2,	2B4,	KLRG1	and	LILRB1.	I	then	retrospectively	coloured	cells	

according	to	which	day	they	were	run	on.	Day	1	=	Donors	007	and	008	(pink),	Day	2	=	

Donors	009-012	(green)	and	Day	3	=	Donors	013	and	014	(blue).	(B)	dMCs	from	the	same	

donor	were	thawed	and	stained	with	the	same	reagents	on	the	indicated	dates.	Data	was	
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acquired	on	the	Helios	within	48hours	of	staining.	Marker	positivity	is	shown	for	the	CyTOF	

panel	on	cryopreserved	CD45
+
	Lin

-
	dMCs.	Lines	connect	the	same	marker	across	multiple	

experiments.	(C)	Cryopreserved	CD45
+
	Lin

-
	dMCs	from	5	independent	experiments	were	

used	in	this	analysis	(n=12).	Principle	components	were	generated	to	describe	the	variation	

attributed	to	the	expression	of	all	phenotypic	markers	not	previously	gated	out.	

Independent	experiments	are	displayed	separately	and	combined	in	the	overlay.		

			

3.2.1.4	The	effect	of	cryopreservation	

	

Few	previous	studies	use	cryopreserved	uterine	mononuclear	cells	(uMCs)	for	suspension	

cytometry	(Castellana	2018,	Ivarsson	2017).	Of	these,	it	is	not	always	clear	whether	the	

authors	directly	compared	fresh	and	cryopreserved	samples.	However,	in	a	study	using	

cryopreserved	menstrual	blood	derived	uMCs,	validation	experiments	on	matched	freshly	

isolated	uMCs	were	also	performed	(Ivarsson	2017).	They	note	that	cryopreservation	causes	

“a	slight	reduction	in	MFI	of	markers”	but	“did	not	impact	the	possibility	to	gate	on	positive	

and	negative	events”.	I	also	compared	the	staining	profiles	for	a	range	of	markers	on	

matched	fresh	and	cryopreserved	dMC	samples	by	a	combination	of	flow	and	mass	

cytometry	(Figure	3.6A).	A	good	correlation	between	cryopreserved	and	fresh	samples	is	

observed	but	note	that	this	is	not	the	case	for	all	donors	(Figure	3.6B).	I	also	compared	

stains	from	non-matched	cryopreserved	(n=12)	and	fresh	(n	=7)	CD45
+
	Lin

-
	dMCs.	The	

proportion	of	cells	positive	for	several	markers	are	decreased	on	cryopreserved	samples:	

CD103,	Eomes,	Tbet,	KIR2DL3,	NKp30,	CD96	(Figure	3.7).				
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Figure	3.0.6	Effect	of	cryopreservation	on	matched	dMCs	

Figure	3.6	Effect	of	cryopreservation	on	matched	dMCs	

	

(A)	Matched	stains	of	cryopreserved	vs	freshly	isolated	decidual	Mononuclear	Cells	(dMCs)	

by	CyTOF	for	indicated	markers	(Huhn	and	Ivarsson,	Table	S3).	dNK	cells	=	Lin-	CD56+;	dT	
cells	=	CD3

+
	CD19

-
	CD14

-
	CD56

-
;	dB	cells	=	CD19

+
CD3

-
CD14

-
CD56

-
.	(B)	Correlation	of	markers	

of	cryopreserved	vs	freshly	isolated	dMCs	by	CyTOF	and	FACS	(n=9).	Two-tailed	p-value	

calculated	for	Pearson	correlation	coefficients.		
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Figure	3.0.7	Effect	of	cryopreservation	on	non-matched	dMCs	

Figure	3.7	Effect	of	cryopreservation	on	non-matched	dMCs	

	

Non-matched	stains	of	cryopreserved	vs	freshly	isolated	CD45
+
Lin

-
CD56

+
	dNK.	Black	bars	

represent	means.	Filled	purple	circle	=	fresh	dNK	(dNKfr),	empty	circle	=	cryopreserved	dNK	

(dNKfz).	An	ordinary	Two-Way	ANOVA	of	non-matched	data	points	with	Bonferroni’s	

correction	was	performed.	Where	indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001,	****	

=	p	<0.0001.	
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3.2.2	Peripheral	Blood	ILCs	(pbILCs)	vs	Decidual	ILCs	(dILCs)	comparison	 
	

In	comparison	to	their	peripheral	blood	counterparts,	tissue	resident	ILCs	remain	poorly	

characterised.	This	bias	is	further	compounded	for	tissues	which	are	difficult	to	obtain	such	

as	the	decidua.	Equipped	with	a	staining	protocol	suitable	for	staining	cryopreserved	dMCs	

and	an	optimised	group	1	ILC-centric	antibody	panel,	I	performed	bulk	level	comparisons	of	

CD45
+
	Lin

-
	ILCs	in	blood	and	decidua.	I	posed	three	questions	focusing	on	NK	cells:	

1. How	does	the	phenotype	of	dNK	compare	with	published	datasets	and	well-defined	

pbNK	subsets?	

2. What	is	the	overall	diversity	of	the	dNK	receptor	repertoire?	

3. Are	there	tissue	specific	signatures	for	ILCs	in	decidua	vs	blood?	

		

3.2.2.1	Bulk	Ab	analysis	

	

I	compared	dNK	receptor	expression	profiles	with	CD56
bright

	and	CD56
dim

	pbNK	subsets	of	

non-matched	donors.	Gating	strategies	to	identify	dNK,	CD56
bright

	pbNK	and	CD56
dim

	pbNK	

from	CD45
+
	Lin

-
	cells	are	shown	in	Figure	3.8.	Receptor	expression	levels	on	dNK	are	largely	

consistent	with	those	reported	in	the	literature	(Figure	3.9,	Table	3.1).	Exceptions	include	
CD69,	Tbet,	NKG2C	and	NKp44.	Previous	reports	of	CD69	expression	by	dNK	range	from	

28%-75%	and	make	use	of	2	clones	FN50	and	Leu-23.	I	use	the	FN50	clone	for	which	a	

previous	study	found	75%	of	dNK	positive	(Marlin	2012),	which	is	closer	to	the	finding	of	

95%	here.	Tbet	expression	is	disputed	on	dNK	(Montaldo	2015,	Wang	2014),	which	could	in	

part	reflect	that	there	is	no	clear	separation	between	positive	and	negative	populations	

making	gating	very	subjective.	However,	the	antibody	staining	of	pbNK	is	consistent	with	

those	reported	for	the	same	4B10	clone	(Knox	2014).	NKG2C	frequencies	have	been	

associated	with	(maternal)	gravidity	status,	whereby	levels	increase	on	subsequent	

pregnancies.	This	could	explain	some	of	the	variation	in	NKG2C	reports	on	dNK,	since	many	

of	the	samples	may	not	come	from	first-time	pregnancies.	Discrepancies	could	also	arise	

from	differences	in	CMV	seropositivity	between	cohorts	as	CMV	can	drive	NKG2C
+
	pbNK	

expansions.	In	addition,	the	gating	of	NKG2C	can	be	very	subjective	as	the	distribution	of	the	

staining	is	not	always	clearly	bimodal.	I	have	confidence	in	the	antibody	used	in	this	study	as	

it	was	titrated	on	CMV
+
	pbNK	donors	with	clear	NKG2C

+
	NK	expansions.	There	are	also	

mixed	reports	of	NKp44	expression	on	dNK	(Male	2011,	Marlin	2012,	Montaldo	2016),	

however	stains	here	match	those	of	the	most	recent	publication	which	also	uses	the	same	

P44-8	clone	(Montaldo	2016).		

	
	

Table	3.5	Lin-	CD56+	CD3-	marker	expression	frequencies	by	CyTOF	vs	literature	reported	frequencies	

Marker	 CyTOF	dataset:	dNK	 Literature:	dNK	
CD57	 ~1%	 <5%	Crespo	2016		

CD49a	 ~98%	 >95%	Siewiera	2015	

CD103	 ~50%	 ~40%	Siewiera	2015	

CD69	(FN50)	 ~95%		 ~75%	(FN50)	Marlin	2012,	~60%	(Leu-23)	Nishikawa	

1991,	~40%	(Leu-23;	BD)	King	1991,	~28%	(leu-23)	

Kodama	1998	
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Eomes	 ~95%	 Majority	of	dNK	subsets	positive	Montaldo	2015	

Tbet	 ~75%	 Expressed	by	subsets	of	dNK	reported	but	not	shown	

(clone	not	reported)	Montaldo	2016,	<5%	(clone	not	

reported)	Wang	2014	

AhR	 ~2%	 ?	

KIR2DL1	 ~40%	 ~35%	Sharkey	2015	

KIR2DL3	 ~50%	 ~50%	(L2/S2-	donors)	Sharkey	2015	

KIR2DL2/L3/S2	 ~55%	 ~60%	Sharkey	2015,	~40%	Marlin	2012	

CD117	 ~2%	 ~10%	Sun	2016,	do	not	express	by	definition	

Montaldo	2016	

CD127	 ~2%	 do	not	express	by	definition	Montaldo	2016	

CD161	 ~60%	 ~50%	Marlin	2012	

LILRB1	 ~40%	 ~40%	Sharkey	2015,	~35%	Marlin	2012	

NKG2A	 ~95%	 ~95%	Sharkey	2015,	~55%	Marlin	2012	

CD94	 ~95%	 ~95%	Marlin	2012	

NKG2Chi	 ~9	 ~20%	Crespo	2016,	~5%	Marlin	2012,	~3%	primi	~17%	

multi	Gamliel	2018	

NKG2D	 ~65	 ~65%	Marlin	2012	

NKp30	 ~90%	 ~90%	Marlin	2012	

NKp44	 ~8%	 ~25%	Marlin	2012,	do	not	express	Male	2011,	~5%	

Montaldo	2015	

NKp46	 ~98%	 ~95%	Marlin	2012,		

CD96	 ~90%	 ?	

DNAM1	 ~5%	 <5%	Marlin	2012	

Granzyme	B	 ~95%	 ~90%	Crespo	2016	

Ki-67	 ~10%	 <15%	Sharkey	2015,	<20%	King	1991	

	

Table	3.1	Lin-	CD56+	CD3-	marker	expression	frequencies	by	CyTOF	vs	literature	reported	

frequencies	
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Figure	3.0.8	Gating	strategy	to	identify	dNK,	CD56bright	and	CD56dim	pbNK	

Figure	3.8	Gating	strategy	to	identify	dNK,	CD56bright	and	CD56dim	pbNK	
	

CD45
+
	Lin

-
	fresh	dMCs	and	cryopreserved	PBMCs	were	gated	as	in	Figure	3.4A.	2D	FACS	

plots	show	representative	CD56	vs	CD16	stains.	dNK	were	further	identified	as	CD56
+
	CD16

-
.	

CD56
brights

	and	CD56
dims

	were	gated	based	on	CD56	and	CD16	expression	as	pictured.	
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Figure	3.0.9	Marker	frequencies	on	CD56dim	pbNK,	CD56bright	pbNK	and	dNK	

Figure	3.9	Marker	frequencies	on	CD56
dim

	pbNK,	CD56
bright

	pbNK	and	dNK	

	

Marker	expression	was	determined	on	cryopreserved	CD56
dim

	pbNK	(n=6),	CD56
bright

	(n=6)	

pbNK	and	fresh	dNK	(n=2-7)	subsets	are	gated	as	in	Figure	3.8.	An	ordinary	Two-Way	

ANOVA	of	non-matched	data	points	with	Tukey’s	correction	was	performed.	Where	

indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001,	****	=	p	<0.0001.	
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3.2.2.2	Boolean	Diversity	

	

The	mammalian	immune	system	has	evolved	several	methods	for	generating	diversity.	ILCs	

express	a	wide	array	of	germline	encoded	receptors	whereby	diversity	is	achieved	through	

combinatorial	expression	patterns.	By	assessing	Boolean	receptor	combinations,	a	previous	

study	found	pbNK	exhibit	a	large	level	of	receptor	diversity	(Horowitz,	2013).	A	similar	

analysis	was	performed	in	this	study	on	dNK	and	non-matched	pbNK.	Firstly,	markers	were	

classified	on	cells	as	either	positive	or	negative	for	each	of	the	26	markers	being	assessed.	

By	coding	the	data	in	this	way,	information	on	expression	levels	is	lost	and	rather	the	

emphasis	is	on	presence	or	absence.	26	markers	were	included	in	this	analysis	and	therefore	

a	total	of	2^26	=	67,108,864	phenotypes	are	possible.	For	pbNK,	up	to	6173	phenotypes	

were	identified	for	a	single	donor	and	the	most	frequent	phenotype	represented	between	

0.6	–	4.6%	of	total	pbNK.	The	total	pbNK	frequency	captured	by	the	top	20	most	frequent	

pbNK	phenotypes	ranged	from	6.1	–	25.9%.	4/6	pbNK	donors	shared	their	most	frequent	

phenotype	which	was	positive	for	CD16,	Tbet,	NKp46,	CD161,	CD69,	NKp30,	Eomes,	

DNAM1,	NKG2A	and	CD94	(Figure	3.10B,	Table	3.2).	For	dNK,	up	to	4745	phenotypes	were	
detected	for	a	single	donor.	The	most	frequent	phenotypes	represented	between	2.7%	and	

16%	of	the	total	dNK	compartment.	In	contrast	to	pbNK,	the	top	20	phenotypes	represented	

a	larger	proportion	of	the	total	NK	pool	ranging	from	25.2%	to	44.3%.	KIR	expressing	

phenotypes	also	featured	more	heavily	in	the	top	dNK	phenotypes	in	comparison	to	pbNK	

(Figure	3.10A,	Table	3.2).		
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Figure	3.0.10	Top	20	dNK	and	pbNK	phenotypes	
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Figure	3.10	Top	20	dNK	and	pbNK	phenotypes		
	

The	top	20	most	abundant	phenotypes	are	shown	for	each	donor	of	CD45
+
Lin

-
CD56

+
	cells.	

A)	fresh	dMCs	and	B)	cryopreserved	PBMCs.	Each	column	represents	a	phenotype;	boxes	

are	coloured	if	the	receptor	is	present	in	that	phenotype.	Frequencies	are	displayed	as	a	

heat	map	at	the	bottom	of	the	figure.	

	
Table	3.2	NK	cell	receptor	diversity	

Donor	 Tissue	 Input	number	of	
cells	

Number	of	
phenotypes	

Frequency	of	
most	frequent	
NK	phenotype	

Total	NK	frequency	captured	
by	20	most	frequent	
phenotypes	

AE69fz	 Blood	 25683	 6173	 1.9	 18.6	

AF17fz	 Blood	 9736	 4509	 1.9	 13	

AF37fz	 Blood	 7892	 3563	 2.2	 14.5	

AF52fz	 Blood	 10787	 3336	 4.6	 25.9	

Pb2	 Blood	 4164	 2882	 0.6	 6.1	

Pb3	 Blood	 14483	 4673	 2.2	 19.6	

R019Dfr	 Decidua	 24031	 3792	 2.7	 25.2	

R021Dfr	 Decidua	 24740	 4428	 3.8	 32.5	

W003Dfr	 Decidua	 32197	 4745	 6.1	 36.8	

X044Dfr	 Decidua	 24670	 3206	 5.6	 36.2	

X063Dfr	 Decidua	 32507	 3658	 16	 44.3	

X065Dfr	 Decidua	 32935	 3261	 4.4	 31.4	

	
Table	3.2:	NK	cell	receptor	diversity	
	

3.2.2.3	tSNE	of	matched	pbILC	vs	dILC	

	

For	Boolean	receptor	analysis,	a	threshold	is	set	for	marker	positivity	and	anything	above	

that	threshold	is	treated	the	same.	I	next	performed	an	analysis	which	retains	information	

on	expression	levels.	t-Distributed	Stochastic	Neighbour	Embedding	(tSNE)	generates	2D	

landscapes	in	which	phenotypically	similar	cells	group	together	in	islands.	I	generated	a	tSNE	

map	of	CD45
+
	Lin

-
	cells	from	matched	cryopreserved	dMCs	and	PBMCs	incorporating	all	

markers	not	previously	included	in	upstream	gating	(Figure	3.11A).	I	could	determine	

whether	certain	regions	of	this	phenotypic	space	are	enriched	with	cells	from	either	the	

blood	or	the	decidua	by	using	a	nearest	neighbour-based	method;	in	the	tissue	probability	

plot,	areas	enriched	with	decidual	cells	are	coloured	blue	and	those	from	peripheral	blood	

red	(Figure	3.11B).	Cells	from	the	two	tissues	segregate	into	distinct	hemispheres	suggesting	

that	there	is	minimal	overlap	in	phenotype.	Although	the	majority	of	markers	are	present	in	

cells	across	both	hemispheres,	some	markers	are	largely	restricted	to	a	single	hemisphere	

(Figure	3.12).	For	example,	CD16	and	CD57	are	enriched	in	the	peripheral	blood	hemisphere	

which	contains	few	cells	staining	for	tissue-residency	markers,	consistent	with	Figure	3.9.	
From	this	analysis	it	is	possible	to	distinguish	NK	subsets	from	other	ILCs	(Eomes

-
	CD94

-
	

CD127
+
).	Within	the	decidual	hemisphere,	there	appears	to	be	considerable	heterogeneity	

within	the	dNK	compartment	suggestive	of	additional	subsets.		
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Figure	3.0.11	tSNE	of	matched	CD45+	Lin-	peripheral	blood	and	decidual	leukocytes	identifies	tissue	specific	ILC	cell	subsets	

	

Figure	3.11	tSNE	of	matched	CD45
+
	Lin

-
	peripheral	blood	and	decidual	leukocytes	identifies	

tissue	specific	ILC	cell	subsets	

	

(A)	tSNE	landscape	of	matched	CD45
+
	Lineage	negative	(Lin

-
)	(CD3,CD19,CD14,HLA-DR)	

decidual	and	peripheral	blood	mononuclear	cells	(n=6).	The	algorithm	incorporated	all	

phenotypic	markers	not	included	in	upstream	gating	to	generate	the	tSNE	landscape.	(B)	

Nearest-neighbour-based	residual	probability	plot	indicates	the	relative	distribution	of	

decidual	and	peripheral	blood	derived	CD45
+
Lin

-
	cells	within	an	area	of	SNE-space.	Blue	=	

enriched	for	decidual	cells,	Red	=	enriched	for	peripheral	blood,	White	=	similar	in	both	

tissues.		
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Figure	3.0.12	Marker	expression	on	tSNE	of	matched	CD45+	Lin-	peripheral	blood	and	decidual	leukocytes	

Figure	3.12	Marker	expression	on	tSNE	of	matched	CD45
+
	Lin

-
	peripheral	blood	and	decidual	

leukocytes	
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The	tSNE	landscape	generated	in	Figure	3.11	is	coloured	according	to	relative	
expression	intensity	of	indicated	markers.	Red	=	High	Expression,	Blue	=	Low	Expression.		

	

3.3	Discussion	

	

CyTOF	has	emerged	as	a	powerful	addition	to	the	immunologist’s	toolkit	as	it	allows	the	

detection	of	40+	parameters	simultaneously.	Several	studies	have	already	applied	this	

technique	to	better	understand	the	immunology	of	pregnancy	(Gaudilliere	2015,	

Aghaeepour	2017)	and	the	composition	of	human	ILCs	across	multiple	tissues	(Simoni	2017,	

Van	Unen	2016).	However,	at	the	time	of	writing,	a	study	assessing	the	ILC	composition	by	

CyTOF	of	the	decidua	has	not	been	conducted.	An	initial	pilot	study	in	2014,	utilised	a	CyTOF	

protocol	and	antibody	panel	optimised	for	PBMCs	which	was	not	suitable	for	dMCs.	I	

therefore	set	out	to	establish	a	robust	staining	protocol	for	dMCs	and	construct	a	dILC	

specific	antibody	panel.		

	

Firstly,	an	alternative	Live/dead	discriminator	to	cisplatin	was	required	as	it	had	a	high	

background	on	live	cells.	It	is	not	clear	why	this	was	the	case,	but	cisplatin	is	able	to	react	

with	extracellular	proteins	(forming	platinum-sulfur	bonds	with	protein	nucleophiles)	and	

diffuse	across	the	plasma	membrane	of	live	cells	(Fienberg	2012).	In	addition,	other	CyTOF	

users	have	reported	high	cisplatin	background	on	solid	tumour	samples	

(cytoforum.stanford.edu).	The	membrane	impermeable	cationic	nucleic	intercalator	

Rhodium	works	well	on	dMCs	as	an	alternative.	Although	it	does	not	form	covalent	bonds	

like	cisplatin,	it	was	found	to	be	stable	over	the	short	time	periods	tested.		

	

Next	I	wanted	to	design	an	antibody	panel	with	a	focus	on	decidual	group	1	ILCs.	The	

resulting	41	marker	panel	contained	transcription	factors,	lineage	markers,	granule	proteins,	

a	wide	range	of	NCRs	and	functional	readouts	including	CD107a	and	several	cytokines	and	

chemokines.	Whilst	compensation	is	far	less	of	a	problem	in	mass	cytometry,	there	are	a	

number	of	considerations	involved	in	panel	design.	Also,	many	of	the	antibodies	are	not	

commercially	available	pre-conjugated	and	therefore	require	in-house	conjugation.	This	

process	involves	a	partial	reduction	step	to	break	the	disulphide	bonds	in	the	Fc	region	

thereby	providing	-SH	sites	that	a	maleimide	can	bind	covalently.	It	has	been	speculated	

that	this	process	can	alter	antigen-epitope	binding.	Indeed,	153Eu	conjugated	to	KLRG1	

(clone	2F1)	bound	to	dNK	although	they	do	not	express	KLRG1.	All	antibodies	included	in	the	

final	analysis	were	titrated	and	checked	by	flow	cytometry	or	compared	with	published	

stains	where	possible.			

	

It	was	also	important	to	determine	the	extent	of	run-to-run	variation	with	the	staining	

protocol	and	panel	used.	Before	acquisition	on	a	CyTOF	instrument,	a	sample	is	spiked	with	

EQ
TM
	Four	Element	Calibration	Beads.	These	are	polystyrene	bead	standards	containing	

known	concentrations	of	several	isotopes	spanning	the	mass	range.	Metal	concentrations	

are	then	normalised	to	the	bead	readings	to	control	for	instrument	variation	over	time.	The	

batch	effect	seen	in	the	pilot	study	may	have	resulted	from	a	lack	of	these	beads	being	

added	in	the	final	run.	Other	sources	of	variation	could	stem	from	experimental	

inconsistencies,	but	the	data	generated	here	in	3	independent	experiments	using	

cryopreserved	vials	from	the	same	donor	are	indeed	very	consistent.	In	addition,	PCA	
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analysis	of	5	independent	experiments	including	12	unmatched	donors	did	not	reveal	

clustering	driven	by	experiment.	Thus,	it	seems	that	using	the	EQ
TM
	Four	Element	

Calibration	Beads	is	sufficient	to	control	for	instrument	variation	over	time	and	additional	

batch	correction	is	not	required.		

	

Alongside	analysis	of	freshly	obtained	dMCs,	I	also	made	use	of	a	well	curated	biobank	of	

cryopreserved	cells.	In	this	way	it	was	possible	to	perform	experiments	on	samples	from	

multiple	donors	simultaneously,	pre-select	donors	based	on	KIR	and	MHC	gene	content	and	

continue	research	during	long	periods	regardless	of	availability	of	new	decidual	samples.	I	

therefore	checked	the	effect	of	cryopreservation	on	dMC	marker	expression,	which	has	not	

previously	been	well	reported.	When	comparing	matched	frozen	and	fresh	stains,	there	is	

generally	a	good	correlation,	but	this	is	not	true	for	all	donors.	This	may	reflect	problems	at	

the	freezing	or	thawing	stage.	Moreover,	when	cryopreserved	and	fresh	dMCs	from	non-

matched	donors	were	stained	using	the	full	CyTOF	panel,	several	markers	decreased	in	

frequency.	It	is	possible	that	these	markers	are	more	sensitive	to	the	freeze/thaw	process	or	

that	a	particular	subset	of	cells	expressing	these	markers	does	not	survive	cryopreservation	

as	well.		

	

Expression	levels	for	nearly	all	the	markers	match	well	with	existing	literature.	Where	this	is	

not	the	case,	the	discrepancies	may	in	part	be	explained	by	the	lack	of	a	clear	positive	

population	leading	to	subjective	gating	strategies	(NKG2C,	Tbet).	NKG2C	differences	may	

also	result	from	differences	in	parity	and	CMV	status	of	cohorts.	I	found	high	levels	of	CD69	

on	both	dNK	and	pbNK	subsets.	CD69	is	classed	as	an	activation	marker	on	pbNK	but	

cryopreservation	can	also	lead	to	upregulation	of	tissue	resident	markers	on	pbNK	e.g.	

CD49a	on	CD56
bright

	pbNK.	I	did	not	have	fresh	stains	for	pbNK	to	compare	with.		

	

Receptor	repertoire	diversity	is	emerging	as	a	metric	associated	with	immune	function	and	

health.	In	contrast	to	T	and	B	cells,	pbNK	diversity	increases	with	age	and	in	response	to	viral	

infection	(Strauss-Albee	2015,	Britanova	2014,	Tabibian-Keissar	2015).	In	a	Kenyan	cohort,	

women	are	at	increased	risk	of	HIV-1	infection	if	their	pbNK	repertoire	is	more	diverse	

(Strauss-Albee	2015).	I	find	that	the	pbNK	compartment	is	comprised	of	many	low	abundant	

phenotypes,	although	the	presence	of	a	CD56
dim

	CD16
-
	phenotype	is	less	common	in	this	

study	than	previously	reported	(Horowitz	2013).	A	similar	analysis	on	dNK	was	performed	to	

find	that	that	there	is	also	an	abundance	of	low	frequency	phenotypes.	However,	the	

diversity	captured	by	the	top	20	phenotypes	is	greater	for	dNK	than	for	pbNK.	Uterine	NK	

cell	receptor	repertoires	are	stable	across	multiple	menstrual	cycles,	however	CMV	and	

gravidity	have	been	shown	to	leave	imprints	in	the	uNK	compartment.	Perhaps	diversity	is	

affected	by	previous	pregnancies	and	viral	exposure	which,	like	pbNK,	could	affect	viral	

control	within	the	uterus	and	also	possibly	pregnancy	outcome.		

			

Performing	a	tSNE	analysis	on	matched	cryopreserved	CD45
+
	Lin

-
	PBMCs	and	dMCs	revealed	

that	cells	segregate	into	distinct	hemispheres	based	on	tissue	of	origin.	This	suggests	that	

there	is	minimal	overlap	in	phenotype	between	these	tissues.	There	are	many	reports	of	

tissue	specific	receptor	expression	for	ILCs	so	such	a	result	may	be	expected.	However,	even	

when	the	analysis	incorporates	markers	expressed	by	both	CD45
+
	Lin

-
	dMCs	and	PBMCs,	

cells	still	segregate	based	on	tissue	(data	not	shown).	This	suggests	that	the	co-expression	



	 83	

profiles	are	tissue	specific.	Colouring	the	tSNE	map	by	marker	expression	confirms	the	

known	differences	between	tissues	(Figure	3.9,	3.12).	It	is	also	evident	that	there	is	
heterogeneity	within	the	CD45

+
	Lin

-
	dMC	compartment.	At	this	resolution	it	is	possible	to	

make	out	populations	corresponding	to	CD94
-
	CD127

+
	non-NK	ILCs	and	also	several	NK	

subsets.	With	an	established	protocol	and	antibody	panel,	it	is	this	heterogeneity	within	the	

CD45
+
	Lin

-
	dMC	compartment	that	I	seek	to	characterise	next.		
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4	Distinctive	Phenotypes	and	Functions	of	Innate	Lymphoid	cells	in	Human	Decidua	during	

early	pregnancy					

	

In	this	chapter:	

Here	I	characterise	the	phenotypic	and	functional	heterogeneity	of	decidual	ILCs	and	

identify	three	major	subsets	of	dNK,	ILC3s	and	a	proliferating	NK	population.	I	then	look	

at	their	responses	to	3	stimulations:	PMA	plus	ionomycin,	missing	self	and	activating	KIR	

cross-linking.	I	go	on	to	assess	how	the	phenotype	and	function	of	dNK	change	as	KIR	co-

expression	increases,	with	an	emphasis	on	the	granules.	Finally,	I	perform	preliminary	

studies	to	document	the	spatial	dynamics	of	dILC	subsets.	

	

4.1	Introduction	

	

As	discussed	in	the	introduction,	five	subsets	of	ILCs	have	been	proposed:	NK	cells,	ILC1s,	

ILC2s,	ILC3s	and	LTi	cells	(Vivier	2018,	Table	a1).	In	the	context	of	human	pregnancy,	all	five	

subsets	have	been	identified	within	the	decidua.	However,	these	reports	are	somewhat	

conflicting	and	there	is	still	no	consensus	on	their	exact	phenotypic	profiles	and	functional	

roles	(Doisne	2015,	Male	2010,	Montaldo	2016,	Vacca	2015,	Vento-Tormo	2018).		

	

NK	cells:	Decidual	NK	(dNK)	cells	are	the	most	abundant	dILC	forming	up	to	70%	of	all	

decidual	leukocytes	during	the	first	trimester	(King	1991).	They	are	typically	defined	as	

CD49a
+
CD56

superbright
CD3

-
	cells	and	display	low	cytotoxicity	towards	HLA	class	I	null	cell	lines	

(King	1989b)	and	do	not	kill	trophoblast	unless	activated	by	IL-2.	Rather,	they	are	thought	to	

play	a	regulatory	role	producing	factors	such	as	GM-CSF	which	modulate	EVT	migration	and	

VEGF	involved	in	neo-angiogenesis	(Xiong	2013,	Abbas	2017,	Hanna	2006).		

ILC1s:	Non-NK	ILC1s	were	originally	identified	in	the	tonsils	and	gut	mucosa.	These	Tbet
+
	

cells	produce	IFN-g in	response	to	IL-12	stimulation (Bernink	2013).	More	recently,	a	subset	

of	ILC1	characterised	by	CD103	expression,	intra-epithelial	ILC1	(ieILC1),	have	been	found	in	

mucosal	tissues	(Fuchs	2013,	Simoni	2017).	The	existence	of	the	original	classical	ILC1	has	

proven	controversial.	It	has	been	suggested	that	the	gating	strategy	used	to	identify	them	

captures	a	mixed	population	of	other	leukocytes	and	hematopoietic	stem	cells	(Simoni	

2017).	Within	the	decidua	there	are	reports	of	both	ILC1	and	ieILC1	subsets	(Vacca	2015,	

Montaldo	2016,	Roser	2018).	Indeed,	CD103
+
	cells	were	identified	as	the	major	source	of	

IFN-g	within	the	decidual	Lin-	CD56+	compartment	(Montaldo	2016).		

ILC2s:	There	have	also	been	mixed	reports	regarding	the	presence	of	ILC2s	in	the	decidua.	

CRTH2	expression	was	not	detected	in	the	decidua	but	a	recent	pre-print	describes	ILC2s	in	

small	numbers	in	human	non-pregnant	endometrium	and	decidua	and	suggested	that	ILC2s	

promote	fetal	growth	in	mice	(Balmas	2018,	Vacca	2015).	At	term,	dILC2s	(Lin
-
	CD56

-
CD127

+
	

GATA-3
+
)	are	reported	to	be	the	most	frequent	CD56

-
	CD127

+
dILC	and	increased	dILC2	

levels	in	the	decidua	basalis	were	seen	in	women	with	preterm	labour	(Xu	2018).			

ILC3s	and	LTi-like	cells:	Finally,	two	classes	of	RORgt+	ILCs	have	been	identified,	ILC3s	and	
Lymphoid	Tissue-inducer	(LTi)	cells	(Cella	2009).	ILC3s	can	be	further	subdivided	based	on	

NKp44	expression	into	NCR
+
	ILC3s	and	NCR

-
	ILC3s.	Due	to	the	phenotypic	similarities	

between	NCR
-
	ILC3s	and	LTi-like	cells,	they	have	typically	been	grouped	together.	Within	the	
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decidua,	NCR
+
	ILC3s	produce	IL-22	whilst	NCR

-
	ILC3s/LTis	produce	TNF	(Vacca	2015).	Both	

ILC3	and	LTi	subsets	are	able	to	induce	the	upregulation	of	adhesion	markers	on	decidual	

stromal	cells	(Vacca	2015).		

	

ILC	subsets	are	also	heterogeneous	and	plastic	(Lanier	2019).	Through	combinatorial	

expression	of	germline	encoded	receptors	ILC	subsets	are	able	to	diversify.	Several	subsets	

of	dNK	have	been	described	by	conventional	flow	cytometry;	for	example,	there	are	3	dNK	

subsets	based	on	NKp44	and	CD103	expression	(Montaldo	2016).	A	memory-like	dNK	

subset,	Pregnancy	Trained	dNK	cells	(PTdNK),	characterised	by	NKG2C	and	LILRB1	has	been	

discovered	in	women	who	have	previously	been	pregnant	(Gamliel	2018).	RNAseq	

performed	on	single	cells	of	the	maternal-fetal	interface	identified	3	major	dNK	subsets	as	

defined	by	CD103,	CD39	and	ITGB2	(Vento-Tormo	2018).	The	CD39
+
	dNK1	express	high	

levels	of	KIR	and	other	receptors	suggestive	of	interactions	with	invading	EVT	cells,	dNK2	are	

ITGB2
+	
KIR

int
	and	dNK3	resemble	ieILC1s.	A	proliferative	NK	subset,	dNKp,	and	dILC3s	are	

also	identified	by	scRNAseq	(Vento-Tormo	2018,	Suryawanshi	2018).	However,	high	

dimensional	cytometry	data	is	missing	for	dILCs.	It	is	also	unclear	how	previously	reported	

subsets	relate	to	one	another	and	functional	data	is	lacking.	

	

To	overcome	this,	I	constructed	an	ILC-centric	mass	cytometry	antibody	panel,	with	a	

particular	focus	on	tissue-resident	NK	cells	and	ILC1s,	and	stained	decidual	samples	from	

first	trimester	pregnancies.	I	map	out	the	various	clusters	comprising	the	dILC	compartment	

and	begin	to	understand	the	functional	compartmentalisation	exhibited	by	the	dILC	niche	by	

activating	dILCs	in	vitro.	Traditional	gating	strategies	for	dILC	subsets	were	compared	to	the	

high	dimensional	data	set.	dNK	are	characterised	by	large	granules	and	pbNK	with	larger	

granules	have	improved	killing	and	cytokine	production	(Goodridge	2019).	Therefore,	I	also	

assessed	the	effect	of	KIR	acquisition	on	dNK	granule	content	and	function.	Finally,	through	

a	combination	of	IHC	and	imaging	mass	cytometry	(IMC),	the	spatial	dynamics	of	identified	

dILC	subsets	begin	to	be	addressed.		

	

4.2	Results	

	

4.2.1	Phenotypic	characterisation	of	dILCs	

	

The	t-distributed	Stochastic	Neighbour	Embedding	(tSNE)	analysis	of	matched	

cryopreserved	CD45
+
	Lin

-
	PBMCs	and	dMCs	revealed	tissue	specific	ILC	expression	patterns.	

It	also	suggested	that	there	is	considerable	heterogeneity	within	the	dILC	niche.	This	chapter	

begins	with	a	phenotypic	characterisation	of	dILCs:	profiling	which	clusters	are	present,	their	

relative	abundance	and	transcription	factor	profiles.		

	

4.2.1.1	dILC	subset	composition	

	

A	new	tSNE	map	was	generated	of	cryopreserved	CD45
+
	Lin

-
	dMCs	using	markers	not	

included	in	upstream	gating.	There	are	many	clustering	algorithms	available	for	CyTOF	

datasets	which	typically	fall	into	two	categories	(Newell	2016):	those	which	use	cell	marker	

expression	values	as	inputs	e.g.	Phenograph,	and	those	which	combine	dimension	reduction	

techniques	with	peak	finding	algorithms	e.g.	Cluster	X,	ACCENSE	and	DensVM.	Phenograph	
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creates	a	similarity	matrix	between	cells	based	on	the	number	of	nearest	neighbours	in	

high-dimensional	space.	This	matrix	is	converted	into	a	network	and	partitioned	to	create	

clusters.	Phenograph	had	a	tendency	to	overcluster	the	data,	resulting	in	large	numbers	of	

clusters.	In	contrast,	DensVM	creates	clusters	by	first	building	a	tSNE	landscape	and	then	

applying	a	peak	finding	algorithm.	I	favour	DensVM	to	other	similar	algorithms	as	no	cells	

are	left	unassigned,	it	did	not	overcluster	the	data	and	thus	I	selected	it	for	this	analysis.	13	

clusters	were	identified	and	marker	expression	profiles	visualised	in	a	heat	map	(Figure	
4.1A,B).	To	summarise,	clusters	representing	NK,	ILC1	and	ILC3	were	readily	identifiable	

(Huhn	and	Ivarsson,	Table	1).		
NK	cells:	Four	clusters,	c10-13,	are	characterised	by	high	levels	of	HLA	binding	receptors	
including	NKG2A,	LILRB1	and	KIR.	These	clusters	are	distinguished	based	on	their	

combinatorial	expression	patterns	of	KIR	receptors.	c9	expresses	high	levels	of	NKG2A	and	

other	canonical	NK	markers	but	low	levels	of	KIR.	A	highly	proliferative	cluster,	c7,	

expressing	high	levels	of	Ki-67	and	intermediate	KIR	levels	was	also	identified.	Two	CD16	

expressing	clusters	were	also	found,	c1	and	c2,	which	represent	pbNK-like	cells.		

	
Figure	4.0.1	dILC	subset	composition	

Figure	4.1	dILC	subset	composition	

	

(A)	DensVM	clustering	of	cryopreserved	CD45
+
	Lin

-
	(CD3,CD19,CD14,HLA-DR)	decidual	cells	

using	mass	cytometry	data	on	markers	shown	in	the	heatmap	(n	=12).	(B)	Heatmap	

displaying	mean	expression	of	indicated	markers	across	the	13	annotated	clusters.	Values	

have	been	scaled	by	column.	

	

ILC1s:	ieILC1s	characterised	by	CD103	expression	have	been	found	in	a	number	of	tissues	

(Fuchs	2013,	Simoni	2017).	Here	two	clusters,	c5	and	c8,	fit	the	expression	profile	of	ieILC1-

like	cells.	These	can	be	distinguished	by	NKp44	and	NKG2A	expression.	

ILC2s:	Key	ILC2	markers,	CRTH2	and	GATA3,	are	not	included	in	the	panel	and	therefore	they	

cannot	be	confidently	identified.	However,	small	numbers	of	CD56
-
CD127

+
CD161

+
Tbet

-
	cells	

are	present	within	c3,	suggestive	of	ILC2	(Vivier,	2018).	
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ILC3s	and	LTi-like	cells:	Cluster	6	expresses	the	prototypic	ILC3/LTi-like	markers	CD117,	

CD127	and	AhR.	This	cluster	contains	both	NCR
+
	ILC3s	and	NCR

-
	ILC3s/LTi-like	cells.	NCR

-
	

ILC3	and	LTi-like	cells	follow	different	developmental	programs	but	markers	to	confidently	

distinguish	them	from	one	another	are	lacking.	Neuropilin	(NRP-1)	has	been	proposed	as	

one	(Shikhagaie	2017),	but	it	is	missing	in	the	panel.			

	

4.2.1.2	Comparison	of	CyTOF	clusters	with	scRNA-seq	dataset	(Vento-Tormo	2018)		

	

Single	cell	RNA	sequencing	performed	at	the	maternal-fetal	interface	identified	five	decidual	

ILC	subsets-	four	dNK	(dNK1-3,	dNKp)	and	one	dILC3	(Vento-Tormo	2018).	Next,	the	clusters	

identified	by	DensVM	were	compared	with	subsets	found	by	RNAseq.	For	this,	I	compared	

the	CyTOF	data	for	all	markers	one-by-one	with	the	corresponding	RNA	counts	reported	for	

each	subset	(Figure	4.2a,b).	The	dNK1	subset	identified	by	RNAseq	corresponds	well	with	
CyTOF	clusters	c10-13.	The	dNK3	subset	resembles	CyTOF	clusters	c5	and	c8,	which	differ	

from	each	other	based	on	NKp44	and	NKG2A	expression.	Whilst	being	labelled	dNK3,	they	

are	likely	to	be	ieILC1	(CD56
+
CD94

+/-
CD103

+
Tbet

+
Eomes

+
CD117

-
CD127

-
).	I	did	not	identify	

any	single	markers	specific	to	c9	but	they	share	a	similar	receptor	profile	with	dNK2,	for	

example	high	expression	of	NKG2A,	intermediate	expression	of	T-bet,	Granzyme	B	and	

CD161	and	low	expression	of	KIR	and	LILRB1.	The	highly	proliferative	cluster,	c7,	

corresponds	with	the	dNKp	subset.	Thus,	the	subsets	identified	by	CyTOF	correlate	well	with	

subsets	identified	by	RNAseq.	The	CyTOF	analysis	permits	separation	of	additional	clusters	

at	high	resolution.			
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Figure	4.0.2a	Comparison	of	CyTOF	clusters	with	scRNA-seq	dataset	(Vento-Tormo	2018)	
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Figure	0.4.2b	Comparison	of	CyTOF	clusters	with	scRNA-seq	dataset	(Vento-Tormo	2018)	

Figure	4.2b	Comparison	of	CyTOF	clusters	with	scRNA-seq	dataset	(Vento-Tormo	2018)	

Figure	4.2a	continued	
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4.2.1.3	Cryopreservation	artefact	

	

I	was	unable	to	relate	one	of	the	CyTOF	dNK	clusters	with	any	previously	reported	subsets.	

Cluster	4	(c4)	are	CD56
+
	cells	characterised	by	lower	expression	levels	of	all	canonical	dNK	

markers.	They	account	for	between	3%	-	30%	of	Lin
-
	dMCs	and	do	not	correlate	with	sample	

viability	(data	not	shown).	In	Figure	3.7,	I	found	that	the	expression	of	CD49a	can	be	
affected	by	cryopreservation.	This	is	also	evident	by	comparing	matched	cryopreserved	and	

fresh	Lin
-
CD56

+
	dMCs	(Figure	4.3A).	c4	dNK	have	low	CD49a	expression	(Figure	4.3B)	when	

compared	to	total	Lin
-
CD56

+
dMCs.	Moreover,	this	subset	is	non-functional	in	response	to	

4hr	phorbol-myristate	acetate	(PMA)	plus	ionomycin	treatment	(Figure	4.3C).	I	concluded	
that	despite	being	still	viable	with	live/dead	marker,	they	are	unhealthy	cells	whose	

phenotype	is	altered	by	cryopreservation	and	thus	they	have	been	removed	from	all	

subsequent	analyses.	
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Figure	4.0.3	Cryopreservation	artefact	

Figure	4.3	Cryopreservation	artefact	
	

(A)	Example	CD49a	staining	of	Lin
-
CD56

+
	dMCs	by	CyTOF.	Stains	from	cryopreserved	and	

freshly	isolated	dMCs	are	shown	for	two	donors.	(B)	Representative	2D	plot	of	CD56	vs	

CD49a.	Cryopreserved	Lin
-
	CD56

+
	dILC	in	pink	are	overlaid	by	Cluster	4	in	blue.	(C)	Radar	plot	

of	Cluster	4	response	to	4	hour	PMA	plus	ionomycin	stimulation.	Values	represent	

stimulation	minus	unstimulated	media	control	(n=12).	

	

4.2.1.4	dILC	subset	proportions	

	

ILC	subset	composition	varies	between	tissues	and	pathological	states	(Simoni	2017,	Figure	
4.4A).	In	steady	state,	non-mucosal	and	Lung	tissues	are	dominated	by	NK	cells	and	lack	

large	proportions	of	ILC2	and	ILC3.	In	contrast,	most	mucosae	and	skin	contain	larger	

proportions	of	ILCs.	I	next	assessed	the	frequency	of	ILC	subsets	within	the	uterine	mucosa,	

the	decidua.	dNK1	are	the	dominant	subset	within	the	decidua	(mean	=56%,	SD	=	13%)	

followed	by	dNK3	(14%,	10%)	and	dNK2	(15%,	10%).	This	was	also	the	case	for	
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cryopreserved	samples	although	the	proportion	of	dNK1	was	reduced	(Figure	4.4B).	Using	a	
similar	classification	as	a	previous	study,	NK	(dNK1,	dNK2,	dNKp,	pbNK-like)	represent	

77.6%.	Thus,	the	decidua	has	a	dILC	composition	unlike	other	mucosal	tissues	and	more	

closely	resembles	pathological	tissues	such	as	colorectal	tumours	(Simoni	2017).	

	

	

	
Figure	4.0.4	ILC	subset	proportions	

Figure	4.4	ILC	subset	proportions	
	

(A)	Taken	from	Figure	4A	from	Simoni	et	al	2017.	“Pie	charts	displaying	the	frequencies	of	

NK	(orange),	ieILC1-like	(red),	ILC2	(green),	NKp44
–
	ILC3	(light	blue),	and	NKp44

+
	ILC3	(dark	

blue)	cells	in	human	tissues.	Data	shown	are	the	mean	values	from	at	least	9	independent	

experiments,	Non-pathological	tissues	included	PBMC	(n	=	15),	cord	blood	(n	=	3),	bone	

marrow	(n	=	4),	spleen	(n	=	6),	lung	(n	=	6),	skin	(n	=	4),	tonsil	(n	=	9),	adenoid	(n	=	4),	and	

colon	(n	=	9)	tissue.	Pathological	tissues	included	omentum	AT	(n	=	4),	lung	tumor	(n	=	6),	

and	colorectal	tumor	(n	=	7)”.	(B)	Donut	plot	showing	the	mean	frequencies	of	identified	

clusters	from	unmatched	fresh	(n=7)	and	cryopreserved	(n=12)	tissue	preparations.	
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4.2.1.4	dILC	Transcription	Factor	Profiles	

	

Important	criteria	for	defining	ILC	subsets	are	the	transcription	factors	(TF)	they	express	and	

the	cytokines	they	respond	to	and	produce	(Vivier	2018).	However,	due	to	plasticity	

between	ILC	subsets	and	tissue-specific	TF	expression	these	rules	do	not	always	apply.	

Moreover,	TF	expression	can	be	heterogeneous	within	ILC	subsets.	Therefore,	I	next	sought	

to	characterise	TF	expression	for	the	dILC	subsets	identified	in	Figure	4.1.	All	three	major	

dNK	subsets	express	high	levels	of	EOMES	but	there	is	heterogeneity	of	Tbet	expression	

with	dNK3	expressing	the	highest	levels.	Tbet	expression	by	dNK3	is	still	lower	than	that	of	

pbNK-like.	dILC3	preferentially	express	AhR,	which	is	largely	absent	from	NK	subsets	(Figure	
4.5).		
	

	
Figure	4.0.5	dILC	Transcription	Factor	Profiles	

	

Figure	4.5	dILC	Transcription	Factor	Profiles	
	

Representative	histograms	for	transcription	factors	by	CyTOF	across	denoted	subsets:	dNK1-

3,	ILC3,	dNKp	and	pbNK-like.	Clusters	representing	each	subset	are	shown	in	brackets.	

	

4.2.2	In	search	of	missing	subsets	

	

Using	the	relatively	unbiased	approach	of	unsupervised	clustering	I	was	unable	to	identify	

clusters	corresponding	to	classical	ILC1s	and	Pregnancy	Trained	decidual	NK	cells	(PTdNK).	

Therefore,	I	used	manual	gating	to	determine	if	these	subsets	are	present	in	my	dataset.		

	

4.2.2.1	Classical	ILC1s	

	

In	2013,	a	new	subset	of	ILCs	was	described	that	exhibited	hallmarks	of	Th1	cells.	These	

ILC1s	are	distinct	from	NK	cells,	express	Tbet	and	produce	IFN-g	in	response	to	IL-12	
(Bernink	2013).	Phenotypically,	they	are	Lin

-
	CD56

-
CD94

-
CD127

+
CRTH2

-
CD117

-
NKp44

-
.	Aside	

from	CRTH2,	all	these	markers	are	present	in	the	CyTOF	panel.	CRTH2	was	omitted	from	my	
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panel	as	previous	reports	had	failed	to	detect	it	in	dMCs	(Vacca	2015).	I	applied	a	gating	

strategy	to	identify	classical	ILC1s	from	CD45
+
	Lin

-
	dMCs	(Figure	4.6A).	In	contrast	to	

previous	descriptions,	these	cells	lack	Tbet	expression	(Figure	4.6B)	(Bernink	2013).	They	are	
also	present	at	a	very	low	frequency,	never	reaching	above	0.15%	of	the	CD45

+
	Lin

-
	dMC	

compartment	in	any	donor	(Figure	4.6C).	Although	a	tiny	subset,	they	produce	IFN-g	upon	
PMA	plus	ionomycin	stimulation	(Figure	4.6D).	
	

4.2.2.2	Pregnancy	Trained	dNK	(PTdNK)	

	

A	growing	body	of	literature	suggests	that	NK	cells	can	mount	‘memory’	responses	

analogous	to	T	and	B	cells	in	adaptive	immunity.	For	example,	CMV
+
	individuals	have	an	

expansion	of	NKG2C
+
	CD57

+
	NK	cells	in	the	peripheral	blood	(Beziat	2013).	In	the	context	of	

murine	pregnancy,	uILC1s	are	expanded	in	second	pregnancies	(Filipovic	2018).	Expansions	

of	NK	cells	in	menstrual	blood	and	decidua	have	also	been	described	in	humans	(Ivarsson	

2017,	Gamliel	2018).	There	is	an	increased	proportion	of	NKG2C
hi
	LILRB1

+
	dNK	present	in	

the	decidua	of	women	experiencing	a	secondary	or	subsequent	pregnancy	(Gamliel	2018).	

These	so-called	Pregnancy	Trained	dNK	(PTdNK),	have	distinct	transcriptomic	and	epigenetic	

signatures	and	produce	increased	levels	of	IFN-g	in	in	vitro	assays.	I	compared	NKG2C	

staining	of	CD45
+
	Lin

-
	dMCs	for	five	donors	of	known	parity	(Figure	4.7A).	Parity	refers	to	

the	number	of	pregnancies	that	have	reached	a	viable	gestational	age,	whereas	gravity	

refers	to	the	total	number	pregnancies	a	woman	has	had,	regardless	of	outcome.	NKG2C
hi
	

populations	were	seen	in	two	donors	of	parity	=	0.	The	phenotype	of	the	NKG2C
hi
	

populations	found	in	these	two	donors	was	profiled	(Figure	4.7B).	NKG2Chi	populations	
express	high	LILRB1	levels	typical	of	PTdNK.	This	subset	is	also	CD39

+
	and	KIR

+
,	like	the	dNK1	

subset.	CMV-associated	NKG2C
+
	pbNK	expansions	express	inhibitory	“self”	KIR	(Beziat	

2013).	KIR	expression	on	NKG2C
hi
	dNK	is	summarised	in	Table	a3	and	Figure	a3	in	the	

appendix.	Donor	d1	is	C1
+
C2

+
HLA-C	and	their	NKG2C

hi
	subset	expressed	high	levels	of	both	

KIR2DL1	and	KIR2DL3	(both	considered	“self”	in	this	donor).	Fetal	HLA-C	is	unknown	for	this	

pregnancy,	but	it	is	interesting	to	speculate	whether	KIR	profiles	of	PTdNK	would	reflect	

presence/absence	of	cognate	ligand	on	extravillous	trophoblast	(EVT).	Thus,	it	appears	

possible	to	identify	NKG2C
hi
	PTdNK-like	cells	by	manual	gating	and	they	would	fall	within	

the	dNK1	compartment.	
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Figure	4.0.6	In	search	of	classical	ILC1s	

Figure	4.6	In	search	of	classical	ILC1s	
	

(A)	Gating	strategy	of	CD45
+
	Lin

-
	fresh	dMCs	to	identify	classical	ILC1s:	CD56

-
CD94

-

CD127
+
CD117

-
NKp44

-
.	(B)	Histogram	displaying	Tbet	expression	of	Lin

-
	CD56

+
	CD16

+
	(purple)	

and	potential	classical	ILC1s	(orange)	CD45
+
	Lin

-
	CD56

-
CD94

-
CD127

+
CD117

-
NKp44

-
.	(C)	

Frequency	of	potential	classical	ILC1s	(CD45
+
	Lin

-
	CD56

-
CD94

-
CD127

+
CD117

-
NKp44

-
)	of	the	

total	CD45
+
	Lin

-
	compartment	(n=9).	(D)	Cryopreserved	decidual	mononuclear	cells	were	

stimulated	for	4	hours	by	PMA	plus	ionomycin	in	the	presence	of	protein	transport	

inhibitors.	Scatter	plots	show	proportion	of	cells	within	CD45
+
	Lin

-
	CD56

-
CD94

-

CD127
+
CD117

-
NKp44

-
	gate	staining	for	functional	readouts.	Values	represent	stimulation	

minus	unstimulated	media	control	for	each	subset	(n=9).	
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Figure	4.0.7	Pregnancy	Trained	dNK	(PTdNK)	

Figure	4.7	Pregnancy	Trained	dNK	(PTdNK)	
	

(A)	CD56	vs	NKG2C	staining	by	CyTOF	of	fresh	Lin
-
	CD56

+
	dMCs	(n=5).	Donor	parity	is	listed	

above	each	plot.	(B)	Histograms	for	indicated	markers	are	shown	for	2	donors	(d1,	d2)	

possessing	NKG2C
hi
	populations.	NKG2C

hi
	(purple)	subset	is	overlaid	by	NKG2C

lo
	(orange)	

subset.	
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4.2.3	Towards	a	gating	strategy	for	dILC	subsets	

	

In	Figure	4.1,	the	dimension	reducing	tSNE	algorithm	was	used	to	identify	dILC	subsets.	The	

tSNE1	and	tSNE2	parameters	are	powerful	because	they	incorporate	information	from	all	

the	markers	included	in	the	analysis.	However,	it	is	also	of	interest	to	be	able	to	define	2D	

gating	strategies	to	target	specific	dILC	subsets.	This	would	facilitate	the	ability	to	sort	dILC	

subsets	for	functional	analysis,	which	is	not	possible	by	CyTOF.	In	order	to	develop	a	2D	

gating	strategy	I	first	tested	two	existing	gating	strategies	before	examining	a	new	one.		

	

4.2.3.1	CD103	vs	NKp44	

	

Three	dNK	subsets	have	been	described	based	on	NKp44	and	CD103	expression:	

NKp44
+
CD103

+
,	NKp44

-
CD103

+
	and	NKp44

-
CD103

-
	(Montaldo	2016).	CD103

+
	dNK	were	the	

major	source	of	IFN-g	upon	stimulation	by	combinations	of	PMA	plus	ionomycin,	cytokines	

and	K562.	The	subsets	I	identified	in	Figure	4.1	also	differ	in	CD103	and	NKp44	expression	
and	I	therefore	applied	the	same	gating	strategy	to	CD45

+
	Lin

-
	CD56

+
	CD127

-
	CD117

-
	dMCs	

stained	by	CyTOF	(Figure	4.8A).	These	populations	spread	across	the	tSNE	map	making	it	

difficult	to	correlate	them	directly	with	subsets	defined	by	CyTOF	(Figure	4.8B-D).	
Therefore,	gating	by	NKp44	and	CD103	alone	is	insufficient	to	identify	dILC	subsets.	
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Figure	4.0.8	Comparing	dILC	subsets	by	CyTOF	with	subsets	defined	by	CD103	and	NKp44	

Figure	4.8	Comparing	dILC	subsets	by	CyTOF	with	subsets	defined	by	CD103	and	NKp44	

	

(A)	Representative	2D	CyTOF	plot	of	CD103	vs	NKp44	staining	of	Decidual	Lin
-
CD56

+
CD127

-

CD117
-
	cells	(B)	Regions	of	tSNE-space	occupied	by	indicated	subsets	(n=12).	This	is	the	

same	tSNE	map	generated	in	Figure	4.1.	(C)	Figure	4.1A	(Shown	for	reference).	(D)	Overlay	
of	subsets	from	Figure	4.8A	(n=12).	Orange	=	CD103-	NKp44+,	Red	=	CD103+	NKp44+,	Blue	=	
CD103

+
	NKp44

-
,	Green	=	CD103

-
	NKp44

-
.	

	

4.2.3.2	CD39	and	CD103	
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More	recently,	a	comprehensive	single-cell	RNAseq	study	at	the	maternal-fetal	interface	

identified	3	major	dNK	subsets	(Vento-Tormo	2018).	Based	on	signature	markers	for	each	

cluster,	a	gating	strategy	was	then	validated	by	flow	cytometry.	In	summary,	dNK1	were	

defined	as	CD103
-
	CD39

+
	ITGB2

-
,	dNK2	as	CD103

-
	CD39

-
	ITGB2

+
	and	dNK3	as	CD103

+
	(Figure	

4.9).	By	CyTOF,	dNK1	are	heterogeneous	for	CD103	expression	(Figure	4.2a)	and	thus	using	
CD103	alone	to	identify	dNK3	is	not	advisable.	Next	the	suitability	of	CD39	as	a	dNK1	marker	

was	tested.	CD39	is	an	ectonucleotidase	which	mediates	immune	suppression	by	converting	

ATP	to	adenosine	together	with	CD73	(Antonioli	2013).	It	is	not	expressed	at	high	levels	by	

Lin
-
	CD56

+
	PBMCs	in	comparison	to	dMCs	(Figure	4.10A,B).	There	is	also	a	large	amount	of	

variation	between	donors	with	respect	to	the	proportion	of	Lin
-	
CD56

+
	CD39

+
	dMCs	(Figure	

4.10B).	A	hallmark	of	dNK1	is	KIR	expression,	thus	I	assessed	the	co-expression	patterns	of	

CD39	with	the	KIR2D	family.	The	majority	of	CD39
+
	cells	are	KIR2D

+
	but	the	reverse	is	not	

true	for	all	donors	(Figure	4.10C).	CD39	was	later	incorporated	into	a	modified	CyTOF	panel	

and	its	expression	on	dILC	subsets	checked.	It	is	only	expressed	at	high	levels	on	dNK1	and	

to	a	lesser	extent	dILC3	(Figure	4.10D).	Thus,	with	respect	to	dNK,	CD39	is	specific	for	dNK1	
although	it	is	not	able	to	mark	all	dNK1	for	all	donors.	Finally,	metabolism	is	emerging	as	an	

important	component	of	NK	cell	development	and	function	(Katie	O’Brien	2019).	Very	few	

studies	have	focused	on	tissue-resident	NK	cells,	but	data	suggests	that	expression	profiles	

of	nutrient	transport	receptors	are	tissue	specific	(Salzberger	2018).	Moreover,	dNK1	

contain	higher	levels	of	transcripts	for	enzymes	involved	in	glycolysis	in	comparison	to	other	

dNK	subsets	(Vento-Tormo	2018).	I	therefore	studied	expression	of	the	neutral	amino	acid	

transporter,	CD98,	using	CD39	to	capture	a	subset	of	dNK1	and	found	that	at	steady	state,	

Lin
-
	CD56

+
	CD49a

+
	CD39

+
	dMCs	expressed	higher	levels	of	CD98	than	their	CD39

-
	

counterparts	(Figure	4.10E,F).	Thus,	in	addition	to	increased	transcript	levels	for	glycolytic	
enzymes,	CD39

+
	dNK1	seem	more	primed	to	utilise	amino	acids	as	an	energy	source.	

	

To	summarise,	CD103	is	expressed	by	multiple	dILC	subsets	and	therefore	can’t	be	used	as	a	

dNK3	specific	marker.	CD39	is	specific	to	dNK1	and	dILC3,	but	does	not	mark	all	cells	in	

either	subset.	Therefore,	previous	gating	strategies	based	on	CD39	and	CD103	are	also	

insufficient	to	identify	dILC	subsets.		
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Figure	4.0.9	Gating	strategy	for	dNK	subsets	based	on	CD103,	CD39	and	ITGB2	

Figure	4.9	Gating	strategy	for	dNK	subsets	based	on	CD103,	CD39	and	ITGB2	
	

Taken	from	Figure	4A	from	Vento-Tormo	et	al	2018.	“FACS	gating	strategy	to	identify	dNK	

subsets”	

dNK1:	CD49a
+
	CD103

-
	CD39

+
	ITGB2

-
	

dNK2:	CD49a
+
	CD103

-
	CD39

-
	ITGB2

+
	

dNK3:	CD49a
+
	CD103

+
	ITGB2

+
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Figure	4.0.10	CD39	expression	on	pbNK	and	dILC	subsets	

	

Figure	4.10	CD39	expression	on	pbNK	and	dILC	subsets	
	

(A)	Histogram	showing	CD39	staining	of	matched	fresh	Lin
-
	CD56

+
	dMCs	and	PBMCs	by	flow	

cytometry	(B)	Proportion	of	fresh	Lin
-
	CD56

+
	CD39

+
	dMCs	and	PBMCs	by	flow	cytometry.	
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Black	lines	connect	matched	samples.	Red	line	indicates	the	mean.	(C)	Left:	Proportion	of	

fresh	Lin
-
	CD56

+
	CD39

+
	dMCs	that	are	KIR2D+	by	flow	cytometry.	Right:	Proportion	of	fresh	

Lin
-
	CD56

+
	KIR2D

+
	dMCs	that	are	CD39

+
	by	flow	cytometry.	Black	lines	connect	matched	

samples.	(D)	CD39	expression	on	fresh	dILC	subsets	by	CyTOF.	Data	points	were	not	

normally	distributed	so	a	non-parametric	Friedman	test	with	Dunn’s	multiple	comparisons	

test	was	conducted.	P-values	are	indicated.	(E)	CD98	expression	on	indicated	matched	dILC	

subsets	on	fresh	unstimulated	cells	by	flow	cytometry	(F)	CD98	gMFI	on	indicated	subsets	

using	fresh	samples	by	flow	cytometry.	Lines	indicate	matched	samples.	A	paired	two-tailed	

t-test	was	conducted	comparing	CD39
+
	and	CD39

-
	groups.	P-value	is	indicated.	

	

4.2.3.3	Alternative	gating	strategy	

	

Using	existing	gating	strategies,	I	am	not	able	to	confidently	identify	dILC	subsets	defined	by	

scRNAseq	and	CyTOF.	Thus,	I	attempted	to	generate	a	new	strategy	based	on	subset	marker	

expression	profiles	from	Figure	4.2a,b.	In	summary:	

o pbNK:	CD16
+/-
	CD57

+/-
	(Orange)	

o dILC3:	CD16
-
	CD57

-
	CD127

+
	CD117

+
	(Green)	

o dNK1:	CD16
-
	CD57

-
	CD127

-
	CD117

-
	KIR

+
	(Purple)	

o dNK2:	CD16
-
	CD57

-
	CD127

-
	CD117

-
	KIR

-
	CD103

-
	NKG2A

+
	(Yellow)	

o dNK3:	CD16
-
	CD57

-
	CD127

-
	CD117

-
	KIR

-
	CD103

+
	(Red	NKG2A

-
,	Blue	NKG2A

+
)	

A	representative	gating	strategy	is	shown	and	the	tSNE	landscape	generated	in	Figure	4.1	is	
overlaid	by	each	gate	(Figure	4.11A).	
	

To	measure	how	well	each	cluster	was	captured	by	a	single	gate,	I	applied	the	gating	

strategy	on	each	cluster	in	turn	and	checked	what	proportion	of	cells	fell	into	each	gate	

(Figure	4.11B).	PbNK-like	clusters,	c1	and	c2,	are	almost	completely	captured	by	the	pbNK	

gate	(orange).	Similarly	dNK1,	c10-c13,	are	largely	restricted	to	the	dNK1	gate	(purple).	

dNK2,	c9,	is	predominantly	within	the	dNK2	gate	(yellow).	However,	gating	for	dNK3	is	less	

clear	cut.	Cluster	5	in	particular	falls	within	several	different	gates	and	not	just	dNK3	gates	

(red	and	blue).	

	

Another	metric	to	measure	the	efficacy	of	a	gating	strategy,	is	to	measure	the	purity	of	each	

gate.	In	other	words,	how	specific	is	a	gate	for	a	particular	cluster/s.		(Figure	4.11C).	These	
gates	are	not	very	pure	and	typically	include	combinations	of	multiple	dILC	subsets.	

	

To	conclude,	the	proposed	gating	strategy	is	also	not	optimal.	Whilst	clusters	are	largely	

restricted	to	a	single	gate,	these	gates	are	not	pure.	In	subsequent	analysis,	I	will	need	to	

identify	dILC	subsets	by	gating	in	high	dimensional	space	i.e.	generating	a	tSNE	landscape.	
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Figure	4.0.11	Alternative	gating	strategy	

	

Figure	4.11	Alternative	gating	strategy	
(A)	2D	gating	strategy	of	cryopreserved	Lin

-
	CD56

+
	dILCs	by	CyTOF.	Gates	are	overlaid	onto	

the	tSNE	landscape	as	seen	in	Figure	4.1A.	(B)	Pie	charts	represent	the	proportion	of	each	
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gate	(as	shown	in	Figure	4.11A)	within	each	cluster.	These	are	the	same	13	DensVM	clusters	

as	defined	in	Figure	4.1	(C)	Pie	charts	represent	the	proportion	of	each	cluster	within	each	
gate	(as	shown	in	Figure	4.11A).	These	are	the	same	13	DensVM	clusters	as	defined	in	

Figure	4.1.	
	

4.2.4	Functional	compartmentalisation	of	dILCs	

	

Having	identified	the	composition	of	dILC	subsets	and	established	a	need	for	high	

dimensional	gating,	I	next	assessed	the	functional	heterogeneity	of	dILCs.	For	this,	two	

methods	to	stimulate	were	used:	PMA	plus	ionomycin	and	K562	co-culture	(missing	self).	

For	functional	readouts,	I	stained	for	CD107a	as	a	proxy	for	degranulation,	and	secretion	of	

cytokines	and	chemokines,	GM-CSF,	XCL-1,	IFN-g,	MIP-1α	(CCL3)	and	MIP-1β	(CCL4).	Clusters	

continue	to	be	grouped	into	conventional	pbNK	(c1,	c2),	dNK1	(c10-c13),	dNK2	(c9)	and	

dNK3	(c5,	c8).	Analysis	is	focused	on	CD56
+
	subsets,	as	they	would	traditionally	have	fallen	

within	the	classic	dNK	gate	(CD56
+
	CD3

-
),	and	therefore	NCR

+
ILC3	are	also	included.		

	

4.2.4.1	PMA	plus	ionomycin	

	

PMA	plus	ionomycin	provides	a	global,	non-physiological	stimulus.	PMA	directly	activates	

Protein	Kinase	C,	whilst	ionomycin,	a	calcium	ionophore,	leads	to	intracellular	calcium	

release.	This	means	both	PMA	and	ionomycin	bypass	proximal	receptor	signalling,	activating	

pathways	leading	to	gene	expression	and	cytokine/chemokine	production.	I	stimulated	

dMCs	with	PMA	plus	ionomycin	for	4	hours.	A	new	tSNE	map	was	generated	and	subsets	

defined	in	Figure	4.1	were	manually	gated	on.	dILC	subsets	display	distinct	functional	

profiles	(Figure	4.12A,B).	Consistently	across	all	functional	readouts,	dNK2	and	dNK3	are	the	
strongest	responders.	The	pbNK-like	subset	produces	similar	amounts	of	IFN-g,	but	reduced	
chemokines	in	comparison	with	dNK2	and	dNK3.	The	most	abundant	cells,	dNK1,	respond	

poorly	across	most	readouts	but	preferentially	express	the	chemokine	MIP-1β.	NCR
+
dILC3s	

have	previously	been	shown	to	produce	GM-CSF,	in	the	decidua	they	also	make	XCL-1	but	

only	little	IFN-g	(Montaldo	2016,	Pearson	2016).	The	proliferating	dNK	subset,	dNKp,	show	

low	responses	for	all	readouts.		

	

Despite	appearing	functionally	muted	in	comparison	to	other	dILC,	some	dNK1	cells	were	

still	responding.	So	I	next	checked	which	markers	were	enriched	on	functionally	responding	

dNK1	(Figure	4.13)	focussing	on	markers	that	show	heterogeneous	expression	on	dNK1.	

Certain	markers	were	found	to	be	associated	with	increased	functionality	but	these	were	

dependent	on	which	readout	was	measured.	Readouts	grouped	in	the	following	way:		

1.	CD107a;	no	markers	associated	with	CD107a	positivity.	

2.	IFN-g;	production	associated	with	increased	CD103,	NKG2C,	NKp44,	Tbet	and	decreased	
NKG2A	and	KIR.	

3.	GM-CSF,	XCL-1,	MIP-1α	and	MIP-1β;	production	associated	with	increased	CD103,	KIR	and	

Granzyme	B	levels.			
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Figure	4.0.12	dILC	response	to	PMA	plus	ionomycin	

Figure	4.12	dILC	response	to	PMA	plus	ionomycin		

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	stimulated	for	4	hours	by	PMA	plus	

ionomycin	in	the	presence	of	protein	transport	inhibitors.	A	new	tSNE	landscape	was	

generated	using	the	markers	indicated	in	(Huhn	and	Ivarsson	Table	S1).	Lin-	CD56+	subsets	
identified	in	Figure	4.1	were	manually	gated.	Scatter	plots	show	proportion	of	cells	within	

each	subset	staining	for	functional	readouts	or	Ki-67	(n=12).	Values	represent	stimulation	

minus	unstimulated	media	control	for	each	subset.	(B)	Data	is	summarised	in	the	radar	plots	

by	subset.	Two-tailed	One-Way	ANOVA	of	matched	data	points	with	Tukey’s	correction	

were	performed.	P	values	of	comparisons	for	(A)	are	found	in	(Huhn	and	Ivarsson	Table	S4)	
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Figure	4.0.13	Marker	expression	on	functionally	responding	dNK1	to	PMA	plus	ionomycin	

Figure	4.13	Marker	expression	on	functionally	responding	dNK1	to	PMA	plus	ionomycin	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	stimulated	for	4	hours	by	PMA	plus	

ionomycin	in	the	presence	of	protein	transport	inhibitors.	dNK1	were	identified	and	

stratified	as	responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	

by	CyTOF	(n=12).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	

indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001	

	

4.2.4.2	K562:	‘missing-self’	response	

	

K562	are	a	human	MHC-deficient	myeloid	leukaemia	cell	line	used	to	measure	missing-self	

responses.	Unlike	pbNK,	the	majority	of	dNK	express	NKG2A	and	are	educated	to	detect	

missing	self.	In	addition,	donors	were	selected	with	particular	HLA-C	genotypes	to	ensure	

KIR2DL1	and	KIR2DL3	could	educate.	All	donors	were	therefore	heterozygous	for	group	1	

and	group	2	HLA-C	alleles	(C1
+
/C2

+
HLA-C)	(Anfossi	2006,	Sim	2016).	dMCs	were	co-cultured	

with	K562	for	6	hours	(Figure	4.14).	dNK2	and	dNK3	were	again	highly	responsive,	as	well	as	
pbNK-like	with	dNK2	being	the	strongest	responders	in	this	assay.	dNK1	were	again	

functionally	muted	which	is	consistent	with	previous	findings	from	our	lab	using	flow	

cytometry,	whereby	dNK	expressing	NKG2A	and	multiple	inhibitory	KIR	have	decreased	

responses	to	K562	(Sharkey	2015).		
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In	a	similar	analysis	to	Figure	4.13,	marker	enrichment	on	responding	dNK1	cells	was	

assessed	(Figure	4.15).	There	was	a	general	pattern	in	which	increased	responses	were	
associated	with	increased	Granzyme	B	levels,	Tbet,	NKp44	and	CD103	(for	IFN-g	only)	and	
decreased	LILRB1	expression.			

	

To	summarise,	I	identified	functional	compartmentalisation	within	the	dILC	compartment	

which	is	stimulus	dependent.	dNK1	appear	muted	in	these	assays,	however	expression	of	

certain	markers,	in	particular	granzyme	B,	is	associated	with	increased	function	and	

demonstrates	further	heterogeneity	within	this	subset.		
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Figure	4.0.14	dILC	response	to	‘missing	self’	(K562	co-culture)	

Figure	4.14	dILC	response	to	‘missing	self’	(K562	co-culture)		

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	Scatter	plots	show	functional	output	and	Ki-67	

staining	for	Lin
-
	CD56

+
	subsets	(n=	8-11).	Values	represent	stimulation	minus	unstimulated	

media	control	for	each	subset.	(B)	Data	is	summarised	in	the	radar	plots	by	subset.	In	A)	

Two-tailed	One-Way	ANOVA	of	matched	data	points	with	Tukey’s	correction	were	

performed.	P	values	of	comparisons	for	A)	are	found	in	(Huhn	and	Ivarsson,	Table	S5)	
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Figure	4.0.15	Marker	expression	on	functionally	responding	dNK1	to	K562	co-culture	

Figure	4.15	Marker	expression	on	functionally	responding	dNK1	to	K562	co-culture	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	dNK1	were	identified	and	stratified	as	responders	

or	non-responders	for	all	readouts	and	marker	expression	assessed	by	CyTOF	(n=8-11).	RM	

two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	indicated	*	=	p	<0.05,	**	=	p	

<0.01,	***	=	p	<0.001	

	

4.2.4.3	HLA-B	-21	M/T	Dimorphism	

	

A	dimorphism	in	the	leader	peptide	of	HLA-B	affects	peptide	loading	onto	HLA-E	(Lee	1998).	

A	methionine	(M)	at	position	HLA-B	-21	provides	functional	peptides	for	HLA-E,	whilst	a	

threonine	(T)	at	the	same	position	does	not	(Figure	1.2).	HLA-E	is	the	ligand	for	
NKG2A/CD94,	a	potent	educating	receptor	on	NK	cells	(Bjorkstrom	2010,	Brodin	2009).	

NKG2A
+
	NK	cells	from	individuals	with	an	M/x	genotype	are	more	highly	educated	than	

those	from	T/T	individuals	as	assessed	by	K562	co-culture	and	ADCC	responses.	This	may	be	

clinically	important	as	M/x	patients	receiving	IL-2	based	immunotherapy	for	AML	had	

improved	outcomes	relative	to	T/T	patients.	Around	90%	of	Lin
-
	CD56

+
	dMCs	express	NKG2A	

(Figure	3.7).	This	dimorphism	does	appear	to	have	an	effect	on	pregnancy	outcome	as	M/x	

reduces	the	risk	of	developing	pre-eclampsia	on	a	subset	of	women	(Norman	Shreeve,	

manuscript	in	prep).	Donors	were	stratified	according	to	their	-21	genotypes	to	see	whether	
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there	is	an	effect	on	dNK	function	in	response	to	missing	self	(Figure	4.16).	There	were	no	
significant	differences	in	this	small	cohort	between	M/x	and	T/T	donors	when	looking	at	

dNK1,	2	or	3.	However,	dNK2	responses	tended	to	be	higher	in	M/x	donors	for	all	functional	

readouts.	dNK2	may	be	more	sensitive	to	changes	in	HLA-E	binding	as	they	express	high	

levels	of	NKG2A	and	low	levels	of	KIR.					

	
Figure	4.0.16	Effect	of	HLA-B	-21	dimorphism	on	dNK	response	to	‘missing	self’	

Figure	4.16	Effect	of	HLA-B	-21	dimorphism	on	dNK	response	to	‘missing	self’	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	Donors	were	stratified	by	their	-21	HLA-B	genotype	

as	M/x	(n=5)	or	TT	(n=6).	Functional	responses	for	indicated	dILC	subsets	represent	

stimulation	minus	unstimulated	media	control.			

	

4.2.5	Changes	associated	with	KIR	acquisition		
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My	global	analysis	has	now	identified	which	ILC	subsets	are	present	within	the	decidua	and	

how	they	respond	when	stimulated.	The	most	abundant	subset,	dNK1,	is	characterised	by	

high	levels	of	KIR	expression.	KIR	are	of	particular	interest	because	immunogenetic	

epidemiological	and	in	vitro	studies	suggest	that	maternal	KIR	binding	to	fetal	HLA-C	on	EVT	

influences	pregnancy	outcome	(Hiby	2014,	Hiby	2010,	Huhn	2018,	Nakimuli	2015).	KIR	

expression	is	under	the	control	of	probabilistic	promoters	and	as	pbNK	differentiate	they	co-

express	increasing	numbers	of	KIR.	This	is	associated,	in	pbNK	cells,	with	a	number	of	

phenotypic	changes,	such	as	loss	of	NKG2A,	and	increased	NK	cell	education.	Therefore,	I	

next	wanted	to	analyse	how	dNK	phenotype	and	function	change	as	dNK	express	additional	

KIR.		

	

In	this	section	all	KIRs	are	treated	the	same,	irrespective	of	whether	they	are	activating	or	

inhibitory	(unless	stated	otherwise)	or	whether	the	donor	has	the	HLA	ligand	or	not.	

Boolean	combinations	of	KIR	were	gated	manually	on	Lin
-
	CD56

+
	dMCs	and	Lin

-
	CD56

dim
	

PBMCs,	and	grouped	according	to	the	number	of	KIR	expressed	from	zero	to	three	or	more	

(3+).	Statistical	comparisons	are	always	performed	between	subsets	expressing	1-3+	KIRs	

and	not	with	the	subset	expressing	no	KIR.	This	is	because	cells	expressing	no	KIR	will	be	a	

very	mixed	group	of	all	CD56
+
	dILCs	whilst	those	expressing	KIR	will	be	predominantly	dNK1.		

	

4.2.5.1	Phenotypic	changes	

	

For	pbNK,	KIR	acquisition	is	correlated	with	increasing	levels	of	CD57	and	CD16	(Bjorkstrom	

2010).	I	confirm	these	findings	and	also	find	that	DNAM-1	increases	with	KIR	acquisition	

even	when	KIRs	are	not	stratified	by	education	status	(Enqvist	2015)	(Figure	4.17A).	With	

respect	to	dNK,	LILRB1	and	Ki-67	increase	with	increasing	KIR,	consistent	with	our	previous	

findings	(Sharkey	2015)	(Figure	4.17B).	There	is	also	a	slight	increase	in	NKG2A	expression	in	
contrast	to	decreased	expression	on	pbNK	(Bjorkstrom	2010)	(Figure	4.17C).	NKG2D,	CD161	
and	Tbet	all	decrease	on	dNK	expressing	multiple	KIR,	whilst	being	maintained	on	pbNK.	

Finally,	I	find	increasing	granzyme	B	levels	associated	with	KIR	acquisition	in	dNK	(Figure	
4.18C).	To	summarise,	the	co-expression	of	NK	receptors	is	tissue	specific.	As	dNK	cells	

express	increasing	numbers	of	KIR,	they	increase	expression	of	LILRB1,	Ki-67,	NKp30,	NKG2A	

and	GzmB	and	decrease	expression	of	NKG2D,	CD161	and	Tbet.									
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Figure	4.0.17	KIR	acquisition	on	dNK	and	pbNK	

Figure	4.17	KIR	acquisition	on	dNK	and	pbNK		
	

Boolean	combinations	of	KIR	receptors	were	gated	manually	on	cryopreserved	Lin
-
	CD56

+
	

dMCs	and	Lin
-
	CD56

dim
	PBMCs	following	mass	cytometry	and	grouped	according	to	the	

number	of	KIR	expressed	from	zero	to	three	or	more	KIRs	(3+).	Markers	are	grouped	in	the	

following	way:	(A)	increase	on	CD56
dim

	pbNK	(B)	increase	on	dNK	(C)	decrease	on	CD56
dim

	

pbNK	(D)	decrease	on	dNK	(n	=	19	decidua	and	12	peripheral	blood).	Friedman	tests	using	

Dunn’s	correction	for	multiple	testing	were	performed	for	KIR	=	1,	2,	3+.	Where	indicated	*	

=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001,	****	=	p	<	0001.	
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4.2.5.2	Changes	in	dNK	granules	

	

Uterine	NK	cells	were	originally	discovered	in	part	due	to	their	large	cytoplasmic	granules.	

These	granules	exhibited	unique	tinctorial	properties	not	observed	in	NK	cells	from	other	

tissues	(Bianco	et	al.,	2008;	Numers,	1953).	I	find	that	granzyme	B	levels	are	associated	with	

increased	function	in	dNK1	(Figure	4.13	and	Figure	4.15)	and	also	increase	in	dNK	as	
multiple	KIRs	are	co-expressed	(Figure	4.17).	Therefore,	the	association	of	granule	content	
with	KIR	acquisition	was	further	explored	using	flow	cytometry.	Side	scatter	(SSC)	and	

forward	scatter	(FSC)	can	be	used	as	proxies	for	granularity	and	cell	size	respectively.	

Expression	of	multiple	KIRs	is	associated	with	increased	granularity	(Figure	4.18A)	but	not	
increased	size	(Huhn	and	Ivarsson	Figure	S9).	Next,	the	finding	by	CyTOF	that	Granzyme	B	

levels	rise	with	increased	KIR	expression	was	confirmed	by	flow	cytometry,	and	the	same	

was	true	for	another	granule	protein,	Granulysin	(Figure	4.18A).	These	findings	hold	when	
just	considering	either	inhibitory	KIRs	(Figure	4.18B)	or	activating	KIRs	(Huhn	and	Ivarsson	
Figure	5D).	Thus,	as	dNK	express	increasing	numbers	of	KIRs,	there	is	an	increase	in	

granularity	as	well	as	increased	expression	of	proteins	associated	to	these	granules.		

	
Figure	4.0.18	KIR	acquisition	and	dNK	granule	content	

Figure	4.18	KIR	acquisition	and	dNK	granule	content			
	

(A)	From	left	to	right:	Granule	content	represented	as	geometric	mean	fluorescent	intensity	

(gMFI)	of	side	scatter	in	Lin
-
CD56

+
	cell	subsets	co-expressing	0-3	KIRs	(n=9).	Lines	connect	

dNK	subsets	from	the	same	individual.	Fold	increase	in	side	scatter	over	previous	data-point	

in	(A).	Granzyme	B	and	Granulysin	gMFI	in	Lin
-
CD56

+
	cell	subsets	co-expressing	0-3	KIRs.	

Data	is	on	cryopreserved	samples	by	flow	cytometry.	(B)	the	same	as	(A)	except	considering	

only	inhibitory	KIRs	i.e.	Lin
-
	CD56

+
	KIR2DS1

-
	KIR2DS4

-
	dMCs	co-expressing	0-3	inhibitory	KIRs	

(n=9).	In	(A-B),	stars	indicate	significance	obtained	with	RM	One-Way	ANOVA	of	matched	

data	points	with	Tukey	correction	with	the	exception	of	Granulysin.	For	Granulsyin,	a	

Freidman’s	test	was	performed	with	Dunn’s	corrections.	Tests	were	only	performed	on	1-3	

KIRs.	Where	indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001,	****	=	p	<0.0001.		
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4.2.5.3	Function	changes	with	KIR	expression	

	

NK	cells	have	cytotoxic	granules	capable	of	killing	target	cells.	An	alternative	role	for	NK	cell	

granules	is	emerging	whereby	they	function	as	Ca
2+
	ion	stores	and	contribute	to	signalling.	

In	pbNK,	cells	with	larger	granules	produce	more	cytokines	when	an	activating	NKR	is	

triggered	(Goodridge	2019).	For	dNK,	I	have	shown	an	association	between	granularity	and	

KIR	expression.	Therefore,	I	next	asked	how	this	is	related	to	function.	In	addition	to	PMA	

plus	ionomycin	and	K562	stimulation,	data	for	KIR2DS4	cross	linking	comes	from	Martin	

Ivarsson.	Consistent	with	previous	findings,	dNK	co-expressing	multiple	KIR	exhibit	

decreased	degranulation	in	response	to	K562	(Sharkey	2015)	(Figure	4.19A).	Chemokine	

production	is	also	decreased,	illustrated	here	using	XCL-1	(Figure	4.19A).	There	are	no	
changes	associated	with	increasing	KIR	co-expression	in	response	to	PMA	plus	ionomycin	

(Figure	4.19B).	However,	neither	of	these	stimulations	are	physiologically	relevant	to	

cellular	interactions	of	dNK	observed	during	pregnancy.	To	mimic	dNK	recognition	of	HLA-C	

on	EVT,	the	activating	KIR2DS4	receptor	was	cross-linked.	Previous	studies	have	shown	that	

cross-linking	activating	KIR	leads	to	the	production	of	cytokines	which	increase	EVT	

migration	in	vitro	(Xiong	2013,	Abbas	2017,	Kennedy	2016).	Here,	it	is	shown	that	
degranulation	and	XCL-1	production	increases	as	KIR2DS4

+
	dNK	express	additional	KIR	

(Figure	4.19C).	Moreover,	there	is	a	positive	correlation	between	SSC	(granularity)	and	XCL-

1	production	(Figure	4.19D).	This	further	supports	the	link	between	cytokine	production	and	
dNK	granules.	To	summarise,	dNK	KIR	acquisition	is	associated	with	increased	functionality	

upon	cross-linking	of	an	activating	KIR	and	decreased	functionality	in	response	to	missing	

self	(K562).	
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Figure	4.0.19	dNK	with	more	KIR	expression	have	increased	responsiveness	when	triggered	by	activating	NKR	

Figure	4.19	dNK	with	more	KIR	expression	have	increased	responsiveness	when	triggered	by	

activating	NKR	

	

(A)	Representative	XCL-1	and	CD107a	staining	by	CyTOF	in	cryopreserved	Lin
-
CD56

+
	dMCs	

co-expressing	1-3	KIR	following	a	6hr	co-culture	with	K562	(n	=	10)	(B)	Representative	XCL-1	

and	CD107a	staining	by	CyTOF	in	cryopreserved	Lin
-
CD56

+
	dMCs	co-expressing	1-3	KIR	

following	4	hr	stimulation	by	PMA	plus	ionomycin	(n	=	8)	(C)	Representative	XCL-1	staining	

by	flow	cytometry	in	cryopreserved	Lin
-
CD56

+
KIR2DS4

+
	dMCs	co-expressing	1-3	additional	

KIRs	following	activation	via	P815	cells	coated	with	anti-KIR2DS4	(n=6,	data	from	Martin	

Ivarsson).	D)	Correlation	of	frequency	of	cryopreserved	XCL-1
+
	Lin

-
CD56

+
	dMCs	and	mean	

side	scatter	for	the	same	subset	(data	from	Martin	Ivarsson).	Two-tailed	One-Way	ANOVA	of	

matched	data	points	with	Tukey	correction	and	95%	confidence	level	was	used.	*	=	p	<0.05,	

**	=	p	<0.01,	***	=	p	<0.001.	

	

4.2.6	dILC	subset	localisation	

	

The	decidua	is	a	complex	tissue	that	changes	dramatically	over	the	first	trimester	of	

pregnancy.	The	decidua	basalis,	the	site	where	HLA-C
+
	EVT	invade	into	the	uterus,	therefore	

contains	both	maternal	and	fetal	cells.	In	addition	to	immune	cells,	glands,	vessels	and	

stromal	fibroblasts	are	organised	into	distinct	layers	(Vento-Tormo	2018).	In	lymph	nodes,	

lymphocytes	migrate	and	reside	in	dedicated	micro-anatomical	areas	within	the	tissue.	The	

functionally	distinct	dILC	subsets	identified	in	this	chapter	also	differ	in	their	expression	of	
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tissue	resident	markers	suggesting	specific	localisation	in	vivo.	In	addition,	the	receptor	
combinations	expressed	by	particular	dILC	subsets	intimate	that	some	are	dedicated	to	

interactions	with	specific	cell	types	which	express	the	reciprocal	ligands.	Therefore,	I	next	

wished	to	resolve	the	spatial	dynamics	of	dILC	subsets.	To	achieve	this,	I	performed	

immunohistochemistry	(IHC)	to	assess	CD103	expression	within	the	decidua	and	conducted	

a	proof	of	concept	pilot	experiment	by	imaging	mass	cytometry	(IMC).			

	

4.2.6.1	CD103	expression	in	the	decidua		

	

E-cadherin	is	an	adhesion	molecule	expressed	by	epithelial	cells	and	a	ligand	for	CD103.	In	

several	healthy	and	pathological	tissues,	CD103
+
	immune	cells	are	enriched	around	

epithelial	cells	(Fuchs	2013).	In	non-pregnant	healthy	endometrium,	CD103
+
	cells	of	a	non-T	

cell	phenotype	were	found	in	contact	with	epithelium	and	within	the	stroma	(Workel	2016).	

I	assessed	CD56	and	CD103	positivity	in	the	decidua.	Whilst	there	are	CD56
+
	CD103

+
	cells	in	

contact	with	glandular	epithelium,	which	express	E-cadherin,	these	are	also	found	

throughout	the	stroma	of	the	decidua	parietalis	(Figure	4.20).		
	

	

	

	

	

	

	
Figure	4.0.20	CD103	expression	in	the	decidua	

Figure	4.20	CD103	expression	in	the	decidua	
	

Representative	staining	of	decidua	parietalis	for	CD103	and	CD56	on	serial	FFPE	sections.	

Scale	bar	represents	100um	at	10X	and	50um	at	20X	

	

4.2.6.2	IMC	at	the	maternal-fetal	interface	
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Resolving	the	localisation	of	dNK	subsets	is	particular	challenging	because	different	subsets	

cannot	by	identified	by	current	gating	strategies.	Thus,	until	better	signature	markers	are	

identified,	combinations	of	several	markers	are	needed	to	identify	dNK1,	2	and	3.	IHC	and	

immunofluorescence	(IF)	are	currently	limited	by	the	number	of	markers	that	can	be	

simultaneously	analysed.	In	contrast,	Imaging	mass	cytometry	(IMC),	which	combines	pixel-

by-pixel	laser	ablation	of	slides	with	mass	cytometry,	can	detect	up	to	50	markers	

simultaneously.	In	this	way,	it	should	be	possible	to	perform	high	dimensional	gating	to	

identify	dNK	subsets	and	then	define	their	positions	and	local	neighbourhoods	in	situ.	The	
IMC	field	is	still	in	its	infancy	and	this	technique	has	not	been	used	to	study	dILCs.	Therefore,	

I	performed	a	pilot	study	to	assess	whether	this	technique	could	successfully	be	employed	

in	future	to	resolve	the	spatial	dynamics	of	dILCs.	It	was	of	particular	interest	to	establish	

how	well	placental	and	immune	subsets	could	be	identified	and	also	to	test	the	analysis	

platform.		

	

First,	frozen	sections	from	a	pregnant	hysterectomy	were	stained	for	epithelial	marker	

cytokeratin	7	by	IHC.	Endometrial	glands	and	several	trophoblast	subsets	are	Cytokeratin	7	

positive	and	thus	it	is	possible	to	identify	the	site	of	implantation,	decidua	basalis	(Figure	
4.21A).	Serial	sections	were	subsequently	stained	for	IMC	using	several	antibody	panels	

containing	antibodies	optimised	for	suspension	mass	cytometry	and	not	IMC.	Data	was	then	

acquired	by	IMC	for	the	region	corresponding	to	that	shown	in	Figure	4.21A.		
	

There	are	several	trophoblast	subsets	that	make	up	the	placenta.	Syncytiotrophoblast	

express	the	aryl	hydrocarbon	receptor	AhR,	Ki-67	marks	proliferative	cells	enriched	in	

cytotrophoblast	cell	columns	(CCC)	and	EVT	uniquely	express	HLA-G.	These	distinct	subsets	

can	be	clearly	identified	by	IMC	(Figure	4.21B).	Next,	several	markers	expressed	by	dNK	

were	analysed.	In	particular,	I	wanted	to	assess	the	ability	of	IMC	to	detect	KIR	co-

expression.	dNK	subsets	could	be	visualised	which	differed	by	the	expression	of	a	single	KIR,	

in	this	instance	exemplified	by	KIR3DL1	and	KIR2DL1/L2/L3/S2	(Figure	4.22A).	Finally,	a	new	
analysis	pipeline	suggested	by	the	Bodenmiller	lab	was	tested	to	better	understand	what	

questions	can	be	asked	of	IMC	data.	A	cell	segmentation	mask	was	first	created	using	illastik	

and	cell	profiler	(Figure	4.23A).	It	can	be	very	difficult	to	achieve	accurate	cell	segmentation	

in	heterogeneous	tissues,	such	as	the	decidua.	By	colouring	the	mask	by	area	of	cells,	it	is	

possible	to	identify	red	areas	where	the	mask	has	created	doublets	and	triplets	and	to	

gauge	how	effective	the	segmentation	has	been.	Once	a	good	cell	mask	has	been	created,	

expression	levels	for	all	markers	can	be	generated	and	visualised	on	a	per	cell	basis	(Figure	
4.23B).	It	is	then	possible	to	perform	dimension	reducing	algorithms	such	as	tSNE	and	

identify	clusters	within	the	dataset.	The	ability	to	gate/cluster	in	high	dimensions	is	a	real	

advantage	of	IMC,	particularly	for	identifying	dNK	subsets	which	lack	unique	“catch	all”	

signature	markers.	A	clustering	analysis	using	5	markers	(CD45,	CD7,	HLA-G,	Ki-67	and	AhR)	

was	performed	and	several	identifiable	clusters	found:	EVT	(c3,c9;	HLA-G
+
),	

syncitiotrophoblast	(c8;	AhR
+
),	proliferating	CCC	(c4;	Ki-67

+
)	and	two	CD45

+
	subsets,	one	of	

which	most	likely	includes	dNK	(c7;	CD45
+
	CD7

+
)	(Figure	4.23C,D).	Thus,	it	is	conceivable	

that	with	additional	markers	it	would	be	possible	to	identify	the	same	dILC	subsets	as	

identified	by	suspension	mass	cytometry	(Figure	4.1).	Finally,	clusters	can	then	be	visualised	
within	the	tissue	and	neighbourhood	analyses	performed,	here	the	location	of	the	probable	

dNK	cluster	(c7)	is	highlighted	(Figure	4.23E).		
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To	summarise,	IMC	could	be	a	powerful	tool	in	resolving	the	spatial	dynamics	of	dILC	

subsets.	The	ability	to	perform	high	dimensional	gating	would	facilitate	the	identification	of	

dNK	subsets	which	are	currently	hard	to	gate	upon	using	2D	gating	strategies.	However,	

there	are	a	number	of	limitations	including	the	cost	and	time	needed	to	ablate	large	areas	

of	tissue.	Perhaps	it	would	be	more	beneficial	to	invest	in	identifying	better	signature	

markers	for	dNK	subsets	and	then	use	multiplexed	IHC	or	IF.		
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Figure	4.0.21	Identifying	trophoblast	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	cytometry	(IMC)	

Figure	4.21	Identifying	trophoblast	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	

cytometry	(IMC)	

	

(A)	Cytokeratin	7	staining	of	decidua	basalis	on	a	frozen	section	by	IHC	(B)	A	Serial	section	

adjacent	to	Figure	4.21A	was	stained	by	IMC.	Individual	stains	are	shown	for	Ir191/193-DNA	
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(Blue),	172Yb	Ki-67	(white),	175Lu-AhR	(Yellow)	and	145Nd-anti-PE	was	used	to	detect	PE-

HLA-G	(purple).	An	overlay	of	Ki-67,	HLA-G,	AhR	is	shown,	DNA	stain	has	been	omitted	for	

clarity.	Proliferation	within	the	CCC,	EVT	and	syncitiotrophoblast	are	highlighted.		

	

	
Figure	4.0.22	Identifying	dNK	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	cytometry	(IMC)	

Figure	4.22	Identifying	dNK	subsets	at	the	maternal	fetal	interface	by	Imaging	mass	

cytometry	(IMC)	

	

(A)	Data	comes	from	the	same	experiment	as	Figure	4.21B.	Individual	stains	are	shown	for	

Ir191/193-DNA	(Blue),	Sm147-CD7	(Magenta),	Er167-KIR3DL1	(White),	Er170-

KIR2DL1/L2/L3/S2	(Yellow),	Yb174-CD94	(Green)	and	Eu151-CD2	(Red).		An	overlay	of	all	

markers	is	shown,	cells	differing	by	KIR3DL1	expression	are	highlighted.	
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Figure	4.0.23	Example	analysis	pipeline	for	IMC	data	

Figure	4.23	Example	analysis	pipeline	for	IMC	data	

	

(A)	Cell	segmentation	was	performed	as	a	two-step	process	using	illastik	and	cell	profiler.	

First,	illastik	creates	a	probability	map	defining	what	is	cell	vs	background.	Cell	profiler	takes	

the	probability	map	and	creates	a	cell	mask.	The	cell	mask	illustrated	here	is	visualised	in	

histocat	and	coloured	according	to	cell	area,	red	=	large	area,	blue	=small	area.	(B)	The	cell	

mask	can	be	coloured	according	to	marker	expression.	Here	Ki-67	expression	is	visualised	in	

histocat,	red	=	high	expression,	blue	=	low	expression.	(C)	a	tSNE	map	has	been	generated	

and	Phenograph	clustering	performed	on	the	cells	identified	by	segmentation.	The	markers	

incorporated	in	the	analysis	are	AhR,	HLA-G,	CD7,	CD45	and	Ki-67.	(D)	The	heatmap	shows	

relative	marker	expression	for	the	clusters	identified	in	Figure	4.23C.	(E)	Individuals	clusters	
can	be	identified	in	the	tissue	section.	The	cell	mask	is	now	coloured	according	to	cluster.	

Cluster	7	(green);	all	other	clusters	(blue).		



	 123	

4.3	Discussion	

	

The	aim	of	this	chapter	was	to	characterise	the	phenotypic	and	functional	heterogeneity	of	

the	dILC	niche.	The	decidua	is	a	unique	tissue	which,	immunologically	speaking,	sometimes	

breaks	the	rules	established	in	other	tissues.	Thus,	the	approach	taken	here	involved	

staining	dMCs	with	a	CyTOF	panel	comprised	of	markers	that	have	been	reported	as	

expressed	on	ILCs	and	then	identify	the	subsets	present	(in	the	most	unbiased	way	available	

to	us).	

	

The	analysis	identified	13	clusters	which	could	be	further	grouped	into	dNK1-3,	dNKp,	pbNK-

like	and	dILC3.	A	non-dNK	mixed	cluster	that	was	difficult	to	confidently	label	was	also	

identified.	dNK1	are	characterised	by	a	suite	of	receptors	for	both	classical	and	non-classical	

MHC-ligands	expressed	by	EVT,	KIR:HLA-C,	LILRB1:HLA-G	and	NKG2A/CD94:HLA-E.	This	

might	suggest	that	dNK1,	which	also	express	the	highest	levels	of	Granzyme	B,	CD96	and	

CD39,	are	involved	in	cell-to-cell	interactions	with	invading	EVT.	There	are	no	markers	

unique	to	dNK2	in	this	CyTOF	panel	but	they	express	many	canonical	NK	markers	at	a	high	

level	and	only	low	levels	of	KIR.	They	were	classed	as	dNK2	because	there	is	good	similarity	

with	the	recent	single	cell	RNAseq	dataset	(Venot-Tormo	2018).	However,	this	will	require	

future	validation	as	there	were	some	differences	between	the	protein	and	RNA	datasets	and	

several	markers,	including	transcription	factors,	were	not	detected	well	by	RNAseq.	ieILC1-

like	clusters	were	also	identified	by	CyTOF	but	for	consistency,	the	dNK3	nomenclature	is	

adopted	(Vento-Tormo	2018).	dNK3	were	characterised	by	high	levels	of	CD103,	Tbet,	CD69,	

CD161,	NKp44	and	NKG2D	and	low	KIR	expression.	Two	CD16
+
	pbNK-like	clusters	were	also	

found.	These	are	often	labelled	as	maternal	blood	contaminants	as	immunohistochemistry	

has	only	revealed	sparse	CD56
+
	CD16

+
	NK	cells	within	the	decidua	itself	(Bulmer	1991).	

However,	it	cannot	be	ruled	out	that	they	represent	pbNK	that	have	migrated	from	the	

bloodstream	into	the	decidua.	Finally,	a	proliferating	NK	subset	(dNKp)	and	an	ILC3	cluster	

composed	of	NCR
+
ILC3	and	NCR

-
ILC3/LTi-like	cells	were	also	identified.		

	

ILCs	are	enriched	within	tissue	compartments	and	the	composition	of	ILC	subsets	varies	

between	tissues.	The	decidua	differs	in	ILC	composition	from	other	mucosal	tissues,	for	

example	the	lung	does	not	contain	a	high	proportion	of	dNK3/ieILC1-like	cells	whilst	colon,	

adenoid	and	tonsil	all	possess	larger	proportions	of	ILC3s.	ILC	phenotypes	have	also	been	

shown	to	vary	between	tissues	and	the	decidua	possesses	distinct	NK	subsets.	dNK1	are	

unique	in	their	expression	of	high	levels	of	KIR	and	NKG2A	when	compared	to	other	tissue	

resident	NK	(trNK).	For	example,	liver	resident	NK	(lrNK)	subsets	have	been	defined	by	

CD49a	and	CXCR6.	However,	CD49a
+
	lrNK	are	KIR

+
	NKG2A

-
	and	CXCR6

+
	lrNK	are	KIR

-
	NKG2A

+
	

(Lunemann	2019,	Male	2017,	Marquardt	2015).	The	lung	contains	a	small	CD56
bright

	NK	

population	expressing	markers	of	tissue	residency.	Unlike	dNK1,	these	express	lower	levels	

of	KIR	relative	to	pbNK	(Cooper	2018,	Marquardt	2017).	dNK2	may	resemble	CXCR6
+
	lrNK	

with	respect	to	KIR	and	NKG2A	expression	but	differ	in	terms	of	CD49a	expression.	dNK3	

and	dILC3	on	the	other	hand,	are	more	similar	to	their	counterparts	in	other	tissues.	Thus,	

the	decidua	possesses	a	distinct	ILC	composition	and	harbours	unique	NK	phenotypes	likely	

reflecting	pregnancy	specific	roles.			
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Identifying	the	murine	counterparts	for	the	human	dILC	subsets	identified	here	remains	

difficult.	The	murine	uterus	contains	three	group	1	ILC	subsets	defined	by	CD49a	and	

Eomes:	CD49a
+
Eomes

-
	uterine	ILC1	(uILC1),	CD49a

+
Eomes

+
	trNK	and	CD49a

-
Eomes

+
	

conventional	NK	(cNK)	(Doisne	2015,	Filipovic	2018,	Sojka	2014).	dNK1	may	be	analogous	to	

trNK	which	express	high	levels	of	Ly49,	Eomes	and	Ki-67	(Filipovic	2018,	Sojka	2014).	Murine	

cNK	resemble	circulating	NK	and	thus	correlate	with	the	human	pbNK-like	cluster.	However,	

cNK	are	present	in	large	numbers	in	murine	decidua	basalis	whilst	CD16
+
	pbNK	are	scarcely	

observed	in	human	decidua	(Doisne	2015,	Sojka	2018).	Murine	uILC1	expand	in	secondary	

pregnancies	and	express	CXCR6,	a	hallmark	of	NK	memory.	Thus,	they	may	be	the	functional	

counterparts	to	PTdNK	but	differ	by	their	low	Ly49	expression	(Filipovic	2018,	Gamliel	2018).	

How	dNK2	and	dNK3/ieILC1	relate	to	murine	decidual	ILC	is	unclear.	Murine	ieILC1	have	

been	characterised	in	the	gut	as	Nfil3-dependent	NKp46
+
	NK1.1

+
	CD160

+
	(Fuchs	2013).	

However,	Nfil3
-/-
	mice	contain	both	uterine	trNK	and	uILC1	(Boulenouar	2016).	The	

difficulties	in	directly	correlating	murine	and	human	dILC	subsets	may	reflect	the	large	

anatomical	differences	between	human	and	mouse	placentation.			

	

It	was	not	possible	to	readily	identify	subsets	corresponding	to	classical	ILC1s	and	PTdNK.	In	

the	case	of	ILC1s,	small	populations	of	Lin
-
CD56

-
CD94

-
CD127

+
CD117

-
NKp44

-
	cells	were	

found	but	these	were	negative	or	low	for	T-bet	expression.	A	lack	of	T-bet	expression	does	

not	rule	out	the	identity	of	this	subset	as	ILC1	as	they	can	produce	IFN-g,	and	T-bet	
expression	is	known	to	be	tissue	specific	(Circulating	NK	are	T-bet

++	
whilst	trNK	express	

lower	levels	of	T-bet	and	can	be	T-bet	independent	during	development).	However,	a	recent	

publication	has	questioned	the	existence	of	helper	ILC1s	altogether	suggesting	that	they	

represent	contamination	from	DCs,	T	cells,	ILC3s,	NK	cells	and	HSCs	(Simoni	2017).	Clusters	

corresponding	directly	to	PTdNKs	were	not	found.	Immunological	memory	has	been	

proposed	as	an	attractive	theory	to	explain	observations	such	as	partner	specific	increased	

risk	of	pregnancy	disorders	(Vatten	2003).	A	lack	of	PTdNK	in	this	relatively	small	cohort	may	

result	from	an	overrepresentation	of	first	time	pregnancies,	although	that	clinical	

information	is	not	available	to	us.	Parity	status	for	several	donors	was	recorded	and	two	

donors	exhibited	NKG2C
hi
	populations	similar	to	those	previously	described	(Gamliel	2018).	

Samples	from	donors	with	parity	2	and	3,	respectively,	did	not	display	NKG2C
hi
	dNK	cells.	It	

will	be	of	interest	to	determine	whether	these	expansions	express	a	KIR	repertoire	specific	

for	“self”	or	fetal	HLA.		

	

This	study	suffered	from	a	number	of	limitations	including	the	reliance	on	tSNE	landscapes	

for	gating.		Existing	gating	strategies	were	inadequate	and	I	was	unable	to	propose	an	

optimal	strategy	based	on	the	markers	contained	within	the	CyTOF	panel.	However,	this	

comes	as	part	of	a	general	paradigm	shift	in	immunology	where	subsets	are	increasingly	

viewed	as	constellations	with	heterogeneous	marker	expression.	Whilst	2D	gating	strategies	

are	unlikely	to	be	replaced,	they	can	be	complemented	with	high	dimensional	gating	

strategies.	Dimension	reducing	and	clustering	algorithms	should	be	treated	with	caution	

though,	particularly	when	branded	as	“unbiased”	as	a	number	of	variables	are	set	by	the	

researcher.	For	example,	the	CyTOF	panel	was	constructed	based	on	a	priori	knowledge	of	
ILCs	and	then	during	the	analysis,	a	number	of	parameters	which	determine	the	nature	of	a	

run	are	controlled	by	the	researcher.	This	study	also	made	use	of	cryopreserved	samples	

which	can	result	in	artefacts	being	introduced.	Of	note,	cluster	4	was	removed	from	
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downstream	analysis	and	dILC	subset	proportions	differed	between	fresh	and	cryopreserved	

samples.	dNK1	appeared	more	sensitive	to	cryopreservation	which	may	explain	the	

decrease	in	expression	of	KIR,	CD96	and	NKp30	in	cryopreserved	samples	(Figure	3.7).		
	

CD39	is	involved	in	the	conversion	of	ATP	to	adenosine	and	thereby	associated	with	

immune	suppression.	CD39	expression	was	found	to	be	restricted	to	subsets	of	dNK1	and	

dILC3	with	large	amounts	of	donor	to	donor	variation.	A	polymorphism	in	the	ENDTPD1	
promoter	marks	a	haplotype	with	increased	transcription,	expression	and	enzyme	activity	

(Maloney	2017).	This	“gain-of-function”	allele	is	associated	with	increased	risk	of	venous	

thromboembolism	and	protection	from	inflammatory	bowels	disease	(Maloney	2017,	

Friedman	2009).	Moreover,	CD39	expression	levels	have	been	shown	to	increase	on	Tregs	

with	age	(Fang	2016).	Therefore,	it	would	be	interesting	to	explore	the	association	of	CD39	

polymorphisms	with	pregnancy	disorders.	CD39
+
	dNK1	also	express	higher	levels	of	the	

neutral	amino	acid	transporter	CD98.	This	suggests	that	dILC	subsets	have	distinct	metabolic	

requirements	and	energy	usage.	Cellular	metabolism	is	emerging	as	a	key	regulator	of	

lymphocyte	development	and	function	but	remains	relatively	unexplored	with	respect	to	

tissue	resident	NK	cells	(Salzberger	2018).	Thus,	it	would	be	of	interest	to	understand	how	

perturbing	metabolic	pathways	affects	dILC	function	and	ultimately	pregnancy	outcome.		

	

A	differentiation	trajectory	has	been	proposed	for	pbNK	which	is	associated	with	increased	

KIR	co-expression	(Bjorkstrom	2010).	A	similar	trajectory	does	not	exist	for	dNK.	When	the	

phenotypic	changes	associated	with	increased	KIR	co-expression	were	assessed,	I	found	a	

decrease	in	markers	associated	with	dNK3,	namely	T-bet,	NKG2D	and	CD161.	This	suggests	

that	dNK	may	be	able	to	differentiate	from	dNK3	à	dNK2	à	dNK1.	KIR	co-expression	was	

also	associated	with	a	remodelling	of	the	granule	compartment.	dNK	become	more	granular	

and	increase	in	expression	of	granule	proteins	such	as	granzyme	B	and	granulysin	with	each	

additional	KIR.	The	function	of	dNK	granules	remains	paradoxical	as	dNK	perform	poorly	in	

cytotoxic	assays	and	do	not	readily	kill	trophoblast.	However,	dNK	are	able	to	produce	large	

amounts	of	cytokines	and	there	is	mounting	evidence	to	suggest	that	NK	granules	play	a	

role	in	cytokine	release.	Indeed,	increased	granzyme	B	levels	are	associated	with	more	

responsive	dNK1	subsets	upon	PMA	plus	ionomycin	or	K562	stimulation.	Moreover,	

granularity	and	XCL-1	production	are	positively	correlated	upon	KIR2DS4	cross-linking.	It	is	

not	clear	whether	this	increase	in	granularity	represents	more	and/or	larger	granules	nor	

what	might	be	driving	this	change.	Some	evidence	suggests	that	the	lysosomal	trafficking	

regulator	LYST	may	be	involved.	Indeed,	LYST	mRNA	levels	are	lower	in	dNK	than	CD56
dim

	

pbNK	and	patients	with	LYST	mutations	exhibit	pbNK	with	larger	and	fewer	granules,	that	

are	poorly	cytotoxic	but	display	increased	cytokine	production	(Chiang	2017,	Gil-Krzewska	

2016,	Haliotis	1980).	Beige	mice	also	have	a	LYST	mutation.	Whilst	their	circulating	NK	have	

similar	morphological	and	functional	defects	as	seen	in	humans,	their	uNK	appear	

unaffected	and	the	mice	reproduce	normally.	The	data	presented	here	suggests	a	link	

between	granule	and	cytokine	production	but	is	correlative	and	further	work	is	required.	In	

addition,	granzyme	B	levels	in	dNK3,	which	were	the	most	responsive	subset	to	PMA	plus	

ionomycin	stimulation,	are	lower	than	those	in	dNK1	and	2.	This	suggests	that	the	granule	

compartment	may	be	performing	distinct	functions	in	a	subset	specific	manner.		

	

The	effect	of	the	HLA-B	-21	leader	peptide	polymorphism	on	dNK	function	was	also	

assessed.	This	study	was	underpowered	to	detect	significant	differences	between	M/x	and	
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T/T	individuals	in	response	to	‘missing	self’	but	a	trend	of	increased	functionality	in	dNK2	of	

M/x	individuals	was	observed.	Previous	reports	also	show	modest	differences	between	

genotypes	when	comparing	cells	stimulated	by	missing	self	in	the	absence	of	cytokines	

(Horowitz	2016,	Hallner	2019).	In	addition,	a	‘missing	self’	response	may	not	be	appropriate	

to	probe	the	effect	of	the	-21	dimorphism	in	dNK.	EVT	express	HLA-C,	-E	and	-G	and	thus	

dNK	do	not	encounter	‘missing	self’	in	the	context	of	pregnancy.	The	lack	of	HLA-B	

expression	by	EVT	suggests	that	the	-21	dimorphism	likely	impacts	on	dNK	function	through	

NK	cell	education.	It	will	be	interesting	to	see	the	effect	of	this	dimorphism	in	future	

pregnancy/birth	weight	cohorts.	Moreover,	due	to	the	linkage	disequilibrium	between	the	-

21	SNP	and	HLA-C,	previous	associations	with	HLA-C	may	need	to	be	reinterpreted	with	an	

appreciation	for	the	NKG2A/HLA-E	axis.				

	

Attaching	specific	functional	roles	to	the	dILC	subsets	identified	in	this	study	remains	

challenging.	A	picture	is	emerging	whereby	multiple	subsets	are	able	to	produce	

overlapping	suites	of	cytokines	in	a	stimulus	dependent	manner.	For	example,	consider	the	

chemokine	XCL-1,	large	proportions	of	dNK3	and	dNK2	are	XCL-1
+
	upon	stimulation	by	PMA	

plus	ionomycin	and	K562.	NCR
+
	dILC3	produce	XCL-1	in	response	to	PMA	plus	ionomycin	but	

not	K562.	In	contrast,	a	relatively	low	proportion	of	dNK1	are	XCL-1
+
	in	response	to	either	

stimuli.	However,	when	an	activating	KIR	is	cross-linked	(KIR2DS4),	large	proportions	of	

dNK1	can	be	XCL-1
+
.	The	receptor	for	XCL-1,	XCR1,	is	expressed	on	cDC1	in	the	decidua	

(unpublished	observations	from	Dr	Naomi	McGovern)	and	transcript	is	also	found	in	EVT	

(Vento-Tormo	2018).	XCL-1	has	been	shown	to	be	important	for	cDC1	recruitment	into	the	

tumour	microenvironment	(Bottcher	2018)	and	also	increases	tumour	migration	in	several	

metastasis	models	(Wang	2015,	Kim	2012).	Therefore,	XCL-1	within	the	decidua	could	act	in	

multiple	pathways	e.g.	to	promote	EVT	migration	and	cDC1	recruitment.	However,	it	is	

difficult	to	assign	XCL-1	production	from	a	specific	dILC	subset	to	a	single	function	and	

temporal	and/or	spatial	barriers	most	likely	also	play	a	role.	It	is	tempting	to	speculate	that	

because	dNK1	express	a	suite	of	receptors	complementary	to	EVT	ligands,	that	HLA-C/aKIR	

interactions	between	EVT	and	dNK1	could	lead	to	XCL-1	production	that	directly	regulates	

EVT	migration.	These	sorts	of	functional	interactions	could	now	be	tested	using	3D	organoid	

models	of	endometrium	and	placenta	to	further	elucidate	the	roles	that	dILC	subsets	play	

during	pregnancy	and	will	form	the	basis	of	future	studies	(Turco	2017,	2018).		
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5		
Differences	in	expression	and	function	of	

KIR2DL1	allotypes	
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5	Differences	in	expression	and	function	of	KIR2DL1	allotypes	

	

	

In	preceding	chapters:		

I	characterised	the	subset	composition	of	dILCs	to	find	KIR	expression	is	largely	

restricted	to	dNK1.	KIR	are	associated	with	disease,	transplant	and	pregnancy	outcome.	

However,	the	challenge	remains	in	understanding	how	particular	KIR	genes/allotypes	

are	driving	these	associations.	

In	this	chapter:		

I	explore	the	effect	of	genetic	polymorphisms	on	the	expression	and	function	of	a	

particular	inhibitory	KIR,	KIR2DL1.	I	identify	novel	antibody	combinations	that	permit	

KIR2DL1	allotype-specific	staining	within	the	same	individual.	In	this	way,	I	am	able	to	

distinguish	between	NK	subsets	expressing	KIR2DL1	allotypes	found	on	specific	KIR	

haplotypes.	I	go	on	to	characterise	the	expression	dynamics	and	functional	differences	

between	KIR2DL1	allotypes	on	NK	from	blood	and	decidua.	

	

5.1	Introduction	

	

The	KIR	family	is	made	up	of	~15	members	and	contains	both	activating	and	inhibitory	

receptors	as	dictated	by	the	length	of	their	cytoplasmic	tail,	L	(long)	for	inhibitory	and	S	

(short)	for	activating.	KIRs	are	inherited	as	haplotypes	and	two	common	variants	have	been	

defined	based	on	gene	content	(Figure	5.1A).	The	KIR	A	haplotype	contains	a	fixed	number	

of	genes	and	are	all	inhibitory	except,	KIR2DS4	and	KIR2DL4.	The	expanded	KIR	B	haplotype	

comprises	all	haplotypes	that	are	not	A,	is	much	more	varied	and	includes	multiple	

activating	KIR.	Both	KIR	haplotypes	have	been	maintained	in	all	human	populations	implying	

that	they	fulfil	distinct	and	complementary	functions	(Parham	and	Moffett,	2013).	

Moreover,	disease	association	studies	have	linked	KIR	haplotypes	with	outcome	in	

transplantation,	infection,	cancer	and	pregnancy	(Kulkarni	2008).		
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Figure	5.0.1	KIR	haplotypes	and	KIR2DL1	allele	frequencies	

Figure	5.1	KIR	haplotypes	and	KIR2DL1	allele	frequencies	
	

(A)	Representative	KIR	A	and	B	Haplotypes.	Cognate	HLA-C	ligands	are	depicted	above	their	

receptor.	Framework	genes	(present	in	all	common	haplotypes)	are	shown	in	black,	

activating	KIR	are	in	blue,	and	inhibitory	KIR	are	in	red.	A	common	KIR2DS4	variant	does	not	

result	in	surface	expression	hence	cross	hatching.	In	Caucasian	populations,	the	KIR2DL1	

alleles	on	the	A	haplotype	are	KIR2DL1*001,	*002,	or	*003.	The	KIR2DL1	allele	on	the	B	

haplotype	is	almost	exclusively	KIR2DL1*004.	(B)	Allele	frequencies	for	the	Caucasian	cohort	

in	Huhn	and	Chazara	et	al	2018	are	depicted	in	the	pie	chart.	

	

High-resolution	KIR	genotyping	has	led	to	a	refinement	in	KIR	disease	associations	to	

encompass	allelic	variation.	In	the	context	of	pregnancy,	KIR2DL1	is	of	particular	interest	

because	it	is	linked	with	increased	risk	of	pre-eclampsia	and	recurrent	miscarriage	(Hiby	

2004,	2010).	The	inhibitory	KIR2DL1	receptor	binds	to	HLA-C	allotypes	bearing	a	C2	epitope	

(C2
+
HLA-C).	Currently,	38	alleles	of	KIR2DL1	have	been	identified,	four	of	which	are	

commonly	found	in	Caucasian	populations.	KIR2DL1*001,	*002	and	*003	are	found	on	KIR	A	

haplotypes	(denoted	as	KIR2DL1A)	,	whilst	KIR2DL1	*004	is	located	on	the	B	haplotype	

(denoted	as	KIR2DL1B)		(Hilton	2015a)	(Figure	5.1A,B).	In	a	case	control	study	of	pre-
eclampsia,	the	presence	of	KIR2DL1A	and	not	KIR2DL1B	was	associated	with	increased	risk	

of	pre-eclampsia.	Moreover,	the	risk	was	elevated	with	increased	copy	numbers	of	

KIR2DL1A	allotypes	(Huhn	and	Chazara	2018).	How	KIR2DL1A	allotypes	are	mediating	this	

effect	on	primary	NK	cells	remains	to	be	determined.	

	

Previous	work	has	shown	that	the	frequency	of	KIR2DL1
+
	NK	cells	and	KIR2DL1	expression	

levels	 are	 affected	 by	 KIR2DL1	 allotype	 (McErlean	 2010,	 Babor	 2014,	 Dunphy	 2015).	

Moreover,	 studies	 using	 KIR-fc	 fusion	 proteins	 found	 that	 KIR2DL1	 allotypes	 bind	 beads	

coated	with	C2
+
HLA-C	allotypes	with	differing	affinities	(Hilton	2015b).	In	functional	studies,	

KIR2DL1*004	 has	 been	 identified	 as	 hypofunctional	 in	 the	 context	 of	 missing-self	 and	 a	

hierarchy	of	inhibition	has	been	described	ranking	several	KIR2DL1	allotypes.	However,	these	
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studies	 are	 limited	 to	 using	 cell	 lines	 or	 comparing	 individuals	 homozygous	 for	 particular	

KIR2DL1	allotypes.	This	is	problematic	because	HLA	class	I	environments	will	most	likely	differ	

between	donors	and	can	affect	KIR2DL1	expression	and	function.	Therefore,	to	understand	

how	 particular	 KIR2DL1/HLA	 combinations	 contribute	 to	 disease	 progression/pregnancy	

outcome	there	is	a	need	for	methods	that	permit	the	analysis	of	KIR2DL1	allotype	specific	NK	

subsets	within	the	same	individual.		

	

Studying	the	effect	of	KIR	allelic	variation	on	NK	cell	function	has	been	particularly	

challenging	due	to	the	lack	of	KIR	specific	antibodies.	KIR	genes	are	highly	homologous	and	

alleles	may	only	differ	by	a	handful	of	residues,	thus	anti-KIR	antibodies	are	often	cross-

reactive.	However,	this	cross-reactivity	can	also	be	exploited	to	achieve	increased	

resolution.	For	example,	KIR2DL3*005	can	be	identified	from	other	KIR2DL3	allotypes	due	to	

unexpected	binding	by	the	anti-KIR2DL1/S1	clone,	EB6	(Falco	2010).	I	apply	here	a	similar	

approach,	exploiting	the	cross	reactivity	of	anti-KIR	antibodies:	8C11,	1127b	and	1A6	(David	

2009),	to	interrogate	KIR2DL1	allotype	differences	at	both	inter-	and	intra-haplotypic	levels.	

	

5.2	Results	

	

5.2.1	Antibody	characterisation	

	

In	order	to	successfully	combine	cross	reactive	antibodies	to	identify	KIR2DL1	allele	specific	

subsets,	I	determined	the	binding	profiles	of	each	antibody.	Two	cell	line	approaches	were	

used	for	this:	HEK293	cells	transiently	transfected	and	YTS	cells	stably	transfected	with	

plasmids	encoding	KIR2DL1	allotypes	(Plasmids	and	YTS	cell	lines	supplied	courtesy	of	Pippa	

Kennedy,	Manchester).	Binding	profiles	have	already	been	predicted	for	8C11	and	1A6	

based	on	binding	sites	but	have	yet	to	be	tested	in	vitro	(David	2009).	Data	is	shown	for	the	
most	common	alleles	found	in	Caucasians	(Figure	5.2).	KIR2DL1*001	and	*002	have	
identical	extracellular	domains	and	thus	share	binding	profiles.	8C11	binds	to	*001	and	*003	

but	not	*004.	Conversely	1127b	binds	*004	and	not	*001	or	*003.	1A6	binds	to	*001	and	

*004	but	not	*003.	The	pan	KIR2DL1	antibody	REA284	and	KIR2DL1/S1	antibody	EB6	bind	to	

all	allotypes.	Thus,	monoclonal	anti-KIR	antibodies	bind	overlapping	sets	of	KIR2DL1	

allotypes	that	theoretically	could	be	combined	to	identify	KIR2DL1	allotype	specific	subsets	

within	the	same	individual.		
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Figure	5.0.2	Antibody	binding	profiles	of	common	KIR2DL1	alleles	

Figure	5.2	Antibody	binding	profiles	of	common	KIR2DL1	alleles	

	

For	REA284,	EB6	and	1A6:	HEK293	cells	were	transiently	transfected	with	KIR2DL1*001,	

*003	or	*004.	Single	antibody	cocktails	were	then	used	to	stain	transfectants.	Grey	profiles	

represent	isotype	controls.		

For	8C11	and	1127b:	YTS	cells	stably	transfected	with	KIR2DL1*001,	*003	or	*004	were	

stained	with	8C11	and	1127b.	Grey	profiles	represent	isotype	controls.	(8C11	and	1127b	

stains	shown	here	were	performed	by	Tim	Venkatesan).		
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5.2.2	Inter-haplotypic	differences	

	

8C11	had	a	binding	profile	consistent	with	common	KIR2DL1A	allotypes	whilst	1127b	bound	

the	common	KIR2DL1B	allotype.	Thus,	they	were	next	tested	in	combination	on	primary	NK	

cells	to	assess	their	ability	to	distinguish	common	KIR2DL1	allotypes	associated	either	with	

KIR	A	or	B	haplotypes	(Figure	5.3).	
	

	 	
Figure	5.0.3	Distinguishing	haplotype	specific	KIR2DL1	allotypes	

Figure	5.3	Distinguishing	haplotype	specific	KIR2DL1	allotypes	
	

Cartoon	illustrates	the	strategy	employed	in	this	section.	Currently,	KIR2DL1	studies	are	

limited	to	using	pan	2DL1	antibodies	which	are	unable	to	distinguish	between	KIR2DL1	

alleles.	A	novel	combination	of	cross-reactive	KIR	antibodies	8C11	and	1127b	could	be	used	

to	improve	inter-haplotypic	allelic	phenotyping.	

	

5.2.2.1	A	new	strategy	to	identify	KIR2DL1	allele	specific	populations	associated	with	KIR	A	

and	B	haplotypes	

	

Cryopreserved	PBMCs	and	dMCs	from	KIR2DL1	allele	typed	donors	were	stained	with	an	

antibody	cocktail	including	8C11	and	1127b	(Note	that	here	we	use	donors	carrying	

KIR2DL1*002	as	it	is	more	common	than	KIR2DL1*001).	KIR2DL2/3/S2-	2DS1-	2DL1+	NK	cells	
were	identified	(Figure	5.4A,B).	In	line	with	the	transfectant	data,	8C11	recognised	
KIR2DL1A	only	and	not	KIR2DL1B.	1127b	on	the	other	hand	bound	only	KIR2DL1B	and	not	

KIR2DL1A	(Figure	5.4A,B).	Furthermore,	these	subsets	were	FACS	sorted	from	a	

KIR2DL1*003/004	heterozygote	and	RNA	isolated.	KIR2DL1	allotype	specific	transcript	
presence	was	consistent	with	the	protein	data	(data	not	shown).	Permuting	the	order	of	

8C11	and	1127b	antibody	staining	did	not	affect	the	ability	to	discriminate	the	three	subsets	

(data	not	shown).	Thus	these	antibodies	can	be	used	to	assess	inter-haplotyic	differences	

between	KIR2DL1	alleles.	For	the	first	time,	biallelic	expression	of	KIR2DL1	allotypes	is	

observed.	This	suggests	that	KIR2DL1	allelic	expression	is	not	mutually	exclusive	and	is	in	

keeping	with	data	showing	biallelic	KIR2DL3	expression	(Falco	2010).		
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Figure	5.0.4	A	new	strategy	to	detect	KIR2DL1	biallelic	expression	and	specific	populations	associated	with	KIR	A	and	B	
haplotypes	

Figure	5.4	A	new	strategy	to	detect	KIR2DL1	biallelic	expression	and	specific	populations	
associated	with	KIR	A	and	B	haplotypes	

	

(A)	Cryopreserved	PBMCs	from	donors	typed	for	KIR2DL1	alleles	were	stained.	Gating	

strategy	to	identify	KIR2DL2/3/S2
-
	2DS1

-
	2DL1

+
	NK	cells	in	blood.	Using	Ab	clones	8C11	and	

1127b,	three	subsets	were	identified	in	donors	heterozygous	for	KIR2DL1*003	and	*004:	

*003sp	cells	(KIR2DL1Asp,	blue	arrow),	*004sp	cells	(KIR2DL1Bsp,	black	arrows),	and	

*003/*004dp	cells	(KIR2DL1ABdp,	red	arrow).	(B)	Same	analysis	as	A)	but	using	dMCs	from	

donors	typed	for	KIR2DL1	alleles.		
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5.2.2.2	KIR2DL1	allotype	expression	frequencies	on	pbNK	and	dNK	

	

It	has	been	reported	that	KIR2DL1*004/004	donors	have	a	lower	proportion	of	KIR2DL1+	
pbNK	than	KIR2DL1*003/003	donors	(Dunphy	2015).	Using	the	gating	strategy	proposed	in	
Figure	5.4,	the	proportion	of	KIR2DL1A	and	B	was	determined	in	pbNK	and	dNK	from	

KIR2DL1A/B	heterozygotes	(Figure	5.5A,D).	Both	tissues	exhibit	preferential	expression	of	
KIR2DL1A	allotypes.	KIR2DL1Asp	make	up	56%	and	57%	of	KIR2DL1sp	pbNK	and	dNK	niches	

respectively.	Whilst,	KIR2DL1Bsp	make	up	35%	and	34%	for	pbNK	and	dNK	respectively.	The	

double	positives	account	for	approximately	8%	of	KIR2DL1sp	in	both	tissues	(Figure	
5.5B,C,E,F).	For	3	donors,	matched	dNK	and	pbNK	stains	were	available	(Figure	5.6A).	
Similar	expression	profiles	were	observed	across	tissues	and	this	was	also	seen	when	

including	all	matched	and	non-matched	donors	(Figure	5.6A,B).			
	

	
Figure	5.0.5	KIR2DL1	allotype	expression	frequencies	on	pbNK	and	dNK	

Figure	5.5	KIR2DL1	allotype	expression	frequencies	on	pbNK	and	dNK		
	

Cryopreserved	PBMCs	from	KIR2DL1A/B	heterozygotes	were	stained	as	in	Figure	5.4A	(n	=	
20).	Cells	were	gated	to	identify	KIR2DL2/3/S2

-
	2DS1

-
	2DL1

+
	NK	cells	(KIR2DL1sp	subset).	(A)	

KIR2DL1sp	subset	stained	with	8C11	and	1127b	in	a	donor	heterozygous	for	KIR2DL1A/B.	(B)	

Proportions	of	KIR2DL1Asp,	KIR2DL1Bsp,	and	KIR2DL1ABdp	subsets	are	shown	as	

percentages	of	the	KIR2DL1sp	subset	(mean	±	SD),	(C)	summarized	in	the	donut	plot.	Filled	

shapes	in	(B)	indicate	pbNK	cells	expressing	KIR2DL1A,	KIR2DL1B,	or	both	allotypes	together.	

*p	<	0.0001,	repeated	measures	one-way	ANOVA,	Tukey	multiple	comparisons	test.	(D)	

Cryopreserved	decidual	mononuclear	cells	from	donors	typed	for	KIR2DL1	alleles	were	

stained	as	in	Figure	5.4B	to	identify	dNK	cells	expressing	KIR2DL1	allotypes	(n	=	7).	
KIR2DL1sp	subset	stained	with	8C11	and	1127b	in	a	donor	heterozygous	for	KIR2DL1A/B.	(E)	
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Proportions	of	KIR2DL1Asp,	KIR2DL1Bsp,	and	KIR2DL1ABdp	subsets	are	shown	as	

percentages	of	the	KIR2DL1sp	subset	(mean	±	SD)	and	(F)	summarized	in	the	donut	plot.	

Empty	shapes	in	(E)	indicate	dNK	cells	expressing	KIR2DL1A,	KIR2DL1B,	or	both	allotypes	

together.	*p	<	0.05,	**p	<	0.01,	****p	<	0.0001,	repeated	measures	one-way	ANOVA,	Tukey	

multiple	comparisons	test.	The	KIR2DL1	receptor	combination	for	each	subset	is	denoted	by	

the	grey	filled	circles	beneath	the	graph.			

	

	
Figure5.0.6	KIR2DL1	allotype	expression	is	similar	between	matched	and	non-matched	dNK	and	pbNK	

Figure	5.6	KIR2DL1	allotype	expression	is	similar	between	matched	and	non-matched	dNK	

and	pbNK	

	

Cryopreserved	PBMCs	and	dMCs	from	KIR2DL1A/B	heterozygotes	were	stained.		

KIR2DL2/3/S2
-
		2DS1

-
		2DL1

+
	NK	cells	were	identified	and	proportions	of	KIR2DL1Asp,	

KIR2DL1Bsp	and	KIR2DL1ABdp	cells	calculated.	(A)	Data	from	3	matched	pairs	and	(B)	all	

KIR2DL1A/B	heterozygotes	(matched	and	non-matched)	are	shown	(blood	n=20,	decidua	n	=	

7).	Filled	shapes	on	graph	=	peripheral	blood,	empty	=	decidua.	The	KIR2DL1	receptor	

combination	for	each	subset	is	denoted	by	the	grey	filled	circles	beneath	the	graph.			

		

5.2.2.3	Cell	surface	expression	of	KIR2DL1	on	allotype	specific	subsets	

	

KIR	surface	expression	has	been	shown	to	calibrate	NK	cell	reactivity	(Boudreau	2016).	Using	

geometric	mean	fluorescence	intensity	(gMFI)	as	a	proxy	for	cell	surface	expression,	

KIR2DL1	expression	levels	were	assessed	on	KIR2DL1	subsets	in	KIR2DL1A/B	heterozygous	

donors	(Figure	5.7).	KIR2DL1	gMFI	significantly	increased	when	comparing	KIR2DL1Bsp	with	

KIR2DL1Asp	and	KIR2DL1ABdp.	Thus	suggesting	that	KIR2DL1Bsp	has	the	lowest	surface	

density	of	KIR2DL1	on	its	surface	on	both	pbNK	and	dNK.		
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Figure	5.0.7	Cell	surface	expression	of	KIR2DL1	on	allotype	specific	subsets	

Figure	5.7	Cell	surface	expression	of	KIR2DL1	on	allotype	specific	subsets	
	

Cryopreserved	PBMCs	and	dMCs	from	KIR2DL1A/B	heterozygotes	were	stained	(blood	n=20,	

decidua	n	=	7).		KIR2DL2/3/S2
-
	2DS1

-
	2DL1

+
	NK	cells	were	identified	as	in	Figure	5.4.	The	

KIR2DL1	gMFI	of	KIR2DL1Asp,	KIR2DL1Bsp	and	KIR2DL1ABdp	cells	was	calculated.	For	

peripheral	blood,	a	Friedman	test	with	Dunn’s	multiple	comparisons	was	performed.	For	

decidua,	RM-one-way	ANOVA	was	performed	with	Tukey’s	multiple	comparison.	Where	

indicated	*p	<	0.05,	**p	<	0.01,	****p	<	0.0001.	

	

5.2.2.4	KIR2DL1	allotype	expression	on	NKG2C	expansions	

	

NKG2C
+
	CD57

+
	so-called	adaptive	pbNK	expansions	have	been	detected	in	HCMV	

seropositive	donors	(Beziat	2013,	Guma	2004,	Ivarsson	2017).	They	typically	possess	a	

narrow	KIR	repertoire	dominated	by	self-KIR.	Using	the	gating	strategy	outlined	in	Figure	
5.4,	it	is	possible	to	determine	whether	particular	KIR2DL1	allotypes	are	preferentially	

expanded	in	KIR2DL1A/B	heterozygotes.	One	heterozygote	was	also	C2
+
HLA-C	and	

possessed	a	sizeable	NKG2C
+
	population.	Boolean	combinations	of	expressed	KIR	(KIR	

fingerprint)	on	NKG2C
+
	and	NKG2C

-
	pbNK	were	performed.	KIR	combinations	over	

represented	in	the	NKG2C
+
	compartment	included	KIR2DL1

+
	KIR2DL3/2/S2

+
	KIR3DL1

-
	pbNK	

and	may	represent	expansions	(blue	arrow,	Figure	5.8A).	Due	to	antibody	cross-reactivity	I	
am	restricted	to	looking	at	KIR2DL1

+
	KIR2DL3/2/S2

-
	KIR3DL1

-
	pbNK.	KIR2DL1A	and	KIR2DL1B	

are	co-dominantly	expressed	on	this	subset	but	in	contrast	to	its	NKG2C
-
	counterpart,	

KIR2DL1B	dominates	on	NKG2C
+
	subset	(Figure	5.8B,C).	Being	able	to	identify	whether	

KIR2DL1	allotypes	with	certain	properties	are	enriched	on	expansions	may	improve	our	

understanding	of	the	mechanisms	which	generate	them.		
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Figure	5.0.8	KIR2DL1	allotype	expression	on	NKG2C	expansions	

Figure	5.8	KIR2DL1	allotype	expression	on	NKG2C	expansions	
	

Cryopreserved	PBMCs	were	stained	and	Lin
-
	CD56

dim
	KIR

+
	pbNK	identified.	(A)	KIR	

fingerprints	were	generated	for	NKG2C
+
	and	NKG2C

-
	populations.	Boolean	KIR	combinations	

found	at	a	higher	proportion	in	the	NKG2C
+
	population	are	highlighted	as	possible	

expansions.	Boxed	in	blue	are	KIR2DL2/S2/L3
-
	3DL1

-
	2DL1

+
	NK	cells.	This	donor	lacks	the	

gene	KIR2DS1.	(B)	2D	FACS	plot	of	8C11	vs	1127b	on	Lin-	CD56dim	KIR2DL2/S2/L3-	3DL1-	
2DL1

+
	pbNK	(population	boxed	in	blue)	on	NKG2C

+
	and	NKG2C

-
	subsets	(C)	Frequency	of	

KIR2DL1Asp	(blue),	KIR2DL1Bsp	(black)	and	KIR2DL1ABdp	(red)	from	B).			

	

5.2.2.5	Inhibition	mediated	by	KIR2DL1	allotypes	in	pbNK	

	

Having	characterised	expression	differences	between	KIR2DL1	allotypes,	I	next	wanted	to	

assess	whether	functional	differences	also	manifested	between	allotypes.	KIR2DL1	mediates	

two	processes	that	govern	NK	cell	function;	inhibition	and	education.		

	

A	previous	study	used	YT-Indy	cells	expressing	FLAG-tagged	KIR2DL1	alleles	to	show	that	

particular	alleles	were	more	sensitive	to	inhibition	mediated	by	C2
+
HLA-C	expressing	target	
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cells	(Bari	2009).	KIR2DL1	alleles	with	an	arginine	at	position	245	(KIR2DL1-R
245

)	within	the	

transmembrane	region	provided	a	stronger	inhibitory	signal.	Common	KIR2DL1A	in	

Caucasians	are	KIR2DL1-R
245

	whilst	KIR2DL1B	possess	a	cysteine	at	this	residue	(KIR2DL1-

C
245

).	To	measure	inhibition,	there	needs	to	be	concomitant	activation.	The	activation	in	this	

study	comes	from	a	‘missing-self’	response.	However,	KIR2DL1	polymorphisms	have	been	

shown	to	effect	receptor	licensing	(Yawata	2008)	and	therefore	the	extent	of	activation	

afforded	by	each	KIR2DL1	allotype	could	differ.	Thus,	it	is	difficult	to	compare	the	strength	

of	inhibition	between	allotypes	when	the	initial	extent	of	activation	also	differed.	In	an	

attempt	to	overcome	this,	I	developed	an	inhibition	assay	using	721.221	cells	expressing	

C2
+
HLA-C	in	which	ADCC	provided	the	activating	signal.	ADCC	is	mediated	by	CD16	and	can	

to	some	extent	override	the	effects	NK	education.		Briefly,	721.221-C2	cells	are	coated	with	

anti-CD20	Mab	(also	known	as	Rituximab)	and	co-cultured	with	PBMCs	at	a	ratio	of	10:1	for	

6	hours	(Figure	5.9A).	Using	PBMCs	from	KIR2DL1A/B	heterozygotes,	CD107a	positivity	was	

reduced	on	bulk	KIR2DL1
+
	pbNK	in	comparison	to	KIR2DL1

-
	pbNK	(Figure	5.9B).	Thus,	this	

assay	is	capable	of	detecting	inhibition	mediated	by	KIR2DL1.	There	was	no	significant	

difference	between	the	ability	of	KIR2DL1B	and	KIR2DL1A	allotypes	to	inhibit	KIR2DL1sp	

pbNK	(Figure	5.9B).			
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Figure	5.0.9	Inhibition	mediated	by	KIR2DL1	allotypes	in	pbNK	

Figure	5.9	Inhibition	mediated	by	KIR2DL1	allotypes	in	pbNK	

	

(A)	Cartoon	illustrating	inhibition	assay.	721.221	cells	transfected	with	a	C2
+
HLA-C	allele	

(Cw2)	are	coated	with	Rituximab.	These	are	then	co-cultured	with	NK	cells.	The	ADCC	

response	is	triggered	by	CD16	binding	to	Rituximab,	NK	cells	expressing	KIR2DL1	are	

inhibited	by	HLA-C2.	(B)	Cryopreserved	PBMCs	from	KIR2DL1A/B	heterozygotes	were	co-

cultured	with	Rituximab	coated	721.221	cells	expressing	a	C2
+
HLA-C	allele	(1ug/ml).	Cells	

were	co-cultured	for	6	hours	in	the	presence	of	protein	transport	inhibitors.	CD107a	levels	

were	measured	on	the	indicated	subsets	on	Lin
-
	CD56

+
	KIR2DL2/3/S2

-
	2DS1

-
	pbNK	(n	=	6).	

KIR2DL1
-
	(light	grey),	KIR2DL1

+
	(red),	KIR2DL1Bsp	(dark	grey)	and	KIR2DL1Asp	(blue).	RM	

one-way	ANOVA	was	performed	using	the	Sidak’s	multiple	comparisons	test.	KIR2DL1
-
	were	

compared	with	KIR2DL1
+
,	KIR2DL1Bsp	were	compared	with	KIR2DL1Asp.	P-values	are	

indicated.		
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5.2.2.6	Inhibition	mediated	by	KIR2DL1	allotypes	in	dNK	

	

dNK	do	not	express	CD16	and	therefore	an	alternative	approach	is	needed	to	detect	

KIR2DL1	allotype	inhibition	differences	in	dNK.	Cross-linking	of	the	activating	NKp46	triggers	

degranulation	in	dNK	and	is	potentiated	by	CD2	activation	(El	Costa	2008).	In	a	plate	bound	

assay,	coengagement	of	CD2	and	NKp46	resulted	in	production	of	the	chemokine	XCL-1	

(Figure	5.10A,	green	filled	circles).	This	could	be	specifically	inhibited	in	the	KIR2DL1+	subset	
by	simultaneous	crosslinking	of	KIR2DL1	by	EB6	(Figure	5.10A,	red	filled	circles).	
Unfortunately,	receptor	capping	induced	by	KIR2DL1	cross-linking	prevented	robust	

downstream	analysis	of	KIR2DL1	allotype	specific	subsets.	This	could	not	be	resolved	by	

titrating	the	antibody	concentration	(Figure	5.10B)	nor	duration	of	stimulation	(data	not	

shown).	Therefore,	it	remains	to	be	determined	whether	the	increased	risk	afforded	by	

KIR2DL1A	in	pre-eclampsia	could	be	attributed	to	stronger	dNK	inhibition	compared	to	

KIR2DL1B.			
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Figure	5.0.10	Inhibition	mediated	by	KIR2DL1	allotypes	in	dNK	

Figure	5.10	Inhibition	mediated	by	KIR2DL1	allotypes	in	dNK	

	

(A)	R.I.A	plates	were	coated	using	indicated	antibody	combinations:	IgG	(white),	CD2	+	

NKp46	(green)	and	CD2	+	NKp46	+	KIR2DL1	(EB6,	red)	[all	Abs	2.5ug/ml].	2.5	x	10
5
	

cryopreserved	dMCs	were	plated	on	antibody	coated	R.I.A	plates	for	6	hours	in	the	presence	

of	protein	transport	inhibitors.	XCL1	levels	were	measured	on	indicated	subsets	on	Lin-	

CD56
+
	dMCs.	(B)	2.5	x	105	cryopreserved	dMCs	were	plated	on	R.I.A	plates	coated	with	

indicated	concentrations	of	KIR2DL1	antibody	(EB6).	KIR2DL1	staining	by	REA284	is	shown	

on	Lin
-
	CD56

+
	dMCs.		

	

5.2.2.7	Educating	potential	of	KIR2DL1	allotypes	

	

KIR2DL1	is	also	an	educating	receptor.	Education,	or	licensing,	refers	to	the	process	by	

which	the	functional	capabilities	of	NK	cells	are	calibrated	through	interactions	of	inhibitory	

receptors	with	self-MHC	class	I	molecules	(Anfossi	2006).	In	this	way,	inhibitory	signalling	

during	NK	education	results	in	increased	responsiveness	to	subsequent	activation.	The	
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timing	and	mechanisms	resulting	in	NK	education	are	unclear	but	a	role	for	lysosomal	

remodelling	has	recently	been	shown,	with	Granzyme	B	(GzmB)	accumulating	in	NK	cell	

subsets	expressing	self-KIR	(Goodridge	2019).	This	was	replicated	in	our	cohort	when	I	

stratified	donors	by	their	HLA-C	genotype	(Figure	5.11A)	and	similarly	when	subsets	were	

defined	as	‘self’	or	‘non-self’	(Figure	5.11B).	Next,	I	assessed	GzmB	levels	in	KIR2DL1	allotype	

specific	subsets	from	KIR2DL1A/B	heterozygotes.	In	C2
+
HLA-C	donors,	GzmB	levels	were	

increased	in	both	KIR2DL1Asp	and	KIR2DL1Bsp	subsets	compared	to	KIR2DL1
-
	pbNK	but	

there	was	no	significant	difference	between	allotypes	(Figure	5.11C).	Increases	in	GzmB	

levels	were	not	afforded	by	either	allotype	in	C1
+
HLA-C	homozygotes.	This	suggests	that	

both	allotypes	are	able	to	educate	pbNK	to	similar	levels.	However,	more	donors	should	be	

stained	to	confirm	this	finding.		

	

Functionally,	educated	cells	display	increased	cytotoxicity	in	‘missing	self’	assays	compared	

to	non-educated	cells	(Goodridge	2019,	Sim	2016,	Anfossi	2006).	It	is	not	known	whether	

distinct	KIR2DL1	allotypes	in	the	same	HLA-class	I	environment	are	able	to	educate	equally.	

Here,	the	education	status	of	KIR2DL1	allotype	specific	subsets	was	quantified	by	measuring	

missing-self	responses	to	the	HLA	class	I	deficient	cell	line,	K562.	Cryopreserved	PBMCs	from	

KIR2DL1A/B	heterozygotes	were	co-cultured	with	K562	at	a	ratio	of	10:1	for	6	hours.	To	

determine	the	contribution	of	each	KIR2DL1	allele	only,	other	educating	receptors	were	

gated	away	and	thus	NKG2A
-
	KIR2DL2/3/S2

-
	KIR3DL1

-
	KIR2DS1

-
	KIR2DL1

+
	NK	cells	were	

identified	(Figure	5.12A).	Both	KIR2DL1A	and	KIR2DL1B	are	able	to	educate	NK	cells	(Figure	
12B,C).	However,	there	is	a	significantly	improved	response	in	KIR2DL1Asp	vs	KIR2DL1Bsp	

pbNK	cells.	A	significant	additive	effect	resulting	from	bi-allelic	expression	of	KIR2DL1	

allotypes	was	also	observed.	This	is	in	contrast	with	existing	data	for	KIR2DL3	(Beziat	2013).		

	

Up	to	this	point,	I	have	grouped	KIR2DL1	alleles	as	either	KIR2DL1A	or	KIR2DL1B.	Whilst	

KIR2DL1B	are	almost	entirely	represented	by	KIR2DL1*004	in	this	cohort,	KIR2DL1A	contains	

3	alleles	at	over	4%	carrier	frequency.	Given	that	KIR2DL1A	are	associated	with	increased	

risk	of	pre-eclampsia,	it	is	also	of	interest	to	know	whether	all	KIR2DL1A	alleles	are	equally	

risky	and	whether	they	exhibit	phenotypic	and	functional	differences.	KIR2DL1	allelic	typing	

was	performed	on	the	donors	included	in	Figure	5.12.	When	coloured	according	to	allele,	

there	were	no	obvious	differences	between	KIR2DL1A	allotypes	(Figure	5.13).	However,	
there	are	not	enough	numbers	to	draw	any	firm	conclusions	and	it	is	difficult	to	compare	

across	donors	with	different	HLA	backgrounds.		
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Figure	5.0.11	Granzyme	B	content	of	KIR2DL1	allotype	specific	pbNK	subsets.	

Figure	5.11	Granzyme	B	content	of	KIR2DL1	allotype	specific	pbNK	subsets.		

	

(A)	Granzyme	B	gMFI	levels	were	measured	on	resting	cryopreserved	PBMCs.	Lin
-
	CD56

+
	

NKG2A
-
	CD57

-
	KIR3DL1

-
	were	identified	and	Granzyme	B	gMFI	levels	are	shown	on	KIR2DL3	

and	KIR2DL1	single	positive	subsets.	Donors	are	stratified	by	HLA-C	status:	C1C1	n	=	6,	C1C2	

n	=	6	and	C2C2	n	=	1.	Where	donors	lack	the	cognate	ligand	for	the	indicated	KIR	(non-self),	

bars	are	coloured	grey.	Where	donors	possess	the	cognate	ligand	for	the	indicated	KIR	(self),	

bars	are	coloured	red.	(B)	Data	points	from	A)	are	grouped	according	to	presence	of	cognate	

ligand.	Lack	of	cognate	ligand	(Non-self)	=	grey	bars,	presence	of	cognate	ligand	(self)	=	red	

bars.	KIR
-
	pbNK	are	included	for	comparison.	(C)	Lin

-
	CD56

+
	NKG2A

-
	CD57

-
	KIR2DL2/L3/S2

-
	

KIR2DS1
-
	KIR2DL1

+
	cells	were	identified.	Granzyme	B	gMFI	levels	are	shown	for	allotype	

specific	subsets,	denoted	by	the	grey	filled	circles	beneath	the	graph.	Donors	are	stratified	

by	HLA-C	status:	C1C1	n	=	5	and	C2/X	n	=	5.		
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Figure	5.0.12	‘Missing-self’	response	of	KIR2DL1	allotype	specific	pbNK	subsets.	

Figure	5.12	‘Missing-self’	response	of	KIR2DL1	allotype	specific	pbNK	subsets.	
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Cryopreserved	PBMCs	were	co-cultured	with	K562	at	a	ratio	of	10:1	for	6	hours.	

Degranulation	was	assessed	by	addition	of	anti-CD107a	Ab	in	the	assay.	All	donors	were	

KIR2DL1A/B	heterozygotes	(n	=10)	(A)	NKG2A
-
	KIR2DL2/3/S2

-
	3DL1

-
	2DS1

-
	2DL1

+
	pbNK	cells	

were	identified.	KIR2DL1Asp	(blue	arrow),	KIR2DL1Bsp	(black	arrow),	and	KIR2DL1ABdp	(red	

arrow).	(B)	Representative	CD107a	degranulation	FACS	plots	for	allele	specific	subsets	from	

the	same	donor.	From	left	to	right:	KIR2DL1Bsp,	KIR2DL1Asp,	KIR2DL1ABdp.	(C)	

Degranulation	data	(mean	±	SD)	for	KIR2DL1	allele	specific	subsets	are	shown.	The	KIR2DL1	
receptor	combination	for	each	subset	is	denoted	by	the	grey	filled	circles	beneath	the	

graph.		Donors	were	stratified	by	HLA-C	status:	C1C1	n	=	4,	C2/x	n	=	6.	Repeated	measures	

one-way	ANOVA,	Tukey	multiple	comparisons	test,	*p	<	0.05,	**p	<	0.01.		

	

	
Figure	5.0.13	Allelic	stratification	in	‘missing-self’	response	

Figure	5.13	Allelic	stratification	in	‘missing-self’	response	

	

Data	points	from	Figure	5.12.	Filled	circles	are	coloured	by	KIR2DL1	allele.		
	

5.2.3	Intra-haplotypic	differences	

	

Having	established	methods	to	distinguish	KIR2DL1A	from	KIR2DL1B,	I	wanted	to	determine	

whether	it	would	be	possible	to	achieve	intra-haplotypic	resolution	and	identify	different	

KIR2DL1A	alleles	from	one	another.	Transfectant	data	showed	that	1A6	bound	to	

KIR2DL1*001	and	*004	but	not	*003	(Figure	5.2).	It	therefore	has	the	potential	to	
discriminate	NK	subsets	expressing	*001/2	from	*003	in	KIRAA	individuals	(Figure	5.14).		
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Figure	5.0.14	Distinguishing	between	KIR2DL1A	allotypes	

Figure	5.14	Distinguishing	between	KIR2DL1A	allotypes	
	

Cartoon	illustrates	the	strategy	employed	in	this	section.	Using	8C11	it	is	possible	to	identify	

KIR2DL1A	allotypes	but	distinguishing	between	KIR2DL1A	alleles	is	not	possible.	The	cross-

reactive	KIR	antibody	1A6	could	be	used	to	improve	intra-haplotypic	allelic	phenotyping	on	

the	KIR	A	haplotype.	

	

	

5.2.3.1	8C11	is	able	to	block	binding	of	1A6	to	KIR2DL1	

	

One	consequence	of	combining	cross	reactive	antibodies,	is	that	they	may	sterically	hinder	

one	another.	Whilst	potentially	problematic,	this	property	has	also	been	exploited	to	

identify	KIR2DS1	single-positive	cells	(Morvan	2008,	Fauriat	2010).	Cryopreserved	cells	from	

a	KIR2DL1*002/3	heterozygous	donor	were	stained	with	8C11	and	1A6	and	KIR2DL2/3/S3-	
2DS1

-
	2DL1

+
	pbNK	cells	identified	(Figure	5.15A).	8C11	is	able	to	block	the	binding	of	1A6	to	

KIR2DL1
+
	cells	when	added	before	or	at	the	same	time	as	1A6	(Figure	5.15B).	Once	1A6	has	

bound,	8C11	does	not	appear	able	to	displace	it.	The	ability	of	8C11	to	block	binding	by	1A6	

could	potentially	be	used	experimentally	but	complicates	the	phenotyping	protocol.	

Moreover,	in	KIR	AA	donors,	8C11	does	not	provide	additional	information	and	thus	it	will	

be	omitted	from	the	panel.		
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Figure	5.0.15	8C11	is	able	to	block	binding	of	1A6	to	KIR2DL1	

Figure	5.15	8C11	is	able	to	block	binding	of	1A6	to	KIR2DL1	
	

Cryopreserved	PBMCs	from	a	KIR2DL1*002/3	heterozygote	were	stained.	A)	KIR2DL2/3/S2
-
	

2DS1
-
	2DL1

+
	NK	cells	were	identified.	B)	2D	FACS	plots	showing	KIR2DL1	vs	1A6	staining	on	

KIR2DL2/3/S2
-
	2DS1

-
	2DL1

+
	pbNK.	Panels	indicate	order	of	8C11	and	1A6	addition.	‘	=	

minutes.		

	

5.2.3.2	A	new	strategy	to	achieve	intra-haplotyic	resolution	for	KIR2DL1	allelic	phenotyping	

on	the	KIR	A	Haplotype	

	

Transfectant	and	primary	NK	data	suggested	1A6	would	be	able	to	identify	specific	

KIR2DL1A	subsets	in	the	absence	of	8C11.	This	was	tested	on	PBMCs	from	KIR2DL1	allele	

typed	donors,	all	homozygous	for	KIR2DL1A.	KIR2DL2/3/S2
-
	2DS1

-
	2DL1

+
	NK	cells	were	first	

identified	(Figure	5.16A)	(1A6	also	recognises	KIR2DL2/L3/S2	and	KIR2DS1).	Using	1A6,	it	
was	possible	to	distinguish	KIR2DL1*003sp	NK	subsets	(purple	arrow)	from	

KIR2DL1*001/2sp	(blue	arrow)	and	double	positive	NK	subsets	(blue	and	purple	arrow)	

(Figure	5.16A,B).	From	the	protein	data	alone	it	is	not	possible	to	conclude	that	there	is	co-

dominant	expression	of	KIR2DL1A	alleles	and	would	require	sequencing	of	the	upper	right	
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quadrant.	Thus	in	using	1A6,	it	was	possible	to	assess	the	expression	and	functional	

differences	of	KIR2DL1A	alleles	within	the	same	individual.	However,	it	is	worth	noting	that	

the	resolution	was	not	equal	to	that	when	assessing	KIR2DL1A	vs	KIR2DL1B	as	in	this	

instance	there	was	a	mixed	population	of	*001/2sp	and	*001/2*003	dp	pbNK.	

	
Figure	5.0.16	A	new	strategy	to	achieve	intra-haplotyic	resolution	for	KIR2DL1	allelic	phenotyping	on	the	KIR	A	Haplotype	

Figure	5.16	A	new	strategy	to	achieve	intra-haplotyic	resolution	for	KIR2DL1	allelic	
phenotyping	on	the	KIR	A	Haplotype	

	

Cryopreserved	PBMCs	from	KIR2DL1	allele	typed	donors	were	stained.	(A)	Gating	strategy	to	

identify	KIR2DL2/3/S2
-
	2DS1

-
	2DL1

+
	pbNK	cells.	1A6	only	bound	KIR2DL1

+
	cells	in	donors	

carrying	copies	of	2DL1*002	and	not	*003.	Two	subsets	are	identified	in	donors	

heterozygous	for	KIR2DL1*002	and	*003:	*003sp	cells	(003sp,	purple	arrow)	and	a	mixed	

population	of	*001/2sp	+	*001/2*003dp	(001/2sp,	blue	arrow	and	001/2	003dp,	blue-

purple	arrow).	(B)	1A6	staining	of	cryopreserved	Lin
-
	CD56

+
	KIR2DL2/3/S2

-
	2DS1

-
	2DL1

+
	

dMCs	in	a	KIR2DL1A	heterozygote.			

	

5.2.3.3	KIR2DL1A	expression	and	education	on	pbNK	in	KIR	AA	individuals	
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In	KIR2DL1A	heterozygotes,	the	KIR2DL1sp	compartment	is	dominated	by	1A6
+
	pbNK	

(Figure	5.17).	In	other	words,	unless	there	is	a	large	proportion	of	double	positives,	it	is	
likely	that	KIR2DL1*003	(1A6

-
)	is	expressed	on	a	lower	proportion	of	pbNK	than	

KIR2DL1*001/2	(1A6
+
).		

	

There	are	functional	differences	between	KIR2DL1A	and	KIR2DL1B	allotypes,	and	I	next	

tested	whether	KIR2DL1A	alleles	differed	from	one	another	in	response	to	‘missing-self’.		

Cryopreserved	PBMCs	from	KIR2DL1A	heterozygotes	were	co-cultured	with	K562	at	a	ratio	

of	10:1	for	6	hours.	NKG2A
-
KIR2DL2/3/S2

-
	3DL1

-
	2DS1

-	
2DL1

+
	NK	cells	were	identified	to	

focus	on	KIR2DL1
+
	cells	and	remove	additional	educating	receptors	(Figure	5.18A).	Only	two	

C2
+
HLA-C	donors	were	available	for	this	analysis.	Nevertheless,	KIR2DL1*003sp	(1A6

-
)	pbNK	

degranulate	the	most	(Figure	5.18B,C).	It	is	not	possible	to	say	directly	that	KIR2DL1*003	is	a	
stronger	educator	than	*001/2	because	1A6

+
	cells	represent	a	mixed	population.	However,	

we	can	infer	it	because	the	mixed	population	of	1A6
+
	cells	which	contains	both	

KIR2DL1*003	positive	and	negative	cells	displays	a	diminished	response.	This	effect	is	not	

abrogated	by	cytokine	treatment	(filled	circles,	Figure	5.18C),	which	fits	with	other	studies	
where	education	differences	are	preserved	despite	cytokine	exposure	(Horowitz	2016,	

Hallner	2019).		

	

	
Figure	5.0.17	KIR2DL1A	allotype	expression	on	pbNK	in	KIR	AA	individuals	

Figure	5.17	KIR2DL1A	allotype	expression	on	pbNK	in	KIR	AA	individuals	
	

Cryopreserved	PBMCs	from	KIR2DL1A	heterozygotes	were	stained	as	in	Figure	5.16A	(n	=	5).	
Cells	were	gated	to	identify	KIR2DL2/3/S2

-
	2DS1

-
	2DL1

+
	NK	cells	(KIR2DL1sp	subset).	

Proportions	of	1A6
+
	and	1A6

-
	subsets	are	shown	as	percentages	of	the	KIR2DL1sp	subset.	

Purple	filled	circles	=	1A6
-
,	Blue	and	purple	filled	circles	=	1A6

+
.	Lines	connect	matched	data	

points.		
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Figure	5.0.18	‘Missing-self’	response	of	KIR2DL1A	allotype	specific	pbNK	subsets.	

Figure	5.18	‘Missing-self’	response	of	KIR2DL1A	allotype	specific	pbNK	subsets.	

	

PBMCs	were	co-cultured	with	K562	at	a	ratio	of	10:1	for	6	hours	in	the	presence	of	protein	

transport	inhibitors.	Degranulation	was	assessed	by	addition	of	anti-CD107a	Ab	in	the	assay.	

Donors	are	KIR2DL1A	heterozygotes	and	C2
+
HLA-C	(n	=	2)	(A)	NKG2A

-
	KIR2DL2/3/S2

-
	3DL1

-
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2DS1
-
	2DL1

+
	pbNK	cells	were	identified.	*003sp	cells	(003sp,	purple	arrow)	and	mixed	

population	of	*001/2sp	+	*001/2*003dp	(001/2sp,	blue	arrow	and	001/2	003dp,	blue-

purple	arrow).	(B)	Representative	CD107a	degranulation	FACS	plots	for	allele	specific	

subsets	from	the	same	donor.	From	left	to	right:	KIR
-
,	1A6

-
	(KIR2DL1*003sp)	and	1A6

+
	

(*001/2sp	and	*001/2/*003dp).	(C)	Degranulation	data	for	KIR2DL1	allele	specific	subsets	

are	shown.	Some	cells	received	additional	cytokine	treatment	of	IL-12	(10ng/ml)	and	IL-15	

(10ng/ml)	(filled	shapes).	Red	lines	connect	matched	data	points	from	donor	LC07,	Black	

lines	connect	matched	data	points	from	donor	LC04.	Fr	=	fresh,	Fz	=	cryopreserved.			

	

5.3	Discussion	

	

KIR	and	HLA	represent	two	of	the	most	polymorphic	gene	families.	This	makes	

understanding	how	genotype	translates	into	phenotype	extremely	challenging.	High-

resolution	genotyping	studies	are	showing	that	KIR	allelic	variants	associate	with	differential	

risk	in	disease	models	(Nakimuli	2015,	Kennedy	2016,	Huhn	and	Chazara	2018).	However,	

high-resolution	phenotyping	methodologies	to	accompany	these	studies	are	often	lacking.	

This	is	in	part	due	to	the	lack	of	anti-KIR	mAbs	specific	for	single	KIR	genes/alleles.	The	cross-

reactive	nature	of	anti-KIR	mAbs	can	be	exploited	to	achieve	allelic-resolution	phenotyping,	

as	has	been	demonstrated	for	KIR2DL3	(Falco	2010).	No	such	antibody	combinations	have	

been	developed	to	achieve	the	same	for	KIR2DL1	allotype	discrimination.	Here,	three	anti-

KIR	mAbs,	8C11,	1127b	and	1A6,	are	used	to	identify	KIR2DL1	allotype	specific	subsets	on	

primary	NK	cells	from	peripheral	blood	and	decidua.	In	this	way,	KIR2DL1	alleles	commonly	

found	on	KIR	A	haplotypes	(KIR2DL1A)	can	be	distinguished	from	KIR2DL1	alleles	found	on	

KIR	B	haplotypes	(KIR2DL1B)	and	within	KIR2DL1A	allotypes,	KIR2DL1*001/002	can	be	

identified	from	KIR2DL1*003.		

	

A	modified	version	of	the	gating	strategy	proposed	here	has	recently	been	applied	to	a	

larger	cohort	of	over	200	donors	and	corroborates	several	key	findings.	They	also	show	that	

alleles	corresponding	to	KIR2DL1A	allotypes	are	preferentially	expressed,	better	educate,	do	

not	differ	significantly	in	their	ability	to	inhibit	and	can	be	found	on	NKG2C
+
	expansions	

along	with	KIR2DL1B	(Le	Luduec	2019).	They	extend	the	work	nicely	showing	the	effects	of	

C2
+
HLA-C	on	both	expression	and	function	and	also	assess	the	interaction	between	KIR2DS1	

activation	and	KIR2DL1	inhibition	in	receptor	cross-linking	and	C2
+
HLA-C	co-culture	systems.	

Moreover,	they	identify	a	threonine	at	position	154	(T
154

)	within	the	D2	domain	as	crucial	

for	1127b	binding	(8C11	and	1A6	are	predicted	to	bind	at	P
154

	and	P
114

	respectively)	(Figure	
a6).	This	study	also	benefited	from	including	more	ethnically	diverse	donors	and	thus	

captures	KIR2DL1	alleles	that	are	either	absent	or	at	low	frequencies	in	Caucasians	(Le	

Luduec	2018).				

	

I	have	classified	KIR2DL1	alleles	into	two	groups	based	on	the	KIR	haplotype	that	they	are	

typically	found	on.	Whilst	this	works	well	for	Caucasians,	it	becomes	problematic	when	

studying	more	diverse	populations.	For	example,	KIR2DL1*011	is	present	in	higher	

frequencies	in	Ghana	and	the	KhoeSan	of	Southern	Africa	(Hilton	2015).	This	allele	is	present	

on	KIR	A	haplotypes	but	is	bound	by	1127b	(1127b	is	largely	specific	for	KIR2DL1B	in	

Caucasians).	Moreover,	several	alleles	(*009	and	*012)	are	found	on	both	KIR	A	and	B	

haplotypes	(reviewed	Hilton	2015).		An	alternative	nomenclature	groups	alleles	according	to	
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the	dimorphism	at	245:	Arginine	(R)	vs	Cysteine	(C).		1127b	binds	KIR2DL1-C
245

	alleles	with	

two	exceptions,	it	misses	KIR2DL1*006	and	binds	to	KIR2DL1*010	which	has	R
245

.	Thus,	

there	will	be	exceptions	to	the	rules	when	it	comes	to	KIR2DL1	nomenclature	and	it	is	

important	to	be	aware	of	these	and	the	ethnicity	of	the	cohort	in	question.					

	

1A6	was	used	to	discriminate	between	KIR2DL1A	alleles	due	to	its	selective	binding	of	

KIR2DL1*001/2.	However,	it	was	not	possible	to	separate	KIR2DL1*001/2*003	double	

positive	from	KIR2DL1*001/2	single	positive	pbNK.	Thus,	it	is	still	of	interest	to	identify	new	

anti-KIR	antibodies	and,	in	particular,	one	that	is	selective	for	KIR2DL1*003	and	not	

KIR2DL1*001/2.	Theoretically	this	is	possible	as	these	allotypes	differ	by	two	amino	acids	in	

their	extracellular	domain,	residues	16	and	114.	1A6	is	thought	to	bind	at	P
114

,	thus	

antibodies	that	bound	R
16
	or	L

114
	would	selectively	bind	KIR2DL1*003	and	not	

KIR2DL1*001/2.	When	using	cross-reactive	antibodies	such	as	8C11,	1A6	and	1127b	for	the	

analysis	of	KIR2DL1	allotypes,	it	is	necessary	to	first	gate	out	all	other	KIR	that	they	cross-

react	with.	This	is	useful	for	reductionist	studies	to	isolate	the	contribution	of	individual	

receptors	but	KIR	are	often	co-expressed	and	share	ligands.	This	is	particularly	important	for	

dNK	which	exhibit	increased	expression	of	HLA-C	binding	KIR	relative	to	pbNK	(Sharkey	

2015).	This	means	that	the	gating	strategies	proposed	in	Figure	5.4	may	only	represent	a	

small	subset	of	the	total	KIR2DL1
+
	compartment	and	that	this	is	donor	and	tissue	

dependent.		

	

KIR	surface	expression	can	be	affected	by	a	number	of	factors	including	allelic	variation,	

promoter	differences,	copy	number	variation,	HLA	genotype	and	HCMV	status	(Dunphy	

2015,	Gardiner	2001,	Li	2008,	Beziat	2013).	Previous	studies	have	found	that	KIR2DL1*004	
homozygotes	have	fewer	KIR2DL1

+
	pbNK	than	KIR2DL1*003	homozygotes.	Similarly,	

KIR2DL1A	dominates	the	KIR2DL1sp	niche	(Lin
-
CD56

+
KIR2DL2/3/S2

-
	2DS1

-
	2DL1

+
)	in	

KIR2DL1A/B	heterozygotes.	Biallelic	expression	of	KIR2DL1	alleles	is	detected	which	had	

already	been	observed	for	KIR2DL3	(Beziat	2013).	A	greater	proportion	of	dNK	express	

KIR2DL1	than	pbNK	(Sharkey	2015),	yet	proportions	of	KIR2DL1	allotypes	were	very	similar	

between	these	tissues.	This	suggests	that	whilst	the	regulation	of	overall	KIR2DL1	

expression	may	differ	between	tissues,	the	mechanisms	which	control	the	balance	between	

allotypes	is	cell-intrinsic.	KIR2DL1A	were	also	expressed	at	higher	cell	surface	densities	than	

KIR2DL1B.	However,	it	cannot	be	ruled	out	that	this	is	due	to	differences	in	binding	affinity	

of	the	antibody	rather	than	higher	cell	surface	expression.	In	fact,	unpublished	data	from	

Tim	Venkatesan	in	our	lab,	suggests	that	the	pan	KIR2DL1	antibody	REA284	used	in	this	

study	may	bind	preferentially	to	KIR2DL1*003.	However,	increased	expression	of	KIR2DL1A	

allotypes	has	been	reported	using	multiple	clones	including	143211	and	EB6	which	suggests	

that	observed	differences	are	unlikely	due	to	antibody	binding	affinity	(Le	Luduec	2019).	

	

High	density	KIR	expression	has	been	associated	with	increased	education	on	pbNK	

(Boudreau	2016).	This	process	is	also	modulated	by	the	quality	of	interaction	with	available	

HLA	ligand.	KIR2DL1-Fc	fusion	proteins,	representing	a	number	of	KIR2DL1	alleles,	bind	

microbeads	coated	with	HLA-C	allotypes	with	differing	affinities.	Thus,	when	assessing	the	

ability	of	KIR2DL1	alleles	to	educate	pbNK,	it	is	important	to	control	for	an	individual’s	HLA	

class	I	environment.	By	staining	KIR2DL1A/B	heterozygotes,	I	was	able	to	compare	the	

function	of	KIR2DL1	allotypes	that	have	experienced	the	same	HLA	class	I	environment.	
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KIR2DL1A	allotypes	are	better	educators	of	pbNK	than	KIR2DL1B.	This	is	consistent	with	a	

previous	study	that	found	that	the	KIR2DL1B	allelle	KIR2DL1*004	to	be	hyporesponsive	in	
comparison	to	other	KIR2DL1	allotypes	(Yawata	2008).	There	was	not	a	significant	difference	

in	the	ability	of	KIR2DL1	allotypes	to	inhibit	pbNK	degranulation	in	our	ADCC	model.	

However,	the	number	of	donors	included	in	this	study	was	small	and	only	one	C2
+
HLA-C	

allele	was	tested.	Therefore,	it	is	possible	that	KIR2DL1	allotype	differences	in	inhibition	only	

manifest	for	particular	C2
+
HLA-C	allotypes.	Equally,	KIR2DL1	and	HLA-C2	may	have	co-

evolved	such	that	KIR2DL1	allotypes	differ	in	their	ability	to	detect	‘missing-self’,	but	all	

maintain	similar	sensitivity	to	inhibition	to	avoid	autoimmunity.		

	

The	paradox	of	KIR2DL1	function	is	that	inhibitory	signalling	leads	to	functionally	responsive	

NK	cells	(through	the	process	of	education)	but	also	prevents	NK	cell	activation	(through	

inhibition).	How	this	duality	plays	out	in	the	context	of	pregnancy,	or	any	other	physiological	

and	pathological	context,	is	unclear.	KIR-HLA	combinations	characterised	by	excessive	

inhibition	(KIRAA	with	fetal	derived	C2
+
HLA-C)	are	associated	with	poor	placentation	and	

increased	risk	of	pre-eclampsia	and	recurrent	miscarriage	(Hiby	2004,	2008,	2010).	On	the	

other	hand,	C1
+
HLA-C	homozygous	KIR	AA	mothers	are	at	an	increased	risk	of	pregnancy	

disorders	compared	to	mothers	carrying	C2
+
HLA-C	(Hiby	2010),	suggesting	that	maternal	

C2
+
HLA-C	may	educate	KIR2DL1

+
	dNK,	therefore	decreasing	the	risk.	Another	unique	

situation	for	dNK	is	that	there	is	no	‘missing-self’	response	to	trophoblast	because	EVT,	

which	come	into	contact	with	dNK,	express	maternally	derived	HLA-C,	-E	and	-G.	Moreover,	

the	majority	of	dNK	are	NKG2A
+
.	Education	of	dNK	could	be	mediating	an	effect	by	

increasing	responses	upon	activating	receptor	ligation	–	indeed	this	is	the	original	context	in	

which	NK	cell	education	was	first	quantified	using	mouse	cells	(Kim	2005).	In	this	case	one	

would	expect	that	a	stronger	educating	receptor	would	be	associated	with	less	disease	risk.	

However,	genetics	data	suggests	that	KIR2DL1A,	the	better	educators,	are	riskier	than	

KIR2DL1B,	which	are	less	efficient	educators.	Thus,	if	dNK	education	is	beneficial,	perhaps	

KIR2DL1A	are	transmitting	increased	risk	through	stronger	inhibition.	In	other	words,	the	

inhibitory	effect	of	a	given	KIR	on	dNK	may	overshadow	the	educating	effect	of	the	same	KIR	

on	dNK.	Differences	in	inhibition	were	not	observed	for	KIR2DL1A	on	pbNK	but	this	may	be	

different	for	dNK.	Further,	there	remains	the	question	of	whether	all	KIR2DL1A	alleles	are	

equally	‘risky’.	Indeed,	unpublished	data	from	Olympe	Chazara,	suggests	that	KIR2DL1*002	

may	be	neutral	for	pre-eclampsia	risk	(data	comes	from	the	same	cohort	as	that	in	Huhn	

Chazara	et	al.	2018).	Refining	which	genotypes	are	considered	risky,	increases	the	likelihood	

of	KIR	genotypes	being	clinically	useful	in	the	prediction	and/or	management	of	pregnancy	

disorders.	The	current	association	between	KIRAA	mothers	and	fetuses	carrying	paternal	

C2+HLA-C	is	neither	specific	nor	sensitive	enough	to	be	useful	for	identifying	at-risk-women	

in	the	clinic	(Moffett	2016).		

	

In	a	wider	context,	KIR2DL1	allotype	differences	may	help	inform	bone	marrow	transplants	

and	cellular	therapies.	The	effect	of	KIR2DL1	allelic	polymorphisms	on	the	outcome	of	

allogeneic	hematopoietic	stem-cell	transplantations	was	studied	in	a	mixed	cohort	of	

children	afflicted	with	a	range	of	hematologic	malignancies	(Bari	2013).	They	found	that	

KIR2DL1-R
245

,	which	were	almost	exclusively	KIR2DL1A	in	this	cohort,	were	associated	with	

improved	survival	and	a	lower	incidence	of	disease	progression.	Thus	in	contrast	to	pre-

eclampsia,	KIR2DL1A	allotypes	are	protective.	The	difference	may	lie	in	the	HLA	expression	
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of	the	‘target’	cells.	Hematologic	malignancies	often	exhibit	HLA	loss	whilst	EVT	express	

both	classical	and	non-classical	HLA	class	I.	Therefore,	KIR2DL1A	may	be	favourable	in	the	

tumour	setting	due	to	stronger	‘missing	self’	responses	(education)	and	detrimental	in	the	

pregnancy	setting	due	to	inhibition.	Therefore,	it	is	important	to	consider	HLA	expression	on	

target	cells	when	designing	NK	cell	based	therapies	and	select	KIR2DL1	allotypes	

accordingly.		
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6		
Innate	Lymphoid	Cells	in	the	ascites	of	

ovarian	cancer	patients		
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6	Innate	Lymphoid	Cells	in	the	ascites	of	ovarian	cancer	patients	

	 	

In	this	Chapter:		

I	apply	the	CyTOF	methodology	to	ILCs	in	the	context	of	cancer	and	identify	three	

major	NK	subsets	within	the	ascites	of	ovarian	cancer	patients.	I	characterise	their	

phenotype	and	response	to	missing	self	and	PMA	plus	ionomycin.	Finally,	I	assess	the	

composition	and	NKG2A	expression	on	group	1	ILCs	in	murine	peritoneal	fluid.		

	

6.1	Introduction	

	

Many	parallels	have	been	drawn	between	the	molecular	mechanisms	that	sustain	

pregnancies	and	those	that	facilitate	tumour	expansion	(Bruno	2014).	Both	systems	involve	

invasive	and	proliferative	cells,	trophoblast	cells	in	pregnancy	and	tumour	cells	in	cancer,	

and	have	microenvironments	characterised	by	hypoxia,	angiogenesis	and	immune	

suppression.	dNK	are	poorly	cytotoxic	towards	classical	tumour	cell	lines	and	do	not	readily	

kill	trophoblast	cells	(King	1989).	Similarly,	tumour	associated	NK	(TANK)	can	exhibit	pro-

tumorigenic	properties	and	reduced	cytotoxicity.	This	chapter	does	not	seek	to	equate	

cancer	with	pregnancy.	Rather,	it	focuses	on	how	ILC	composition	and	function	vary	

between	tissues	and	biological	contexts;	which	immunological	motifs	are	shared	across	

“similar”	settings	and	which	are	unique?	Moreover,	reports	on	NK	function	in	ovarian	

cancer	are	conflicting	and	ascites-derived	NK	(aNK)	remain	poorly	characterised.		

	

Ovarian	cancer	has	the	highest	mortality	rate	for	gynaecological	malignancies	(Allemani	

2015).	Patients	are	often	first	diagnosed	at	an	advanced	stage	when	the	tumour	has	already	

metastasised	(FIGO	stages	III-IV)	(Narod	2016).	First	line	treatment	involves	debulking	

surgery	followed	by	platinum	and	taxol-based	chemotherapy.	Despite	an	initial	response	

rate	of	over	70%,	the	majority	of	these	women	will	suffer	from	tumour	recurrence	within	

16-22	months.	These	recurrent	tumours	become	increasingly	chemoresistant	and	the	5-year	

survival	rate	is	only	~27%	(Kipps	2013).	Thus,	there	is	an	unmet	clinical	need	for	the	

treatment	and	management	of	ovarian	cancer	patients.	One	factor	contributing	to	the	

incurability	of	advanced	stage	ovarian	cancer	is	the	build-up	of	fluid	within	the	peritoneal	

cavity,	also	known	as	ascites.				

	

The	ascites	acts	as	a	reservoir	of	growth	factors	which	aids	tumour	progression.	In	addition,	

tumour	spheroids	(multicellular	aggregates	of	tumour	cells)	surviving	in	the	ascites	can	

travel	through	the	peritoneal	cavity	leading	to	secondary	lesions	and	distant	metastases.	

However,	the	ascites	is	also	an	immune-rich	compartment	(Radestad	2018)	and	a	number	of	

studies	have	linked	immune	system	parameters	with	outcome	in	ovarian	cancer.	For	

example,	increased	numbers	of	tumour	infiltrating	T	cells,	high	T	cell/Treg	ratios	and	

increased	numbers	of	NKT	cells	within	the	ascites	have	all	been	associated	with	favourable	

outcome	(Zhang	2003,	Leffers	2009,	Bamias	2007).	The	association	between	NK	cells	and	

ovarian	cancer	is	less	clear.	Previous	reports	have	found	increased	proportions	of	ascites	

derived	NK	cells	(aNK)	to	be	both	beneficial	(Hoogstat-van	Evert	2018)	and	detrimental	

(Dong	2006).	Contradictions	such	as	these	may	arise	from	differing	definitions	for	aNK.		For	

example,	one	study	defined	NK	cells	based	on	CD16	expression	whilst	the	other	used	CD56	

in	combination	with	CD3.	Moreover,	perhaps	only	certain	aNK	subsets	improve	patient	

outcome	but	aNK	heterogeneity	is	not	well	described.	
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In	comparison	to	pbNK,	around	40%	of	aNK	are	CD56
bright

CD16
-
	(Belisle	2007).	

Phenotypically,	CD56
+
	aNK	express	higher	levels	of	CD69,	NKG2A,	CD25	and	NKp44	and	

lower	levels	of	NKp30,	DNAM-1,	KIR	and	CD16	than	CD56
+
	pbNK	(Nham	2018,	Pesce	2015,	

da	Silva	2017).		How	these	changes	translate	into	aNK	functional	differences	is	unclear	as	

there	are,	again,	conflicting	reports.	Studies	have	shown	aNK	to	exhibit	reduced,	

comparable	and	increased	cytotoxicity/functionality	in	comparison	to	pbNK	even	when	

similar	assays	were	performed	(da	Silva	2017,	Hoogstat-van	Evert	2018,	Felices	2017,	Pesce	

2015).	Again,	some	of	these	contradictions	could	arise	from	treating	aNK	as	a	single	

population	of	CD56
+
	CD3

-
	lymphocytes	and	may	be	resolved	by	higher	resolution	analyses.			

	

To	better	characterise	the	heterogeneity	of	aNK	within	the	ascites,	I	stained	PBMCs	and	

ascites	from	ovarian	cancer	patients	(Table	a3)	with	an	adapted	CyTOF	panel	from	chapter	3	

(Table	a4).	Three	major	aNK	subsets	were	identified,	including	one	bearing	the	hallmarks	of	

tissue	residency.	I	characterised	subset	responses	to	missing	self	and	PMA	plus	ionomycin	

and	identified	markers	associated	with	increased	functionality.	Finally,	NKG2A	was	found	to	

be	expressed	on	all	aNK	subsets.	With	the	intention	of	modelling	the	effects	of	anti-NKG2A	

immunotherapy	on	ovarian	cancer	metastases,	I	determined	NKG2A	expression	on	murine	

peritoneal	fluid	derived	immune	subsets	and	identified	a	Qa-1
b+
	ovarian	cancer	cell	line–	

Qa-1
b
	being	the	murine	homologue	of	the	NKG2A	ligand	HLA-E.		

	

6.2	Results	

	

6.2.1	Characterisation	of	the	immune	compartment	in	ascites	of	ovarian	cancer	patients	

	

6.2.1.1	Immune	subset	composition	in	ovarian	cancer	patient	(OCP)	ascites		

	

OCP	ascites	is	rich	in	cells	of	both	the	innate	and	adaptive	immune	systems.	Here	the	

proportion	of	immune	subsets	was	assessed	with	a	focus	on	cytotoxic	lymphocytes.	I	

stained	fresh	OCP	ascites	(n=4)	and	matched	PBMCs	(n=3,	it	was	not	possible	to	draw	blood	

from	one	of	the	patients)	with	the	CyTOF	panel	in	table	a4.	Individual	tSNE	landscapes	were	
generated	using	live	CD45

+
	cells	for	each	donor.	Representative	tSNE	landscapes	are	shown	

for	one	donor	and	coloured	according	to	expression	intensity	for	the	indicated	markers	(Red	

=	high,	Blue	=	low)	(Figure	6.1A,B).	CD19,	CD14	and	HLA-DR	are	included	in	a	dump	channel	

and	thus	appear	together.	I	manually	gated	immune	subsets	using	the	tSNE	landscape	and	

calculated	their	respective	proportions	of	the	total	CD45	compartment	(Figure	6.1C).	T	cells	
dominate	in	both	compartments	accounting	for	roughly	50%	of	CD45

+
	cells.	NK	cells	

represent	around	8%	and	6%	of	CD45
+
	PBMCs	and	OCP	ascites	cells	respectively.	

Approximately	2%	of	CD45
+
	cells	are	NKT	in	both	compartments	whilst	the	combined	B	cell	

and	CD14
+
/HLA-DR

+
	myeloid	compartment	accounted	for	45%	of	CD45

+
	OCP	ascites	cells	

and	35%	of	CD45
+
	PBMCs.		
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Figure	6.0.1	Immune	composition	of	OCP	ascites	

Figure	6.1	Immune	composition	of	OCP	ascites	

	

tSNE	landscape	of	fresh	Live	CD45
+
	(A)	PBMCs	and	(B)	OCP	ascites	cells.	All	phenotypic	

markers	were	used	to	generate	the	tSNE	landscape.	tSNE	landscapes	were	individually	

created	for	each	sample	and	coloured	according	to	relative	expression	intensity	of	indicated	

markers.	Red	=	High	Expression,	Blue	=	Low	Expression.	(C)	Frequencies	of	indicated	

immune	subsets	as	a	proportion	of	total	CD45
+
	cells	are	shown	for	matched	OCP	ascites	

(n=4)	and	PBMCs	(n=3).	Black	lines	indicate	mean.	Data	is	summarised	in	the	pie	charts.	In	

grey	=	CD19/CD14/HLA-DR
+
,	red	=	NKT,	orange	=	T	cell,	purple	=	NK	cell	and	green	=	Lineage	

negative	non-NK	ILC.			
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6.2.1.2	aNK	representative	stains	and	the	effects	of	cryopreservation	on	aNK	phenotype	

	

To	establish	marker	expression	frequencies	on	bulk	aNK,	NK	were	first	identified	as	Live	

CD45
+
CD14

-
CD19

-
HLA-DR

-
CD3

-
CD56

+
	cells	(Figure	6.2A).	Representative	stains	for	all	

markers	are	shown	for	matched	fresh	pbNK	and	aNK	samples	(Figure	6.2B).	In	Figure	3.7	it	
was	noted	that	cryopreservation	could	affect	marker	expression	for	a	number	of	markers	

including	CD103,	Eomes,	Tbet,	KIR2DL3,	NKp30	and	CD96.	Thus,	the	effect	of	

cryopreservation	on	aNK	marker	expression	was	determined.	I	stained	non-matched	

cryopreserved	(n=12)	and	fresh	(n	=4)	OCP	ascites	samples	by	CyTOF	and	compared	marker	

expression	(Figure	6.3).	aNK	from	cryopreserved	samples	have	decreased	proportions	of	

CD16,	LILRB1,	NKp30	and	increased	CD69	expression	when	compared	to	fresh	aNK.				
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Figure	6.0.2	Representative	stains	on	aNK	and	pbNK	(CD45+	Lin-	CD56+)	

Figure	6.2	Representative	stains	of	aNK	and	pbNK	(CD45+	Lin-	CD56+)	
	

(A)	Gating	strategy	to	identify	CD45
+
	Lin

-
	CD3

-
	CD56

+
	cells	reads	as	follows:	Beads	excluded,	

Singlets,	CD45
+
,	Live,	CD14

-
CD19

-	
HLA-DR

-
,	CD3

-
,	CD56

+
	(B)	Representative	2D	plots	of	all	

phenotypic	markers	on	fresh	CD56
+
	CD3

-
	PBMCs	and	matched	fresh	CD56

+
	CD3

-
	OCP	ascites	

cells.	a	=	OCP	ascites,	pb	=	PBMCs.	
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Figure	6.0.3	Effect	of	cryopreservation	on	aNK	phenotype	

Figure	6.3	Effect	of	cryopreservation	on	aNK	phenotype	
	

Non-matched	stains	of	cryopreserved	vs	freshly	isolated	CD45
+
Lin

-
CD56

+
	aNK.	Lines	

represent	mean	and	standard	deviation.	Filled	blue	circle	=	cryopreserved	aNK	(n=12),	

empty	circle	=	fresh	aNK	(n=4).	An	ordinary	Two-Way	ANOVA	of	non-matched	data	points	

with	sidak’s	correction	was	performed.	Where	indicated	***	=	p	<0.001,	****	=	p	<0.0001.	
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6.2.1.3	Phenotypic	comparison	of	bulk	aNK	and	pbNK	subsets	

	

Next,	I	compared	aNK	receptor	expression	profiles	with	matched	CD56
bright

	and	CD56
dim

	

pbNK	subsets	(Figure	6.4).	Gating	strategies	to	identify	these	subsets	are	shown	in	Figure	
6.2A	and	Figure	3.8.	Several	findings	are	consistent	with	previous	reports	such	as	decreased	
DNAM-1,	CD16	and	CD57	expression	and	increased	CD69	expression	on	aNK	compared	to	

pbNK	(Pesce	2015,	Nham	2018,	Radke	1994).	All	other	tissue	resident	markers	(CD9,	CD103	

and	CD49a)	are	also	increased	on	aNK.	Contrary	to	several	reports,	the	proportion	of	

NKp30
+
	NK	is	similar	between	peripheral	blood	and	OCP	ascites	(Hoogstat-van	Evert	2018,	

Pesce	2015,	Nham	2018).	However,	a	trend	towards	decreased	levels	of	expression,	as	

measured	by	gMFI,	is	observed.	Thus	there	is	a	trend	that	aNK	have	decreased	expression	of	

activation	and	“maturity”	markers	and	increased	expression	of	inhibitory	and	tissue	resident	

markers.		
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Figure	6.0.4	Marker	frequencies	on	CD56dim	pbNK,	CD56bright	pbNK	and	aNK	

Figure	6.4	Marker	frequencies	on	CD56
dim

	pbNK,	CD56
bright

	pbNK	and	aNK	

	

Marker	expression	was	determined	on	matched	fresh	CD56
dim

	pbNK	(n=3),	CD56
bright

	pbNK	

(n=3)	and	fresh	aNK	(n=4),	subsets	are	gated	as	in	Figures	3.8	and	6.2A.	An	ordinary	Two-
Way	ANOVA	of	non-matched	data	points	with	Dunnett’s	correction	was	performed.	

Multiple	comparisons	were	performed	treating	aNK	as	a	control	column.	Where	indicated	*	

=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001,	****	=	p	<0.0001.	
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6.2.1.4	aNK	subset	characterisation	

	

Previous	descriptions	of	aNK	heterogeneity	largely	refer	to	two	subsets,	CD56
bright

	and	

CD56
dim

.	These	were	identified	by	2D	gating	strategies	and	mirror	pbNK	subsets.	High-

dimensional	cytometry	coupled	with	more	unbiased	computational	analyses	are	yet	to	be	

performed	on	OCP	ascites.	A	tSNE	map	was	generated	of	fresh	CD45
+
	Lin

-
	OCP	ascites	cells,	

all	markers	were	used	for	this	analysis	excluding	those	removed	in	upstream	gating	(Figure	
6.5A).	Four	subsets	could	be	readily	identified	based	on	CD56,	CD49a,	CD16	and	CD94	
expression	(Figure	6.5A,B):		

- Tissue	resident	aNK	(TR	aNK)	population	

- pbNK-like	CD56
bright

	

- pbNK-like	CD56
dim

			

- CD94
-
	non-NK	ILCs.			

TR	aNK	represented	~37%	of	the	CD45
+
	Lin

-
	compartment,	whilst	CD56

bright
,	CD56

dim
	and	

non-NK	ILC	represented	~13%,	~43%	and	5%	respectively	(Figure	6.4C).	The	analogous	
subsets	of	matched	PBMCs	are	also	shown	for	comparison.		

	

Next,	I	characterised	the	resting	phenotype	of	these	subsets	(Figure	6.6).	CD56bright	and	
CD56

dim
	aNK	share	expression	profiles	similar	to	their	peripheral	blood	counterparts.	For	

example,	KIR	and	CD57	expression	is	largely	restricted	to	CD56
dim

	aNK	and	CD56
bright

	aNK	

are	uniformly	positive	for	NKG2A.	However,	some	differences	were	also	observed	including	

increased	expression	of	CD16	and	decreased	expression	of	Granzyme	B	on	CD56
bright

	aNK,	

decreased	expression	of	DNAM-1	on	both	subsets	and	increased	expression	of	tissue	

residency	markers,	most	notably	CD69.	Unlike	dNK,	TR	aNK	express	CD16	(~60%)	and	

therefore,	TR	aNK	were	further	subdivided	based	on	CD16	expression.	TR	aNK	express	high	

levels	of	all	tissue	residency	markers	included	in	this	panel	and	are	almost	entirely	

CD49a
+
CD69

+
.	They	are	CD56

bright
,	express	low/reduced	levels	of	KIR,	CD57,	Granzyme	B	

and	DNAM-1	and	are	uniformly	positive	for	NKG2A,	CD161,	NKG2D,	NKp30,	NKp46,	CD7,	

Eomes	and	T-bet.	TR	aNK	also	express	the	highest	levels	of	NKp30	relative	to	other	CD45
+
	

Lin
-
	subsets.	DNAM-1	and	CD96	share	CD155	(Poliovirus	Receptor,	PVR)	as	a	ligand.	CD56

dim
	

aNK	do	not	express	CD96	and	express	higher	levels	of	DNAM-1	whilst	TR	aNK	display	

relatively	increased	CD96	and	decreased	DNAM-1	expression.	Evidence	suggests	that	CD96	

conveys	inhibitory	signals	to	NK	whilst	DNAM-1	is	activating	(Georgiev	2018).	In	this	way	the	

same	ligand	can	convey	opposite	signals	to	aNK	in	a	subset	specific	manner.	Other	than	

CD16,	there	were	no	major	phenotypic	differences	between	CD16
+
	TR	aNK	and	CD16

-
	TR	

aNK.		
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Figure	6.0.5	OCP	ascites	CD45+	Lin-	subset	composition	

Figure	6.5	OCP	ascites:	CD45+	Lin-	subset	composition		
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tSNE	landscape	of	fresh	CD45
+
	Lin

-
	OCP	ascites	cells	(n=4).	All	phenotypic	markers	were	used	

to	generate	the	tSNE	landscape.	Four	subsets	are	readily	identifiable.	Orange	=	CD56
bright

,	

red	=	CD56
dim

,	blue	=	tissue	resident	and	green	=	non-NK.	(B)	tSNE	landscapes	are	coloured	

according	to	relative	expression	intensity	of	indicated	markers.	Red	=	High	Expression,	Blue	

=	Low	Expression.	(C)	Frequencies	of	indicated	aNK	subsets	as	a	proportion	of	total	CD45
+
	

cells	are	shown	for	matched	OCP	ascites	(n=4)	and	PBMCs	(n=3).	Black	lines	indicate	mean	

and	standard	deviation.	
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Figure	6.0.6	Phenotype	of	Lin-	subsets	in	OCP	ascites	

Figure	6.6	Phenotype	of	Lin-	subsets	in	OCP	ascites	
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Marker	expression	levels	on	Lin
-
	subsets	in	OCP	ascites.	Orange	=	CD56

bright
,	red	=	CD56

dim
,	

white	=	CD16
+
	TR	aNK,	purple	=	CD16

-
	TR	aNK	and	green	=	non-NK.	Black	lines	represent	

mean	and	standard	deviation.		

	

6.2.2	Functional	characterisation	of	aNK	

	

Analysis	of	resting	CD45
+
Lin

-
	cells	from	OCP	ascites	revealed	three	subsets	of	aNK:	

CD56
bright

,	CD56
dim

	and	TR	aNK.	In	this	section,	I	assess	their	functional	responses	to	PMA	

plus	ionomycin	and	K562	co-culture	and	compare	them	to	pbNK.	Functional	readouts	

measured	are	the	same	as	those	described	in	section	4.2.4.		

	

6.2.2.1	aNK	responses	to	PMA	plus	ionomycin	

	

I	stimulated	cryopreserved	cells	from	OCP	ascites	with	PMA	plus	ionomycin	for	4	hours.	A	

new	tSNE	map	of	CD45
+
	Lin

-
	cells	was	generated	using	all	non-functional	markers	not	

included	in	upstream	gating.	I	manually	gated	the	three	major	aNK	subsets	identified	in	

Figure	6.5	on	the	tSNE	map	and	calculated	the	positivity	for	each	functional	readout	by	

subtracting	an	unstimulated	control.	Each	subset	is	able	to	degranulate	and	produce	all	the	

cytokines	and	chemokines	measured	(Figure	6.7).	CD56dim	aNK	display	decreased	responses	
across	all	readouts	with	the	exception	of	IFNg	when	compared	to	CD56

bright
	and	TR	aNK	

(Figure	6.7A).	CD56bright	and	TR	aNK	displayed	similar	functional	profiles	but	a	larger	

proportion	of	TR	aNK	produced	IFNg	and	XCL1.	To	assess	each	subset’s	dominant	readout/s,	

the	same	data	is	replotted	by	subset	rather	than	by	readout	(Figure	6.7B).	CD56bright	aNK	
are	characterised	by	high	levels	of	GM-CSF,	MIP1b	and	XCL1,	CD56dim	aNK	by	IFNg,	MIP1b	
and	XCL1	and	TR	aNK	by	GM-CSF,	IFNg,	MIP1b	and	XCL1.				
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Figure	6.0.7	aNK	responses	to	PMA	plus	ionomycin	

Figure	6.7	aNK	responses	to	PMA	plus	ionomycin	

	

(A)	Cryopreserved	OCP	ascites	cells	were	stimulated	for	4	hours	by	PMA	plus	ionomycin	in	

the	presence	of	protein	transport	inhibitors.	A	new	tSNE	landscape	was	generated	and	Lin
-
	

aNK	subsets	identified	in	Fig.	6.5	were	manually	gated.	Scatter	plots	show	proportion	of	

cells	within	each	subset	staining	for	functional	readouts	(n=10).	Values	represent	

stimulation	minus	unstimulated	media	control	for	each	subset.	(B)	Data	in	(A)	is	replotted	by	

grouping	according	to	subset	rather	than	readout.	Two-Way	ANOVA	of	matched	data	points	

with	Tukey’s	correction	were	performed.	*	=	any	p-values	<	0.5	

	

6.2.2.2	aNK	responses	to	‘missing	self’	

	

Co-culture	with	MHC-deficient	cell	lines,	such	as	K562,	measure	NK	missing-self	responses.	

The	magnitude	of	the	missing-self	response	is	determined	by	a	cell’s	education	status.	

Donors	were	not	selected	according	to	HLA	and	KIR	genotypes	and	thus	which	KIR	are	able	

to	educate	will	vary	between	donors.	However,	the	educating	receptor	NKG2A	(Bjorkstrom	

2010,	Brodin	2009,	Horowitz	2016),	is	expressed	by	the	majority	of	aNK	and	is	present	on	all	

aNK	subsets	(Figure	6.4,	6.6).	Cryopreserved	OCP	ascites	cells	were	co-cultured	with	K562	at	
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a	ratio	of	10:1	(Figure	6.8).	CD56dim	aNK	appeared	functionally	muted	with	respect	to	

degranulation	and	XCL1	and	GM-CSF	production,	but	other	readouts	were	comparable	with	

other	aNK	subsets.	CD56
bright

	and	TR	aNK	responses	were	again	similar	but	CD56
bright

	aNK	

display	increased	positivity	for	GM-CSF	and	XCL1	(Figure	6.8A).	When	replotting	the	data	

according	to	aNK	subset	(Figure	6.8B),	it	appeared	that	the	dominant	functional	output	for	

each	subset	was	as	follows:		

- CD56
bright

	aNK:	CD107a,	MIP1b,	XCL1	
- CD56

dim
	aNK:	CD107a,	IFNg,	MIP1b	

- TR	aNK:	CD107a,	MIP1b	
	

CD56
dim

	aNK	are	phenotypically	similar	to	CD56
dim

	pbNK.	I	next	wanted	to	assess	the	effect	

of	the	microenvironment	on	analogous	subsets.	K562	responses	of	CD56
dim

	subsets	from	

peripheral	blood	and	OCP	ascites	were	compared.	There	are	no	significant	differences	but	

CD56
dim

	pbNK	trend	towards	decreased	cytokine/chemokine	production	and	increased	

degranulation	(Figure	6.8C).			
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Figure	6.0.8	aNK	response	to	‘missing	self’	(K562	co-culture)	

Figure	6.8	aNK	response	to	‘missing	self’	(K562	co-culture)	

	

(A)	Cryopreserved	OCP	ascites	cells	were	co-cultured	with	K562	for	6	hours	in	the	presence	

of	protein	transport	inhibitors.	A	new	tSNE	landscape	was	generated	and	Lin
-
	aNK	subsets	

identified	in	Fig.	6.5	were	manually	gated.	Scatter	plots	show	proportion	of	cells	within	each	

subset	staining	for	functional	readouts	(n=7).	Values	represent	stimulation	minus	
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unstimulated	media	control	for	each	subset.	Two-Way	ANOVA	of	matched	data	points	with	

Tukey’s	correction	were	performed.	*	=	any	p-values	<	0.5	(B)	Data	in	(A)	is	replotted	by	

grouping	according	to	subset	rather	than	readout.	(C)	Non-matched	cryopreserved	PBMCs	

(red	open	circles,	n=6)	and	OCP	ascites	cells	(red	filled	circles,	n=7)	were	co-cultured	with	

K562	for	6	hours	in	the	presence	of	protein	transport	inhibitors.	Scatter	plots	show	

proportion	of	CD56
dim

	cells	staining	for	functional	readouts.	Values	represent	stimulation	

minus	unstimulated	media	control	for	each	subset.	Two-Way	ANOVA	of	matched	data	

points	with	Sidak’s	correction	were	performed.	

	

6.2.2.3	Markers	associated	with	increased	function	

	

Next,	I	assessed	which	markers	were	increased/decreased	on	functionally	responding	aNK.	

Data	on	all	markers,	readouts	and	stimulations	for	the	three	aNK	subsets	can	be	found	in	

the	appendix	(Figure	a7	–	a12).	A	selection	of	results	is	shown	to	highlight	certain	themes	

(Figure	6.9).	The	only	receptor	enriched	on	functionally	responding	cells	across	all	readouts,	
subsets	and	stimulations	was	NKp30	(Figure	6.9A).	In	contrast,	other	proteins	displayed	
subset	specific	enrichment.	For	example,	Granzyme	B	expression	levels	(gMFI),	were	

consistently	associated	with	increased	function	on	CD56
bright

	and	TR	aNK	but	not	CD56
dim

	

aNK	(Figure	6.9B).	The	nature	of	stimulation	could	also	determine	whether	a	receptor	was	

associated	with	increased	or	decreased	function.	Upon	PMA	plus	ionomycin	treatment,	

NKG2A	was	enriched	on	non-responding	CD56
dim

	aNK.	In	contrast,	NKG2A	was	associated	

with	increased	functionality	on	CD56
dim

	aNK	after	K562	co-culture	(Figure	6.9C).	Defining	
tissue	resident	populations	has	sometimes	been	complicated	by	the	fact	that	circulating	

lymphocytes	can	transiently	express	markers	of	tissue	residency.	CD69	is	constitutively	

expressed	by	tissue	resident	cells	in	many	organs	but	also	acts	as	an	activation	marker	on	T	

and	NK	cells.	This	dichotomy	plays	out	on	aNK	subsets.	TR	aNK	are	almost	entirely	CD69
+
	

whilst	CD69	expression	is	enriched	on	activated	CD56
dim

	aNK	(Figure	6.9D).		Finally,	some	

markers	displayed	readout	specific	associations.	Upon	PMA	plus	ionomycin	treatment,	CD57	

expression	on	CD56
dim

	aNK	was	associated	with	decreased	GM-CSF	and	XCL-1	expression,	

increased	IFNg,	MIP1α	and	MIP1b	expression	and	comparable	levels	of	degranulation	

(Figure	6.9E).		
	

In	summary,	I	characterised	the	functional	profiles	of	aNK	in	response	to	PMA	plus	

ionomycin	and	K562	co-culture.	Degranulation	and	production	of	cytokines/chemokines	is	

not	restricted	to	a	particular	aNK	subset.	However,	the	magnitude	and	nature	of	responses	

are	both	subset	and	stimulation	dependent.	In	general,	CD56
bright

	and	TR	aNK	display	

increased	positivity	for	chemokines	in	comparison	to	CD56
dim

	aNK,	whilst	degranulation	and	

IFN-g	expression	are	more	comparable.		
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Figure	6.0.9	Marker	expression	on	functionally	responding	aNK	

Figure	6.9	Marker	expression	on	functionally	responding	aNK	

	

Cryopreserved	OCP	ascites	were	stimulated	by	PMA	plus	ionomycin	(n=10)	or	K562	co-

culture	(n=7).	(A)	NKp30	expression	is	shown	on	indicated	aNK	subsets.	Subsets	are	

stratified	according	to	CD107a	expression	and	stimulation.	(B)	Granzyme	B	expression	is	

shown	on	indicated	aNK	subsets.	Subsets	are	stratified	according	to	GM-CSF	expression	and	
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stimulation.	(C)	NKG2A	expression	is	shown	on	indicated	aNK	subsets.	Subsets	are	stratified	

according	to	CD107a	expression	and	stimulation.	(D)	CD69	expression	is	shown	on	indicated	

aNK	subsets.	Subsets	are	stratified	according	to	IFN-g	expression	and	stimulation.	(E)	CD57	

expression	is	shown	on	CD56
dim

	aNK	subsets	after	stimulation	by	PMA	plus	ionomycin.	

CD56
dim

	aNK	are	stratified	according	to	expression	of	each	readout.	Box	and	Whisker	plots	

display	min	to	max	values.		

	

6.2.3	C57BL/6	Peritoneal	fluid	immune	compartment		

	

Despite	being	immunogenic,	tumours	are	poorly	controlled	by	the	immune	system.	This	is	in	

part	due	to	tumour-mediated	activation	of	checkpoint	pathways	which	suppress	immune	

function.	Monoclonal	antibodies	which	block	these	inhibitory	receptors	have	proven	

successful	in	treating	a	diverse	group	of	cancers	(Darvin	2018).	Monalizumab,	an	anti-

NKG2A	checkpoint	inhibitor,	is	showing	promise	in	the	clinic	for	the	treatment	of	squamous	

cell	carcinoma	of	the	head	and	neck	(SCCHN)	when	combined	with	cetuximab	(anti-EGFR)	

(Andre	2018).	In	vitro	studies	have	shown	that	monalizumab	is	able	to	increase	NK	cell	

function	in	response	to	HLA-E	expressing	ovarian	cancer	cell	lines	(Andre	2018).	NKG2A	is	

expressed	by	the	majority	of	aNK	(Figure	6.4)	and	present	on	all	three	major	aNK	subsets	

(Figure	6.6).	Furthermore,	CD56
bright

,	CD56
dim

	and	TR	aNK	display	cytotoxicity	towards	the	

cancer	cell	line,	K562.	Therefore,	I	hypothesise	that	NKG2A	checkpoint	blockade	could	

increase	aNK	anti-tumour	activity,	thereby	improving	tumour	control	in	ovarian	cancer.	

	

A	mouse	model	fulfilling	two	criteria	could	be	used	to	test	this	hypothesis:	

1) Expression	of	NKG2A	on	immune	cells	within	the	ascites/peritoneal	cavity	

2) Expression	of	Qa-1b,	the	murine	ligand	for	NKG2A,	on	tumour	cells	

	

6.2.3.1	NKG2A	expression	on	peritoneal	fluid	murine	subsets	

	

In	order	to	address	criteria	1,	peritoneal	fluid	from	healthy	C57BL/6	wild	type	mice	was	

harvested	and	stained	with	a	group	1	ILC	(g1ILC)	centric	flow	cytometry	panel.	Gating	

strategies	to	identify	g1ILCs	are	shown	for	peritoneal	fluid	and	matched	spleens	(Figure	
6.10A).	In	concordance	with	previous	studies,	B	cells	and	monocytes/macrophages	

dominate	the	peritoneal	fluid	immune	compartment	(Gautam	2019,	Ray	2010).	G1ILCs	

represented	~3%	of	total	CD45
+
	leukocytes	within	peritoneal	fluid	which	is	comparable	to	

the	spleen	but	reduced	compared	to	non-pregnant,	virgin	uterus	(Figure	6.10B,C).	
				



	 175	

	
Figure	6.0.10	C57BL/6	Peritoneal	fluid	immune	composition	

Figure	6.10	C57BL/6	Peritoneal	fluid	immune	composition		

	

(A)	Representative	gating	strategies	to	identify	T	cells	(orange),	B	cells	(blue),	

Monocytes/Macrophages	(yellow)	and	group	1	ILCs	(red)	in	healthy	adult	C57BL/6	

peritoneal	fluid	and	spleen.	(B)	Frequencies	of	indicated	immune	subsets	as	a	proportion	of	

total	CD45
+
	cells	in	spleen,	uterus	and	peritoneal	fluid	(n=5).	Black	lines	indicate	mean	and	

standard	deviation.	(C)	Data	from	(B)	is	summarised	in	pie	charts.		

	

Three	g1ILC	subsets	have	been	described	based	on	CD49a	and	Eomes	expression	in	mice	

(Doisne	2015):	

-	ILC1:	CD49a
+
	Eomes

-
	

-	trNK:	CD49a
+
	Eomes

+
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-	cNK:	CD49a
-
	Eomes

+
		

The	proportions	and	function	of	these	subsets	are	organ	specific.	Splenic	g1ILCs	consist	

mainly	of	cNK,	the	liver	contains	cNK	and	ILC1	whilst	the	uterus	is	populated	by	cNK,	ILC1	

and	trNK.	Representative	2D	FACS	stains	of	CD49a	and	Eomes	are	shown	for	CD45
+
Lin

-	

NK1.1
+
NKp46

+
	g1ILCs	from	spleen,	uterus	and	peritoneal	fluid	(Figure	6.11A).	Consistent	

with	previous	reports,	peritoneal	fluid	g1ILCs	(PF	g1ILCs)	are	largely	Eomes	positive	

(Gonzaga	2011).	I	find	that	they	are	mainly	composed	of	cNK	but	that	there	is	also	a	sizeable	

proportion	of	ILC1s	(~13%)	(Figure	6.11B,C).		
	

	
Figure	6.0.11	Composition	of	g1	ILCs	in	C57BL/6	

Figure	6.11	Composition	of	g1	ILCs	in	C57BL/6		
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(A)	Representative	CD49a	vs	Eomes	expression	on	g1ILC	subsets	(CD45
+
	CD3

-
CD19

-

CD11b
low/neg	

NK1.1
+
	NKp46

+
)	in	spleen,	uterus	and	peritoneal	fluid.	(B)	Frequencies	of	

indicated	g1ILC	subsets	as	a	proportion	of	total	g1ILCs	in	spleen,	uterus	and	peritoneal	fluid	

(n=5).	Black	lines	indicate	mean	and	standard	deviation.	(C)	Data	from	(B)	is	summarised	in	

pie	charts.	DN=	Double	negative	for	Eomes	and	CD49a.	

	

Next,	I	assessed	the	expression	of	NKG2A	on	peritoneal	fluid	immune	subsets.	Indicated	

immune	subsets	were	gated	as	above	(Figure	6.10A,	6.11A)	and	NKG2A	expression	
determined	(Figure	6.12).	NKG2A	expression	is	largely	restricted	to	PF	g1ILCs	although	a	
small	fraction	of	T	cells	are	also	positive	(Figure	6.12A).	ILC1	expressed	the	highest	levels	
(~75%)	in	comparison	to	cNK	(~55%)	(Figure	6.12B).		

	
Figure	6.0.12	NKG2A	expression	on	g1ILC	subsets	

Figure	6.12	NKG2A	expression	on	g1ILC	subsets	
	

(A)	Representative	histograms	showing	NKG2A	expression	on	indicated	peritoneal	fluid	

immune	subsets.	(B)	Proportion	of	NKG2A
+
	cells	on	indicated	subsets	in	spleen,	uterus	and	

peritoneal	fluid	(n=5).	Black	bars	represent	means.		

	



	 178	

6.2.3.2	Qa-1
b
	and	PD-L1	expression	on	the	mouse	ovarian	surface	epithelial	cell	(MOSEC)	

line,	ID8	

	

Unlike	models	involving	immunocompromised	mice,	syngeneic	mouse	models	better	reflect	

immune	system	responses	to	tumour	development.	Having	established	that	NKG2A	is	highly	

expressed	by	PF	g1ILCs,	I	next	wanted	to	identify	a	C57BL/6	derived	ovarian	cancer	cell	line	

which	expresses	Qa-1
b
.	ID8	cells	are	a	mouse	ovarian	surface	epithelial	cell	(MOSEC)	line	

derived	from	a	mature	virgin	C57BL/6	female	(Roby	2000).	When	these	cells	are	injected	

intraperitoneally,	mice	develop	ascites	and	multiple	tumour	sites	within	the	abdominal	

cavity.	To	permit	in	vivo	tracking	of	tumour	progression	by	imaging,	I	transduced	wild	type	

ID8s	with	a	firefly	luciferase	(ID8luc).	Qa-1
b
	expression	was	then	assessed	on	WT	ID8s	and	

ID8luc	cells,	with	and	without	IFN-g	treatment.	Qa-1
b
	is	expressed	on	unstimulated	and	IFN-

g	treated	WT	ID8s	and	ID8luc	cells,	data	from	one	transduced	clone	is	highlighted	(G2)	

(Figure	6.13).	Moreover,	disrupting	the	PD-1/PD-L1	axis	improves	survival	in	ID8	mouse	

models	(Hartl	2019,	Yahata	2019).	PD-L1	is	expressed	at	high	levels	by	IFN-g	treated	ID8	cell	
lines	but	not	unstimulated	(Figure	6.13).	
	

In	summary,	high-dimensional	analysis	uncovered	three	major	aNK	subsets	in	OCP	ascites,	

all	of	which	are	capable	of	responding	to	the	K562	tumour	line.	In	particular,	CD56
bright	

and	

TR	aNK	subsets	appear	the	most	responsive.	These	same	subsets	express	high	levels	of	

NKG2A,	making	NKG2A	an	attractive	candidate	for	unleashing	aNK	function.	Analogous	

subsets	in	healthy	murine	(C57BL/6)	peritoneal	fluid	also	express	high	levels	of	NKG2A.	

Moreover,	the	C57BL/6	derived	MOSEC	line,	ID8,	constitutively	expresses	Qa-1
b
	and	upon	

stimulation	with	IFN-g,	PD-L1.	Thus,	the	ID8	syngeneic	model	could	be	used	to	understand	

the	effect	of	NKG2A	checkpoint	blockade	on	OC	progression,	which	is	currently	undergoing	

phase	II	trials.	
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Figure	6.0.13	Qa-1b	and	PD-L1	expression	on	the	mouse	ovarian	surface	epithelial	cell	(MOSEC)	line,	ID8	

Figure	6.13	Qa-1b	and	PD-L1	expression	on	the	mouse	ovarian	surface	epithelial	cell	

(MOSEC)	line,	ID8	

	

Qa-1
b
	and	PD-L1	expression	were	assessed	on	parental	ID8	cells	(WT)	and	Luciferase	

transduced	ID8	cells	(G2).	Expression	was	assessed	after	3	days	of	IFN-g	treatment.	Red	=	

Unstimulated	+	indicated	Ab,	Black	=	Unstimulated	+	Isotype	control,	Blue	=	IFN-g	+	
indicated	Ab,	Grey	=	IFN-g	+	isotype	control		
	

6.3	Discussion		

	

Aside	from	being	a	significant	cause	of	morbidity,	OCP	ascites	is	linked	to	metastases,	

chemoresistance	and	tumour	reoccurrence	(Kipps	2013).	Therefore,	understanding	the	

ascites	microenvironment	is	of	great	importance	for	the	control	and	treatment	of	

metastatic	ovarian	cancer.	This	chapter	focuses	on	better	characterising	the	immune	

compartment	in	OCP	ascites,	with	an	emphasis	on	NK	composition,	phenotype	and	function.				

	

One	difficulty	faced	by	ovarian	cancer	studies	is	the	vast	amount	of	inter-patient	and	inter-

study	variation.	This	leads	to	contradictions	in	the	literature	and	the	inability	to	replicate	

data.	Studies	may	differ	by	the	clinical	characteristics	of	patients,	which	include	factors	such	

as	OC	subtype,	grade	and	stage,	and	treatment	status.	Moreover,	ascites	sample	processing	

varies	between	studies.	This	includes	whether	a	density	gradient	has	been	used	to	isolate	

mononuclear	cells	or	if	cryopreservation	is	employed	or	not.	Finally,	multiple	definitions	for	

NK	cells	have	been	used	including:	CD3
-
	CD16

+
,	CD3

-
	CD16

+
	CD56

+
	and	CD56

+
.	This	has	

caused	some	confusion,	for	example,	when	comparing	NK	cell	proportions	between	tissues.	

Lukesova	et	al.	has	been	cited	as	reporting	an	increased	proportion	of	NK	cells	within	the	

ascites	in	comparison	to	peripheral	blood	(Rodriguez	2018,	Živadinović	2017,	Greppi	2019).	

Whilst	there	are	increased	proportions	of	CD3
-
	CD16

+
	CD56

+
	NK	in	the	ascites,	CD3

-
CD56

+
	



	 180	

proportions	are	comparable,	11.7%	and	12.9%	of	CD45
+
	PBMCs	and	OCP	ascites	cells	

respectively.	Thus,	which	NK	subsets	are	being	considered	is	very	important.	

	

Bulk	aNK	receptor	frequencies	are	distinct	from	pbNK.	In	general,	aNK	display	reduced	

expression	of	activating	receptors	(CD16,	DNAM-1,	NKp30)	and	increased	expression	of	

inhibitory	receptors	(NKG2A,	LILRB1).	This	shift	towards	inhibition	may	be	driven	by	the	

immunosuppressive	ascites	microenvironment	(as	discussed	in	the	introduction).	Indeed,	

CD16	expression	is	reduced	on	pbNK	cells	from	healthy	donors	after	treatment	with	OCP	

peritoneal	fluid	(Belisle	2007).	Several	reports	describe	decreased	frequencies	of	NKp30
+
	NK	

in	OCP	ascites	(Hoogstat-van	Evert	2018,	Pesce	2015,	Nham	2018).	NKp30	proportions	are	

not	reduced	in	my	hands,	although	the	gMFI	is	decreased.	Cryopreservation	could	also	

affect	NKp30	expression	which	could	explain	some	previous	findings.	Most	notably,	an	

increased	expression	of	markers	associated	with	tissue	residency	(CD9,	CD49a,	CD69	and	

CD103)	is	detected	on	aNK.	Previous	descriptions	of	OCP	aNK	diversity	have	been	limited	to	

CD56
bright	

and	CD56
dim

	subsets.	Whilst	CD69	expression	has	previously	been	described	on	

aNK	(Pesce	2015,	Hoogstat-van	Evert	2018),	it	is	always	treated	as	an	activation	marker	and	

thus	the	existence	of	a	tissue	resident	subset	has	been	missed.	Using	high-dimensional	

CyTOF	data,	a	tissue	resident-like	aNK	(TR	aNK)	population	is	identified.	TR	aNK	are	

predominantly	CD56
bright

	but	also	fall	into	the	classical	CD56
dim

	CD16
+
	NK	gate.	They	are	

phenotypically	distinct	from	CD56
bright

	and	CD56
dim

	aNK	and	thus	comprise	a	third	subset	

that	has	previously	been	overlooked.			

	

In	addition	to	phenotypic	differences,	the	three	subsets	exhibit	unique	functional	profiles	in	

response	to	PMA	plus	ionomycin	treatment	and	K562	co-culture.	TR	aNK	are	highly	

functional,	exhibiting	the	highest	percentage	of	cells	positive	for	XCL1	and	IFN-g	upon	PMA	

plus	ionomycin	treatment.	Their	response	to	missing	self	is	characterised	by	degranulation	

and	MIP1b.	In	contrast,	CD56dim	aNK	produce	lower	levels	of	chemokines,	comparable	

levels	of	IFN-g	and	have	good	degranulation	responses	in	comparison	to	other	aNK	subsets.		

	

It	is	difficult	to	assign	roles	for	each	subset	in	the	context	of	ovarian	cancer	because	of	the	

complicated	relationship	between	cytokine/chemokines	and	tumour	progression.	Immune	

cell	recruitment	into	tumours,	mediated	by	chemokines,	has	been	associated	with	improved	

tumour	control.	For	example,	NK	cell	production	of	XCL1	leads	to	recruitment	of	CD103
+
	

cDC1	and	improved	immune	mediated	tumour	rejection	(Bottcher	2018).	However,	immune	

cells	can	also	fulfil	pro-tumorigenic	functions.	In	colon	cancer,	MIP1b	leads	to	the	
recruitment	of	tumour	associated	macrophages	(TAMs)	enriched	for	CD163	which	is	

associated	with	anti-inflammatory	activity	and	poorer	clinical	outcome	(De	la	Fuente	Lopez	

2018).	Chemokines	can	also	act	directly	and	indirectly	on	tumour	cells	to	mediate	pro-	or	

anti-tumour	functions.	The	receptor	for	XCL1,	XCR1,	is	expressed	by	ovarian	cancer	cells	but	

not	by	healthy	ovaries	(Kim	2012).	XCL1	is	able	to	induce	proliferation	and	enhance	

migration	of	epithelial	ovarian	cancer	cells	(Kim	2012).	Thus,	it	is	difficult	to	predict	whether	

targeting	a	particular	chemokine	axis	will	increase	or	decrease	tumour	burden.	In	contrast,	

IFN-g	is	generally	linked	to	anti-tumour	activity	in	ovarian	cancer.	Elevated	IFN-g	levels	in	
tumours	is	associated	with	improved	clinical	outcome,	it	exhibits	anti-proliferative	effects	

on	EOC	cell	lines	and	prolongs	progression	free	survival	when	included	in	first	line	treatment	
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(Marth	2004,	Wall	2003,	Windbichler	2000).	Therefore,	understanding	the	functional	

profiles	of	aNK	subsets	is	crucial	for	guiding	NK	cell	targeted	therapies.		

		

Descriptions	of	aNK	function	in	relation	to	pbNK	are,	again,	conflicting.	PMA	responses	have	

been	shown	to	be	similar	between	tissues	whilst	aNK	responses	to	K562	were	reduced	in	

comparison	to	pbNK	(Carlsten	2009).	Other	studies	report	comparable	K562	responses	of	

non-cytokine	treated	NK	(Hoogstad-van	Evert	2018,	da	Silva	2017).	The	presence	of	tumour	

cells	within	OCP	ascites	also	affects	K562	response.	An	absence	of	malignant	cells	is	

associated	with	increased	degranulation	by	aNK	in	comparison	to	pbNK	whilst	aNK	from	

malignant	OCP	ascites	are	refractory	to	IL-2	boosting	(da	Silva	2017).	Moreover,	donors	can	

be	stratified	by	the	extent	of	NKp30	downregulation	on	aNK.	NKp30
high

	donors	did	not	

exhibit	decreased	K562	responses	unlike	NKp30
low

	donors	(Pesce	2015).		In	accordance	with	

this,	I	find	NKp30	positivity	is	associated	with	increased	responses	for	all	readouts	and	aNK	

subsets	in	response	to	PMA	plus	ionomycin	and	K562	treatment.	Missing	self-responses	by	

CD56
dim

	aNK	and	pbNK	are	comparable	in	this	study.	However,	there	is	a	trend	towards	

decreased	degranulation	and	increased	cytokine/chemokine	production	by	CD56
dim

	aNK.	

This	suggests	that	circulating	pbNK	may	undergo	reprogramming	upon	entering	the	tumour	

microenvironment	resulting	in	functional	profile	changes.				

	

In	addition	to	ovarian	cancer,	ascites	formation	is	associated	with	a	number	of	other	cancer	

types	including	colorectal,	pancreatic	and	uterine.	Moreover,	malignant	ascites	only	

accounts	for	10%	of	all	ascites	cases	(Runyon	1994).	Other	causes	include	liver	cirrhosis	

(around	80%	of	cases),	heart	failure	(3%)	and	endometriosis	(rare).	Ascites	derived	NK	cells	

(aNK)	have	also	been	studied	in	the	context	of	these	diseases.	CD56
bright

	aNK	are	enriched	in	

the	ascites	of	patients	with	advanced	stage	liver	disease	(Lutz	2019).	Similar	to	OCP	aNK,	a	

subset	of	aNK	expressed	markers	of	tissue	residency	including	CD69,	CD103	and	CD49e.	

They	also	found	that	CD56
bright

	aNK	produced	increased	levels	of	IFN-g	and	other	
cytokines/chemokines	compared	to	CD16

+
	aNK	after	E.	coli	stimulation.	In	colorectal	cancer,	

aNK	granzyme	B	and	perforin	expression	was	affected	by	tumour	size	and	lymph	node	

involvement	(Yunusova	2018).	NK	cell	function	has	been	the	focus	of	several	endometriosis	

studies,	for	which	ascites	is	a	rare	complication.	Peritoneal	fluid	and	peripheral	blood	NK	

cells	from	endometriosis	patients	exhibit	reduced	cytotoxicity	(Oosterlynck	1991).	In	

addition,	KIR2DL1	expression	was	increased	on	peritoneal	fluid	NK	cells	from	women	with	

high	stage	endometriosis	compared	to	low	stage	(Maeda	2002).	This	was	not	the	case	for	

matched	pbNK.	Thus,	peritoneal	fluid	and	ascites	NK	cells	are	thought	to	play	a	number	of	

different	roles	depending	on	the	disease	setting	and	responses	that	are	beneficial	in	one	

context	may	be	detrimental	in	another.		

	

aNK	phenotype	and	function	is	affected	by	clinical	characteristics	such	as	the	presence	of	

malignant	cells	within	the	ascites	or	the	concentration	of	soluble	NK	cell	receptor	ligands	(da	

Silva	2017,	Pesce	2015).	Due	to	the	small	numbers	of	donors	in	this	study,	I	am	unable	to	

stratify	donors	accordingly.	However,	it	would	be	of	interest	to	revisit	previous	findings	with	

the	added	subset	resolution	described	in	this	chapter.	Future	work	should	also	focus	on	

determining	TR	aNK	responses	to	ovarian	cancer	cell	lines	and	primary	tumours.	HLA-KIR	

genotypes	tune	NK	responses	to	missing	self.	Whilst	KIR	genotypes	could	be	inferred	to	

some	extent	from	the	protein	data,	information	on	HLA	alleles	was	lacking.	Thus,	
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comparisons	between	non-matched	CD56
dim

	aNK	and	pbNK	may	be	biased	by	unequal	

distributions	of	educating	receptors.	Other	genetic	factors,	such	as	the	-21	SNP	located	in	

the	leader	peptide	of	HLA-B,	also	control	NK	function.	The	-21	dimorphism	influences	the	

NKG2A-HLA-E	axis.	As	NKG2A	is	expressed	by	all	three	major	aNK	subsets,	it	would	also	be	

interesting	to	determine	the	effect	of	the	-21	dimorphism	on	aNK	function	and	other	clinical	

outcomes.		

	

Immunotherapies	are	increasingly	being	employed	to	treat	a	wide	variety	of	malignancies	

and	ovarian	cancer	is	no	exception.	Current	strategies	include	adoptive	transfer	of	immune	

cells	as	well	as	cytokine	and	antibody	based	therapies.	Checkpoint	inhibition	has	largely	

focused	on	T	cells	and	whilst	results	seem	promising,	successful	monotherapy	is	only	

observed	in	subsets	of	patients	with	specific	indications	(Pietzner	2018).	Targeting	NK	cells	

represents	an	attractive	alternative	for	immunotherapies.	In	this	chapter	I	identify	three	

major	subsets	of	aNK	which	differ	both	phenotypically	and	functionally.	It	is	conceivable	

that	these	subsets	will	also	respond	differently	to	primary	ovarian	cancer	cells	in	vivo.	
Therefore,	it	may	ultimately	become	desirable	to	target	specific	aNK	subsets	to	unleash	

anti-tumour	activity	or	dampen	pro-tumorigenic	activity.	Thus,	a	more	comprehensive	

characterisation	of	ILCs	within	OCP	ascites	provides	insight	into	designing	therapeutic	

strategies	and	helps	to	better	understand	existing	treatments.		
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7		
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7	Summary		

	

7.1	Chapter	3:	Establishing	a	CyTOF	panel	to	study	decidual	ILCs	

Figure	7.1	Chapter	4	Summary	

	

A)	Workflow	for	the	analysis	of	cryopreserved	matched	blood	and	decidual	samples	by	mass	

cytometry.	B)	Venn	diagram	summarising	marker	expression	on	CD56
bright

,	CD56
dim

	and	

dNK	subsets.	Underlined	markers	are	affected	by	cryopreservation.	C)	Proportion	of	pbNK	

cells	made	up	by	the	top	20	phenotypes.	D)	Proportion	of	dNK	cells	made	up	by	the	top	20	

phenotypes.		

	
Figure	7.1	Chapter	4	Summary	
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7.2	Chapter	4:	Phenotypic	and	functional	heterogeneity	of	decidual	ILCs	

	

	
Figure	7.0.2	Chapter	5	Summary	

Figure	7.2	Chapter	5	Summary	

	

A)	Cartoon	representation	of	the	three	major	dILC	subsets,	dNK1	(purple),	dNK2	(yellow)	

and	dNK3	(red).	Expression	of	key	receptors,	transcription	factors	and	granule	content	is	

summarised.	The	proportion	of	each	subset	of	the	total	CD45
+
	Lin

-
	compartment	is	denoted	

below	each	subset.	Responses	to	PMA	plus	ionomycin	for	each	subset	are	shown.	B)	

Summary	of	the	phenotypic	and	functional	changes	associated	with	increased	KIR	

expression	on	CD45
+
	Lin

-
	CD56

+
	dMCs		
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7.3	Chapter	5:	Differences	in	expression	and	function	of	KIR2DL1	allotypes	

	

	
Figure	7.0.3	Chapter	6	Summary	

Figure	7.3	Chapter	6	Summary	

	

A)	KIR2DL1	alleles	commonly	found	in	Caucasians	and	the	KIR	haplotype	that	they	are	found	

on.	Antibody	combinations	used	to	distinguish	KIR2DL1A	from	KIR2DL1B	allotypes	and	

KIR2DL1*003sp	from	other	KIR2DL1A.	B)	KIRDL1A	(blue)	and	KIR2DL1B	(black).	Frequency	of	

KIR2DL1	allotypes	of	Lin
-
CD56

+
KIR2DL3/L2/S2

-
KIR2DS1

-
KIR2DL1

+
	NK	are	depicted.	KIR2DL1	

MFI	is	reflected	pictorially	by	number	of	receptors.	C)	pbNK:	KIR2DL1A	and	KIR2DL1B	are	

similarly	inhibited	by	C2
+
HLA-C.	D)	pbNK:	KIR2DL1A	degranulate	more	in	response	to	

‘missing	self’	than	KIR2DL1B.	
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7.4	Chapter	6:	Characterising	ascites	derived	ILCs	from	ovarian	cancer	patients	

	

	
Figure	7.0.4	Chapter	7	Summary	

Figure	7.4	Chapter	7	Summary	

	

A)	Cartoon	representation	of	the	three	major	ILC	subsets	of	OCP	ascites,	CD56
dim

	(red),	

CD56
bright

	(orange)	and	tissue	resident	(TR)	(blue).	Expression	of	key	receptors,	transcription	

factors	and	granule	content	is	summarised.	The	proportion	of	each	subset	of	the	total	

CD45
+
	Lin

-
	compartment	is	denoted	below	each	subset.	Responses	to	PMA	plus	ionomycin	

for	each	subset	are	shown.	B)	Murine	peritoneal	fluid	g1ILCs	are	comprised	mainly	of	

CD49a
+
	Eomes

-
	ILC1	(red)	and	CD49a

-
	Eomes

+
	cNK	(pink).	NKG2A	is	expressed	by	the	

majority	of	both	subsets.		
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8	
Discussion	
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8	Discussion		
	
To	CyTOF	or	not	to	CyTOF?	
	
CyTOF	emerged	as	a	technology	in	2008	and	is	becoming	more	and	more	widespread.	In	

2018	nearly	200	papers	were	published	which	utilised	mass	cytometry,	in	comparison	to	

around	40	in	2015	(when	the	work	described	in	my	thesis	began).	One	of	the	aims	of	my	

research	has	been	to	assess	the	suitability	and	usefulness	of	CyTOF	as	a	technology	and	as	a	

tool	for	studying	ILCs.	The	primary	advantage	of	CyTOF	is	the	size	of	panels	which	can	easily	

be	run.	In	this	study	information	was	routinely	captured	for	over	40	parameters.	This	is	

particularly	useful	when	studying	poorly	described	populations	such	as	ILCs	where	the	

definition	of	subsets	is	still	somewhat	controversial.	Moreover,	in	contrast	to	flow	

cytometry,	spill	over	between	channels	is	much	reduced	in	mass	cytometry.	This	makes	

panel	design	for	CyTOF	more	straightforward	and	is	particularly	relevant	to	studying	ILCs	as	

they	tend	to	lack	mutually	exclusive/unique	markers.	I	also	took	advantage	of	the	size	of	the	

panels	to	include	functional	readouts	which	allowed	me	to	directly	measure	functional	

responses	of	cell	subsets.	Another	strength	of	running	large	panels	is	the	ability	to	move	

away	from	2D	gating	strategies	and	instead	identify	subsets	of	interest	by	incorporating	

information	from	multiple	markers	simultaneously	(as	was	done	in	this	study).	This	is	again	

important	when	working	in	tissues	such	as	the	decidua	or	OCP	ascites,	for	which	

comprehensive	phenotypic	characterisations	of	immune	subsets	are	lacking	and	existing	

studies	are	conflicting.	In	this	way,	I	was	able	to	characterise	the	phenotypic	and	functional	

diversity	of	ILCs	in	two	different	settings	in	a	more	objective	way	than	previous	studies.		

		

However,	there	are	also	a	number	of	limitations	associated	with	mass	cytometry.	

Particularly	concerning	is	the	common	assertion	that	CyTOF	datasets	are	unbiased.	Panel	

markers	are	selected	based	on	a	priori	knowledge	and	some	analysis	algorithms	require	

operator	defined	values,	such	as	the	number	of	clusters	to	be	identified.	Akin	to	subjective	

cut-offs	introduced	by	biaxial	gating	strategies,	the	boundaries	between	clusters	can	also	be	

arbitrary	when	partitioning	cells	along	a	phenotypic	continuum.	The	expansion	of	CyTOF	has	

relied	on	the	concomitant	development	of	user-friendly	analysis	platforms.	This	can	lead	to	

a	lack	of	understanding	about	the	data	obtained	and	confuse	biological	interpretation.	

Therefore,	it	is	important	for	scientists	to	know	what	a	particular	analysis	can	and	cannot	

show.	For	example,	with	respect	to	tSNE	analysis-	the	axes	are	essentially	meaningless	and	

the	use	of	random	seeds	leads	to	different	outputs	using	the	same	inputs.	Other	limitations	

include	large	amounts	of	cell	loss,	high	cost,	low	cell	through-put,	lack	of	commercially	

available	antibodies	and	reagents	(although	this	is	improving),	a	small	user	community,	

difficulty	in	accessing	machines	and	the	inability	to	sort	cells.		These	are	all	challenges	that	I	

had	to	face	at	the	beginning	of	my	PhD,	as	the	first	person	to	run	CyTOF	experiments	at	the	

University	of	Cambridge.		

	

Taken	together,	what	does	the	future	for	CyTOF	look	like?	There	are	new	improvements	in	

other	cytometry	based	techniques.		For	example,	the	BD	FACS	symphony	advertises	

detection	of	up	to	50	parameters	and	development	of	oligo-tagged	antibody	technologies	

are	improving,	meaning	that	the	niche	which	CyTOF	currently	occupies	will	probably	

narrow.	However,	CyTOF	as	a	technology	is	also	advancing	and	there	is	scope	to	increase	

the	number	of	detection	channels.	Already,	multiplexing	works	very	well,	MHC-tetramer	
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studies	show	promise	and	imaging	of	tissues	by	mass	cytometry	is	becoming	more	

developed.	Nevertheless,	the	CyTOF	‘Gold	Rush’	looks	to	be	over	and	there	is	now	a	need	

for	creative	and	thoughtful	experiments	to	harness	the	power	of	such	high-dimensional	

datasets.			

	

The	butterfly	collector:	How	useful	is	heterogeneity?		
	
Identifying	the	various	subsets	of	the	immune	system	has	formed	a	central	pillar	of	modern	

immunology.	Indeed,	this	year’s	Lasker	awards	rewarded	Max	D.	Cooper	and	Jacques	Miller	

for	their	discoveries	of	B	and	T	cells.	Typically,	flow	cytometry	has	been	the	main	workhorse	

facilitating	subset	discovery.	Mass	cytometry	builds	on	this	model	and	allows	the	parsing	of	

subsets	to	a	higher	resolution	by	employing	a	greater	number	of	markers.	In	addition	to	

subset	discovery,	this	has	revealed	a	previously	unappreciated	diversity	within	well	

characterised	subsets.	For	example,	a	study	characterising	mucosal	immunity	by	CyTOF,	

identified	142	immune	subsets	including	28	subsets	of	gdT	cells	(van	Unen	2016).	A	separate	
study	identified	up	to	30,000	NK	phenotypes	within	an	individual	(Horowitz	2013).	These	

sorts	of	analyses	not	only	illustrate	the	heterogeneity	of	the	immune	system	but	also	

redefine	the	meaning	of	what	constitutes	a	‘subset’.	This	has	led	to	use	of	terms	such	as	

‘biologically	meaningful’	and	‘functionally	relevant’	to	try	and	delineate	helpful	subset	

distinctions.	To	this	end,	I	have	tried	to	identify	broader	subsets	that	differ	from	one	

another	in	their	functional	responses.	These	subsets	may	incorporate	several	clusters	that	

share	defining	phenotypic	traits.	I	identified	7	CD45
+
Lin

-
	dILC	subsets	from	13	clusters	

despite	individuals	harbouring	more	than	4000	Lin
-
CD56

+
	phenotypes	(from	less	than	

25,000	Lin
-
CD56

+
	cells).	Understanding	the	immunological	composition	of	a	tissue	is	

becoming	increasingly	important	as	we	seek	to	harness	the	immune	system	for	

immunotherapies.	Are	there	particular	subsets	that	could	be	employed	to	drive	a	favourable	

immune	response	and	what	targetable	features	do	these	subsets	possess?	

	
dILCs:	just	the	beginning	
	

This	is	the	first	study	applying	high-dimensional	cytometry	to	decidual	ILCs.	I	identified	three	

major	subsets	of	dNK,	dNK1-3,	as	well	as	proliferating	NK,	dILC3s	and	a	mixed	poorly	

defined	cluster	of	cells.	I	also	looked	at	the	functional	profiles	of	each	subset	in	response	to	

several	stimulations	and	found	that	dILCs	produce	overlapping	sets	of	

cytokines/chemokines	but	the	magnitude	and	nature	of	each	subset’s	response	is	

dependent	on	the	activating	stimulus.	My	study	is	therefore	an	important	first	step	in	

characterising	the	diversity	of	dILCs	but	more	work	is	needed	to	fully	understand	the	

physiological	roles	of	the	subsets	I	identified:	

	
- Identify	subset	specific	markers:	With	the	markers	included	in	this	panel,	it	was	not	

possible	to	generate	a	gating	strategy	specific	to	each	subset.	Rather,	this	study	

relied	on	the	‘emergent’	properties	of	each	subset	(Newell	2016)	meaning	there	are	

subtle	differences	across	many	markers	which	in	combination	distinguish	each	

subset.	Thus,	there	is	still	work	to	be	done	to	identify	subset	specific	markers.	One	

way	this	could	be	achieved	is	by	mining	the	publicly	available	single	cell	RNAseq	

dataset	of	the	maternal-fetal	interface	in	early	pregnancy	

(https://scb.sanger.ac.uk/decidua/).	Candidate	markers	could	then	be	incorporated	
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into	the	CyTOF	panel	to	assess	how	subset	specific	they	are.	For	example,	I	tried	this	

with	CD39,	finding	that	it	was	selective	for	dNK1	and	dILC3	but	not	a	‘catch-all’	

marker	for	dNK1.	Candidate	markers	which	could	be	investigated	next	include	

(Figure	a4):	
o dNK1:	SPINK2	(serine	protease	inhibitor).	Serine	protease	inhibitors	have	

been	shown	to	be	anti-inflammatory	and	involved	in	wound	healing	in	

mucosal	tissues	(Angelov	2004):	

o dNK2:	Annexin	A1	(ANXA1).	Is	typically	considered	anti-inflammatory	and	can	

regulate	leukocyte	migration	(Gavins	2012)	

o dNK3:	CXCR4	and	CCL5.	CXCR4	is	the	receptor	for	CXCL12	which	is	produced	

by	invading	EVT	(Hanna	2003).	CXCR4	is	expressed	by	~35%	of	Lin
-
CD56

+
	

CD16
-
	dMCs.	CCL5	binds	to	CCR1,	expressed	by	EVT.	

- What	in	vivo	functions	are	these	subsets	fulfilling?	From	this	data	it	is	not	possible	

to	confidently	assign	specific	roles	for	each	subset.	It	is	tempting	to	speculate	that,	

based	on	receptor	profiles	and	functional	responses,	dNK1	are	involved	in	direct	

contact	with	invading	EVT.	Cross-linking	of	activating	receptors	such	as	KIR2DS4	

leads	to	the	production	of	chemokines	that	modulate	EVT	migration	such	as	GM-CSF.	

KIR	expressing	dNK	have	also	been	implicated	in	viral	control	(Crespo	2016).	Much	

less	is	known	about	the	roles	of	dNK2	and	dNK3.	dNK2	are	characterised	by	low	KIR	

and	high	NKG2A	expression.	Functionally	they	are	able	to	degranulate	and	produce	

cytokines/chemokines.	In	this	way	they	more	closely	resemble	Eomes
hi
	Liver	

resident	NK,	although	with	the	notable	exception	that	Eomes
hi
	liver	resident	NK	do	

not	express	CD49a.	Eomes
hi
	liver	resident	NK	cells	may	play	a	role	in	bacterial	

control,	perhaps	dNK2	are	similarly	involved	in	immune	surveillance	(Male	2017).	

The	high	expression	of	CD103	by	dNK3	suggests	they	may	interact	with	endometrial	

glands	that	express	E-Cadherin.	CD56
+
	cells	have	often	been	described	to	be	present	

around	the	epithelium	of	the	glands	(Russel	2011).	Many	of	these	hypotheses	can	

now	be	tested	using	organoid	models	of	trophoblast	or	endometrial	organoids	

(Turco	2017,	2018).		

- Where	are	these	subsets	located?	To	complement	the	functional	studies,	it	would	

be	interesting	to	identify	the	tissue	localisation	of	each	cell	subset.		As	well	as	being	

present	within	glandular	epithelium,	CD56
+
	cells	are	found	throughout	the	decidual	

stroma,	in	close	proximity	to	spiral	arteries	and	in	contact	with	EVT.	The	subsets	I	

have	identified	in	this	thesis	have	distinct	integrin	and	chemokine	receptor	profiles.	

Therefore,	it	is	possible	that	these	differences	will	determine	their	localisation	within	

the	decidua/endometrium.	In	preliminary	work,	I	found	CD56
+
CD103

+
	cells	in	

contact	with	glandular	epithelium	but	also	throughout	the	decidual	stroma.	This	

work	will	be	assisted	by	the	identification	of	better	subset	specific	markers.	

Intriguingly,	staining	of	Annexin	A1	of	endometrial	samples	revealed	Annexin	A1
+
	

lymphoid-like	cells	aggregating	around	epithelial	glands	and	vessels	(Figure	a5,	
https://www.proteinatlas.org).	Could	this	represent	dNK2?		

- What	are	the	temporal	dynamics	of	dILC	subsets?	In	addition	to	spatial	dynamics,	

dILC	subsets	vary	throughout	human	development	and	in	the	uterus	during	

pregnancy.	This	was	clearly	demonstrated	for	uterine	group	1	ILCs	in	the	mouse	

(Filipovic	2018).		In	humans	KIR	expression	by	eNK	is	fairly	comparable	between	the	

proliferative	and	secretory	phases	of	the	menstrual	cycle,	suggesting	that	dNK1	
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populations	remain	consistent.	However,	over	the	12	weeks	of	the	first	trimester	

there	is	a	decrease	in	dNK1	associated	markers	(KIR,	NKp30,	LILRB1)	and	increase	in	

NKG2D	(Marlin	2012).	Could	this	represent	a	decrease	in	dNK1?		

- Differentiation	trajectories.	Do	these	subsets	represent	nodes	along	a	
differentiation	trajectory	and	do	they	exhibit	plasticity?	There	are	several	indications	

that	dNK2	represent	an	intermediate	phenotype	between	dNK1	and	dNK3.	Firstly,	

the	transcription	factor	profile	of	dNK2	(Eomes
int
,	T-bet

int
)	bridges	dNK1	(Eomes

high
,	

T-bet
lo
)	and	dNK3	(Eomes

int
,	T-bet

high
).	Expression	of	several	other	markers	on	dNK2	

are	intermediate	between	dNK1	and	dNK3,	including	CD161,	NKG2D	and	GzmB.	In	

addition,	as	Lin
-
CD56

+
	dMCs	increase	in	KIR	expression,	markers	associated	with	

dNK3	decrease.	Establishing	the	differentiation	trajectories	of	dILCs	is	further	

complicated	by	the	fact	that	the	origin	of	dILCs	is	still	unknown.		

- Roles	in	disease.	The	dILC	subsets	identified	here	could	perhaps	play	a	role	in	
disorders	of	pregnancy.	Indeed,	particular	KIR	genes	have	been	associated	with	both	

increased	risk	and	protection	of	pre-eclampsia	and	KIR	expression	is	largely	

restricted	to	dNK1.	Less	is	known	about	the	contributions	of	other	subsets	to	

pregnancy	pathologies.	ieILC1s	(similar	to	dNK3s)	are	increased	in	the	gut	of	patients	

inflicted	by	inflammatory	disorders	such	as	Crohn’s	disease	(Fuchs	2013),	classical	

inflammation	is	not	observed	in	the	decidua	but	it	is	possible	dNK3	drive	other	

pathologies	of	the	uterus.		
	
Distinct	granules:	a	role	in	cytokine	secretion?	
	

We	identified	a	phenotype	in	the	dNK	granules	whereby	increasing	KIR	co-expression	

correlates	with	increased	Granzyme	B	and	Granulysin	content.	This	is	also	linked	to	a	

decrease	in	response	to	‘missing	self’	and	an	increase	in	response	to	stimulation	by	an	

activating	KIR	(Huhn	and	Ivarsson,	in	review).	dNK	granules	also	have	several	distinct	

features	in	relation	to	pbNK	granules:	they	are	fewer	and	larger,	sit	further	away	from	the	

MTOC,	stain	positive	for	phloxine	tatrazine	and	differ	in	content	(Bianco	2008,	Numers	

1953,	Huhn	and	Ivarsson,	in	review).	Despite	many	of	these	changes	being	recognised	

decades	ago,	the	physiological	roles	of	the	granules	are	unclear.	Early	on	it	was	proposed	

that	they	act	as	anti-coagulants	as	they	contain	heparin	like	polysaccharides	and	menstrual	

blood	does	not	coagulate	(Numers	1953).	Later,	the	cytotoxic	potential	of	NK	granules	was	

realised	and	more	recently	they	have	been	linked	to	cytokine	production	(Goodridge	2019).	

The	experiments	described	in	this	thesis	also	support	a	role	for	dNK	granules	in	cytokine	

production	but	it	is	still	only	correlative.	To	more	directly	measure	the	contribution	of	dNK	

granules	towards	cytokine	secretion,	one	could	disrupt	Ca
2+
	storage	in	the	lysosomal	

compartment	using	inhibitors	such	as	of	glycyl-L-phenylalanine-beta-naphthylamide	(GPN).	

In	addition,	it	is	not	clear	how	the	granules	change	as	KIR	co-expression	increases.	Do	they	

increase	in	number,	size,	or	content	or	all	of	these?	Educated	pbNK	have	higher	Granzyme	B	

content	than	uneducated	pbNK	despite	having	the	same	numbers	of	granules,	perhaps	a	

similar	phenomenon	is	observed	in	dNK	(Goodridge	2019).		

	

There	are	interesting	parallels	between	dNK	and	pbNK	from	patients	with	Chediak-Higashi	

syndrome	(CHS).	These	include	larger	and	fewer	granules,	low	cytotoxicity	and	potent	

cytokine	production.	CHS	is	caused	by	mutations	in	the	lysosomal	trafficking	regulator,	LYST,	
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which	is	also	the	defective	gene	in	beige	mice.	Splenic	NK	of	beige	mice	exhibit	similar	

morphological	and	functional	defects	(Roder	1979,	Bannai	2000)	whilst	their	uNK	appear	

morphologically	normal	(Yamashiro	and	Croy	1989).	Moreover,	there	are	reports	of	normal	

pregnancies	in	CHL	patients	and	beige	mice	reproduce	normally	(Price	1992).	A	good	anti-

LYST	antibody	does	not	yet	exist	but	LYST	mRNA	levels	are	lower	in	dNK	than	CD56
dim

	pbNK	

(Koopman	2003,	Vento-Tormo	2018).	It	is	tempting	to	speculate	that	reduced	LYST	

expression	by	dNK	contributes	to	their	peculiar	granules.	

	

Allelic	phenotyping:	are	all	KIR2DL1	alleles	the	same?	
	

This	work	forms	part	of	a	growing	body	of	research	which	combines	high-resolution	

genotyping	with	high-resolution	phenotyping.	Improvements	in	sequencing	and	cost	

reductions	have	facilitated	more	accurate	KIR/HLA	allele	typing	and	larger	cohort	sizes.	In	

the	context	of	pregnancy,	allelic	variants	of	KIR2DS4	and	KIR2DS5	have	been	associated	with	

protection	from	pre-eclampsia	whilst	particular	allotypes	of	inhibitory	KIR2DL1	are	

associated	with	increased	risk	in	a	dose	dependent	manner	(Huhn	and	Chazara	2018).	Allelic	

association	studies	need	to	be	accompanied	by	allelic-resolution	cellular	assays	to	better	

understand	how	specific	alleles	are	driving	pathology.	This	formed	the	rationale	behind	

Chapter	5.	Using	novel	antibody	combinations,	I	was	able	to	show	that	the	riskier	KIR2DL1A	

was	more	highly	expressed	on	both	pbNK	and	dNK	than	KIR2DL1B.	Further,	KIR2DL1A
+
	pbNK	

were	more	highly	educated	than	KIR2DL1B
+
	pbNK.	A	fundamental	outstanding	question	is	

still	how	KIR2DL1A	is	contributing	to	increased	risk	of	pre-eclampsia	in	KIR2DS1
-
	mothers.		

	

One	theory	is	that	KIR2DL1A	mediates	higher	levels	of	dNK	inhibition	than	KIR2DL1B.	This	

could	be	achieved	through	conferring	a	stronger	inhibitory	signal	on	a	per	cell	basis,	

although	I	did	not	observe	such	an	affect	for	pbNK.	Alternatively,	due	to	an	increased	

proportion	of	KIR2DL1
+
	dNK	in	KIR2DL1A	individuals,	there	could	be	increased	inhibition	at	

the	population	level.	It	is	also	possible	that	KIR2DL1A	is	a	better	educator	of	dNK	than	

KIR2DL1B	and	that	this	could	lead	to	increased	risk.	This	would	contradict	emerging	data	

that	suggests	increased	dNK	education	is	beneficial	in	pregnancy	(Shreeve,	manuscript	in	

preparation	and	Traherne,	manuscript	in	preparation).	The	interactions	at	the	maternal-

fetal	interface	illustrate	the	duality	of	inhibitory	receptor	signalling,	namely	education	and	

inhibition,	which	complicates	determining	their	precise	roles	in	disease.	Next	experiments	

should	include	testing	the	inhibitory	capacity	of	different	KIR2DL1	allotypes	on	dNK	in	

response	to	several	C2
+
HLA-C	alleles.	It	would	also	be	interesting	to	see	the	functional	

consequences	of	these	KIR2DL1	allotypes	in	other	disease	settings	such	as	OC.		

	
HLA-B	-21	SNP:	role	in	pregnancy?	
	

HLA-C	has	typically	been	considered	the	only	important	classical	HLA	class	I	in	the	context	of	

pregnancy	because	EVT	express	HLA-C	but	not	HLA-A	or	–B.	Recently,	a	dimorphism	in	the	

leader	peptide	of	HLA-B	has	been	shown	to	affect	NK	cell	function	by	modulating	education	

through	the	NKG2A-HLA-E	axis	(Horowitz	2016).	When	I	stratified	donors	by	-21	genotype	

(M/x	or	T/T)	and	assessed	dNK	‘missing	self’	responses,	I	did	not	detect	large	differences	

between	groups.	However,	only	11	donors	were	available	for	comparison	(M/x,	n=5	and	

T/T,	n	=6).	I	did	observe	a	trend	towards	increased	responsiveness	of	dNK2	in	M/x	
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individuals.	The	increased	sensitivity	of	dNK2	to	HLA-E	levels,	relative	to	dNK1	and	dNK3,	

may	result	from	dNK1	also	expressing	KIR	receptors	and	reduced	NKG2A	expression	by	

dNK3.	Triggering	the	‘missing	self’	response	is	not	necessarily	an	appropriate	stimulation	for	

dNK	(as	EVT	always	express	maternal	HLA	allotypes).	Therefore,	future	studies	should	

include	alternative	education	assays	such	as	cross-linking	of	activating	receptors.	Moreover,	

due	to	the	linkage	of	C1
+
HLA-C	with	-21	M,	previous	data	should	be	re-interpreted	to	

incorporate	the	effects	of	NKG2A-HLA-E	interactions.	NKG2A	is	also	highly	expressed	on	NK	

cells	in	other	tissues	including	ascitic	fluid,	therefore	it	could	also	be	investigated	in	the	

context	of	ovarian	cancer.	

		

Overlooked:	tissue	resident	ILCs	of	the	ascites	
	
Another	aim	of	this	thesis	was	to	characterise	the	ILC	compartment	within	the	ascites	of	

ovarian	cancer	patients	(OCP)	with	a	particular	focus	on	NK	cells.	The	literature	surrounding	

ascites	derived	NK	(aNK)	cells	is	riddled	with	contradictions	and	I	therefore	took	advantage	

of	CyTOF	to	conduct	a	more	objective	assessment	of	aNK	phenotype	and	function.	In	this	

way,	I	identified	a	tissue-resident	like	aNK	(TR	aNK)	subset	in	addition	to	CD56
bright

	and	

CD56
dim

	subsets.	These	TR	aNK	have	most	likely	been	missed	for	two	reasons.	Firstly,	aNK	

have	not	been	analysed	using	markers	of	tissue	residency	and	secondly,	CD69	is	often	still	

considered	an	activation	marker.	Thus,	even	though	it	has	been	reported	on	multiple	

occasions	that	aNK	express	higher	levels	of	CD69	than	pbNK,	these	findings	did	not	lead	to	

the	idea	that	there	is	a	tissue	resident	population	in	ascitic	fluid.	TR	aNK	are	highly	

responsive	to	‘missing	self’	and,	upon	PMA	plus	ionomycin	treatment,	the	proportion	of	TR	

aNK	cells	producing	XCL1	and	IFNg	is	higher	than	that	of	other	aNK	subsets.	Important	next	

steps	will	involve	assessing	aNK	subset	responses	to	primary	OC	cells	and	improving	the	

characterisation	of	non-NK	ILCs.	Furthermore,	assessing	the	prognostic	value	of	different	

aNK	subsets	could	assist	in	patient	stratification	for	therapy.		

	

Current	immunotherapies	predominantly	focus	on	utilising	T	cells	but	are	effective	in	only	a	

subset	of	patients	and	thus	NK	cells	present	an	attractive	alternative.	Checkpoint	inhibitors	

have	been	developed	for	a	number	of	receptors	expressed	by	NK,	including	KIR2DL1/2/3	

(Lirilumab),	NKG2A	(Monalizumab)	and	PD-1	(Nivolumab,	Pembrolizumab).	Moreover,	

antibody	therapies	harness	CD16-mediated	ADCC	by	NK	cells.	Therefore,	it	is	essential	to	

determine	the	expression	of	these	receptors	on	aNK	subsets	and	to	identify	novel	subset-

specific	targets.	In	contrast	to	PD-1	and	KIR,	NKG2A	is	expressed	by	all	three	major	aNK	

subsets.	Moreover,	HLA-E	expression	is	detected	on	OC	tumours.	This	would	suggest	that	

disrupting	the	NKG2A-HLA-E	axis	within	the	ascites	could	unleash	NK	activity	and	promote	

tumour	clearance.	A	study	is	underway	to	test	this	hypothesis	using	the	ID8	mouse	cell	line	

model.		

	

Pregnancy	and	ovarian	cancer:	lessons	learnt	from	one	another		
	
One	aim	of	this	thesis	was	to	compare	how	ILCs	diversify	in	distinct,	yet	similar,	biological	

contexts,	namely	first	trimester	decidua	and	OCP	ascites.	Many	parallels	have	been	drawn	

between	the	tumour	and	decidual	microenvironment	which	include	a	skewing	of	the	

immune	response	towards	anti-inflammatory	and	non-cytotoxic	activity.	As	such,	lessons	

learnt	from	one	system	can	be	applied	to	the	other	and	vice	versa.	This	is	illustrated	well	by	
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the	chemokine	XCL1.	For	a	long	time,	it	has	been	known	that	NK	cells	can	produce	XCL1	

(Hedrick	1997,	Dorner	2002).	The	XCL1-XCR1	axis	was	later	identified	as	promoting	OC	

migration	and	proliferation	(Kim	2012).	In	2016,	XCL1	was	identified	in	a	cytokine	screen	

upon	KIR2DS4	stimulation	of	dNK	(Kennedy	2016).	The	receptor	for	XCR1	is	expressed	by	

EVT	and	cDC1	(Kennedy	2016,	Vento-Tormo	2018).	Therefore,	it	is	possible	that	as	in	OC,	

XCL1	could	promote	invasion	by	EVT.	This	is	consistent	with	existing	data	which	shows	that	

other	factors	produced	by	dNK	upon	cross	linking	of	an	activating	KIR,	such	as	GM-CSF,	

positively	regulate	EVT	invasion	(Xiong	2013,	Abbas	2017).	Moreover,	dNK	derived	XCL1	may	

play	a	role	in	cDC1	recruitment	in	the	decidua	as	has	been	observed	in	the	tumour	setting	

(Böttcher	2018).		In	this	current	study,	I	found	that	a	greater	proportion	of	tissue	resident	

NK	subsets,	in	both	decidua	and	ascites,	produce	XCL1	upon	stimulation	in	comparison	to	

pbNK-like	subsets	in	the	same	tissue.	I	also	identified	immunological	motifs	that	were	

shared	between	ILCs	in	both	tissues	such	as	the	connection	between	granzyme	B	levels	and	

functional	responses.	Intriguingly,	this	effect	was	more	pronounced	in	non-CD56
dim

	NK	

subsets	in	comparison	to	tissue	resident	NK.	This	suggests	that	the	granule	compartment	

may	influence	function	in	a	subset	specific	manner.	Whilst	there	are	similarities	between	

decidual	and	ascites	derived	ILCs,	it	is	important	to	remember	some	of	the	key	differences	

between	pregnancy	and	all	cancers,	such	as	that	EVT	in	normal	pregnancies	will	always	

express	maternal	self	HLA-C	molecules.		

	

To	conclude,	ILCs	are	highly	adapted	to	the	niches	they	occupy.	By	comparing	ILCs	from	

different	tissues	we	can	better	understand	the	common	molecular	‘blue	prints’	that	connect	

them	but	also	identify	the	interesting	features	that	are	unique	each	system.		
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9	
Appendix	
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9	Appendix	

	

	
Figure	a0.1	K562	and	721.221	NK	ligands	from	Tremblay-McLean	2019 

Figure	a1	K562	and	721.221	NK	ligands	from	Tremblay-McLean	2019	
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Staining	K562,	.221	and	CEM.NK
r
.CCR5

+
	(Human	CD4+	lymphoblast	cells	resistant	to	NK	

mediated	lysis)	cells	with	monoclonal	antibodies	(mAbs)	and	chimeric	proteins	specific	for	

activating	NK	cell	receptors	(aNKR).	Shown	are	examples	of	flow	cytometry	plots	generated	

by	binding	fluorochrome	conjugated	mAbs,	chimeric	proteins	or	unconjugated	mAbs	with	

fluorochrome	conjugated	secondary	antibodies	specific	for	aNKRs	to	K562	(top	rows	in	each	

panel),	.221	(middle	rows	in	each	panel)	and	CEM.NKr.CCR5	(bottom	rows	in	each	panel)	

cells.	Grey	histograms	represent	staining	with	mAbs	or	chimeric	proteins	binding	to	aNKR.	

White	histograms	represent	staining	with	fluorescence	minus	one,	isotype	control	or	

secondary	antibody	alone	controls.	

	

	
Figure	a0.2	CyTOF	schematic	from	Fluidigm’s	“Helios,	a	CyTOF	system”	www.fluidigm.com	

Figure	a2		CyTOF	schematic	from	Fluidigm’s	“Helios,	a	CyTOF	system”	www.fluidigm.com		

	

Cells	labelled	with	metal-conjugated	antibodies	in	solution	(A)	are	injected	into	the	

nebulizer	(B).	They	are	aerosolized	and	reduced	to	single	cell-containing	droplets.	The	cells	

are	directed	to	the	ICP	torch,	where	they	are	vaporized,	atomized,	and	ionized	in	the	plasma	

(C).	The	high	pass	optic	removes	the	low-mass	ions	(D),	resulting	in	an	ion	cloud	that	enters	

the	TOF	mass	analyzer.	The	ions	are	separated	based	on	their	mass	and	are	accelerated	to	

the	detector	(E).	The	detector	measures	the	quantity	of	each	isotope	for	each	individual	cell	

in	the	sample;	data	is	generated	in	an	FCS	format	(G)	and	analysed	(H).	
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Figure	a3	KIR	fingerprint	of	NKG2Chi	dNK	from	d1	

The	Boolean	KIR	combinations	(KIR	fingerprints)	are	shown	of	the	KIR
+
	compartment	within	

the	NKG2C
hi
	(Black	line)	and	NKG2C

lo/neg	
(red	line)	subsets	of	donor	d1.		

	

	
Figure	a0.4	Violin	plots	from	Vento-Tormo	et	al.	for	subset	specific	candidate	markers	

	
Figure	a4	Violin	plots	from	Vento-Tormo	et	al.	for	subset	specific	candidate	markers	

	

Violin	plots	show	candidate	markers	for	A)	dNK1,	B)	dNK2	and	C)	dNK3.		

	

NKG2C
hi
	

NKG2C
lo/neg	

	

Figure	a3	KIR	fingerprint	of	NKG2Chi	dNK	from	d1	
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Figure	a0.5	ANXA1	staining	of	endometrium	by	IHC	

Figure	a5	ANXA1	staining	of	endometrium	by	IHC	

	

Stains	were	taken	from	the	protein	atlas	(https://www.proteinatlas.org/ENSG00000135046-

ANXA1/tissue/endometrium#img)	

	

	

	
	

	
	
	
	
	
	
	

Figure	a6	KIR2DL1	alleles	and	antibody	binding	sites	
	

Adapted	from	Hilton	2015.	

“(A)	This	alignment	of	KIR2DL1	sequence	differences	shows	the	sites	of	polymorphism	in	the	

D1	domain	(D1),	the	D2	domain	(D2)	and	the	transmembrane	region	(Tm).	Dashes	denote	

identity	with	the	KIR2DL1*003	sequence,	an	asterisk	denotes	a	termination	codon.	

Sequences	of	the	KhoeSan	KIR2DL1	allotypes	are	highlighted	in	yellow.	The	names	of	

allotypes	with	D1,	D2	and	Tm	identical	to	an	aligned	sequence	are	listed	in	the	column	at	

the	right.”	

1A6	binds	P
114	

,	8C11	binds	P154	,	1127b	binds	T154	
	

Figure	a6	KIR2DL1	alleles	and	antibody	binding	sites	
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Figure	a.0.7	Marker	expression	on	functionally	responding	CD56bright	aNK	to	PMA	plus	ionomycin	

Figure	a7	Marker	expression	on	functionally	responding	CD56
bright

	aNK	to	PMA	plus	

ionomycin	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	stimulated	with	PMA	plus	ionomycin	for	

4	hours	in	the	presence	of	protein	transport	inhibitors.	CD56
bright

	aNK	were	identified	and	

stratified	as	responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	

by	CyTOF	(n=10).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	

indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001	
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Figure	a.0.8	Marker	expression	on	functionally	responding	CD56dim	aNK	to	PMA	plus	ionomycin	

Figure	a8	Marker	expression	on	functionally	responding	CD56
dim

	aNK	to	PMA	plus	

ionomycin	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	stimulated	with	PMA	plus	ionomycin	for	

4	hours	in	the	presence	of	protein	transport	inhibitors.	CD56
dim

	aNK	were	identified	and	

stratified	as	responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	

by	CyTOF	(n=10).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	

indicated	*	=	p	<0.05,	**	=	p	<0.01,	***	=	p	<0.001	
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Figure	a.0.9	Marker	expression	on	functionally	responding	TR	aNK	to	PMA	plus	ionomycin	

Figure	a9	Marker	expression	on	functionally	responding	TR	aNK	to	PMA	plus	ionomycin	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	stimulated	with	PMA	plus	ionomycin	for	

4	hours	in	the	presence	of	protein	transport	inhibitors.	TR	aNK	were	identified	and	stratified	

as	responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	by	CyTOF	

(n=10).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	indicated	*	=	p	

<0.05,	**	=	p	<0.01,	***	=	p	<0.001	
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Figure	a.0.10	Marker	expression	on	functionally	responding	CD56bright	aNK	to	K562	co-culture	

Figure	a10	Marker	expression	on	functionally	responding	CD56
bright

	aNK	to	K562	co-culture	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	CD56
bright

	aNK	were	identified	and	stratified	as	

responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	by	CyTOF	

(n=7).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	indicated	*	=	p	

<0.05,	**	=	p	<0.01,	***	=	p	<0.001	
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Figure	a.0.11	Marker	expression	on	functionally	responding	CD56dim	aNK	to	K562	co-culture	

Figure	a11	Marker	expression	on	functionally	responding	CD56
dim

	aNK	to	K562	co-culture	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	CD56
dim

	aNK	were	identified	and	stratified	as	

responders	or	non-responders	for	all	readouts	and	marker	expression	assessed	by	CyTOF	

(n=7).	RM	two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	indicated	*	=	p	

<0.05,	**	=	p	<0.01,	***	=	p	<0.001	
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Figure	a.12	Marker	expression	on	functionally	responding	TR	aNK	to	K562	co-culture	

Figure	a12	Marker	expression	on	functionally	responding	TR	aNK	to	K562	co-culture	

	

(A)	Cryopreserved	decidual	mononuclear	cells	were	co-cultured	with	K562	for	6	hours	in	the	

presence	of	protein	transport	inhibitors.	TR	aNK	were	identified	and	stratified	as	responders	

or	non-responders	for	all	readouts	and	marker	expression	assessed	by	CyTOF	(n=7).	RM	

two-way	ANOVA	with	Sidak’s	multiple	comparisons	test.	Where	indicated	*	=	p	<0.05,	**	=	p	

<0.01,	***	=	p	<0.001	
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Table	a1	ILC	subset	definitions.	Taken	from	“Innate	Lymphoid	Cells:	10	Years	on”	(Vivier	2018)	6		

	
	
Table	a1	ILC	subset	definitions.	Taken	from	“Innate	Lymphoid	Cells:	10	Years	on”	(Vivier	

2018)		
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Table	a2	Clinical	Characteristics	of	ascites	donors	7		

Histology	 Stage	

Serous	 4	

Serous	 4	

Serous	 4	

Serous	 4B	

Serous	 4	

Clear	cell		 3A	

Mixed	epithelial	 3C	

Serous	 3C	

Serous	 3C	

undifferentiated	uterine	sarcoma	 2	

Serous	 4B	

Serous	 3C	

Serous	 3C	

Serous	 3C	

Serous	 3C	

Serous	 3C	

Serous	 3C	

Other	Benign	 NA	

Serous	 3C	

Table	a2	Clinical	Characteristics	of	ascites	donors	
	

	
Table	a3	HLA-C	status,	LILRB1	and	KIR	expression	of	NKG2Chi	dNK	8		

Donor	 HLA-C	 LILRB1	 KIR2DL1	 KIR2DS1	 KIR2DL2/L3/S2	 KIR2DL3	 KIR2DS4	 KIR3DL1	

d1	 C1C2	 85.1	 68.5	 48.4	 97	 78	 40	 3.7	

d2	 Not	known	 94.7	 57.7	 0	 97.1	 81.9	 0	 4.41	

	

Table	a3	HLA-C	status,	LILRB1	and	KIR	expression	of	NKG2Chi	dNK	
	
Table	a4	CyTOF	panel	for	fresh	ascites	stains	9			

Metal	Isotope	 Antigen	

89Y	 CD45	

112	Cd/Q-dot	 CD19,	CD14,	HLA-DR	

115In	 CD57	

141Pr	 2DS4	

142Nd	 CD103	

143Nd	 CD117	

144Nd	 CD69	

145Nd	 anti-PE	

146Nd	 Gzm	B	
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147Sm	 CD7	

148Nd	 NKp30	

149Sm	 KIR2DL2/L3/S2	

151Eu	 CD107a	

152Sm	 Eomes	

153Eu	 MIP1a	

154Sm	 CD96		

155Gd	 CD56	

156Gd	 LILRB1	

157Gd	 NKG2C	

159Tb	 CD9	

160Gd	 NKp44	

161Dy	 Tbet	

162Dy	 NKp46	

163Dy	 CD49a	

164Dy	 CD161	

165Ho	 CD127	

166Er	 NKG2D	

167Er	 3DL1	

168Er	 EB6	

169Tm	 NKG2A	

170Er	 CD3	

171Yb	 DNAM	

172Yb	 Ki-67	

173Yb	 KIR2DL1	

174Yb	 CD94	

176Yb	 2DL3	

209Bi	 CD16	

	

Table	a4	CyTOF	panel	for	fresh	ascites	stains	
	

	 	



For	Self:		
	
Table	a5	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer	10		

Marker	 Ligand	 Role	in	pregnancy	 Role	in	ovarian	cancer	 References	
KIR2DS4	 Some	HLA-C	

and	–A	alleles	
Activation	of	KIR2DS4	leads	to	GM-CSF	
production	by	dNK	
KIR2DS4	is	protective	in	combination	with	
KIR2DS1	vs	pre-eclampsia		

KIR2DS4	associated	with	increased	risk	of	ovarian	
cancer.	Particularly	for	endometroid	cancer	but	
only	n	=	23.		

Giebel	2014	
Kennedy	
2016	

LILRB1	 Class	I	 Expressed	by	dNK1	and	preferentially	binds	
dimerised	HLA-G	on	EVT		

HLA-G	can	be	expressed	by	ovarian	tumours	 Sheu	2007	

NKG2C	 HLA-E	 Expressed	by	PTdNK	found	in	repeat	pregnancies	 HLA-E	expression	is	detected	on	a	subset	of	ovarian	
tumours	

Gamliel	
2018	
Andre	2018	

KIR3DL1	 Bw4+	HLA-B,A	 EVT	do	not	express	HLA-A	or	B.		
KIR3DL1	can	educate	

Not	associated	with	Ovarian	Cancer.	
HLA	downregulation	in	OC	

Giebel	2014	
Hirohashi	
2015	

NKG2A	 HLA-E	 Expressed	by	95%	dNK.	
EVT	express	HLA-E.	NKG2A	can	educate	dNK	

Large	proportion	of	aNK	express	NKG2A	(~65%)	 Sharkey	
2015	
Nham	2018	
Pesce	2015	

KIR2DL1	 C2+HLA-C	 Implicated	with	increased	risk	of	pre-eclampsia	
when	fetus	is	C2+HLA-C.	
Can	educate	dNK	

Not	associated	with	OC.		
HLA	downregulation	in	OC	

Hiby	2004	
Sharkey	
2015	
Giebel	2014	
Hirohashi	
2015	

CD94	 HLA-E	 Found	in	complex	with	NKG2A/C	 Found	in	complex	with	NKG2A/C	 	
KIR2DL3	 C1+HLA-C	 HLA-C	is	expressed	by	EVT.	KIR2DL3	can	educate	

dNK	
Not	associated	with	Ovarian	Cancer.	
HLA	downregulation	in	OC	

Sharkey	
2015	
Giebel	2014	
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Hirohashi	
2015	

KIR2DL1/S1	 C2+HLA-C	 Associated	with	protection	from	pre-eclampsia	
when	fetus	is	C2+HLA-C.	

Not	associated	with	Ovarian	Cancer.	
HLA	downregulation	in	OC	

Hiby	2010	
Giebel	2014	
Hirohashi	
2015	

	
Table	a5a:	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer:	Self	receptors	
	
	
For	tissue	resident:	
	
CD103	 E-Cadherin	 CD103+	dNK	major	IFNg	producers.	

E-cadherin	expressed	by	endometrial	glands	
and	down	regulated	by	EVT	as	they	invade		
	

CD103+TILs	were	mainly	CD8+	T	cells	but	also	
CD56+	NK	cells,	localised	to	epithelial	regions,	
associated	with	increased	survival	

Montaldo	
2016	
Floridon	
2000	
Webb	2014	

CD69	 Gal-1	
Complexes	
with	S1P1	

dNK	express	CD69	 Subset	of	aNK	express	CD69	 Shiow	2006	

CD49a	 Collagen	 dNK	largely	positive	for	CD49a	 Accumulation	of	CD49a+	NK	cells	in	liver	tumours	
was	correlated	with	poor	prognosis	

Siewiera	
2015	
Sun	2019	

CD9	 Many	
associated	
molecules	e.g.	
integrins	

CD9	is	expressed	by	most	dNK	 CD9	is	expressed	by	tumour	infiltrating	NK	cells	in	
Breast	tumours	

Koopman	
2003	
Levi	2015	
	

	
Table	a5b:	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer:	Tissue	resident	
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For	NCR:		
NKp30	 B7H6,	pp65	of	

hCMV,	BAT3	
dNK	predominantly	express	a	different	isoform	
to	pbNK.	Cross-linking	leads	to	reduced	
degranulation	but	good	IFNg,	GM-CSF,	MIP1a,	
MIP1b	and	VEGF	production	

sB7H6	in	ascites	leads	to	downregulation	of	NKp30	
on	aNK	in	a	subset	of	patients,	associated	with	
reduced	function	

Siewiera	
2015	
Pesce	2015	
El	Costa	
2008	

NKp44	 Sialylated	and	
sulphated	
proteoglycans,	
bacterial	cell	
walls,	HLA-class	
II	

Expressed	by	NCR+ILC3	and	subsets	of	dNK.	
dNK	similarly	express	isoforms	a,b	and	c.	(pbNK	
express	isoform	b	mainly)	

Expressed	by	a	subset	of	aNK	10-15%	 Nham	2018	
Pesce	2015	
Siewiera	
2015	

NKp46	 Viral	HA	 dNK	largely	positive	for	NKp46.	NKp46	cross	
link	can	trigger	degranulation	

aNK	largely	positive	for	NKp46	 Hoogstad-
van	Evert	
2018,	Costa	
2008	

	
Table	a5c:	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer:	NCR	
	
For	Transcription	Factors:	
	
Eomes	 	 dNK	are	largely	Eomes+	 	 Montlado	

2016	
Tbet	 	 Expressed	by	dILC1s	and	dNK	 Tbet+	TILs	associated	with	better	survival	 Stated	but	

not	shown	
in	Montaldo	
2016	
Xu	2017	

AhR	 Many,	
including	

Expressed	on	dILC3s	and	villous	trophpblast	 AhR	expressed	by	ovarian	tumours	 Wang	2013	
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tryptophan	
derivatives,	
prostaglandin	E	
and	dietary	
carotenoids	

	
Table	a5d:	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer:	Transcription	Factors	
	
For	other:	
	
CD57	 Cell	adhesion	

glycoproteins,	
laminin	and	
selectins	

Not	expressed	by	decidual	NK	 Decreased	on	aNK	vs	pbNK	
CD57+	TILs	are	associated	with	good	
outcome	in	many	tumours	

Kared	2016	
Radke	1994	
Hu	2018	

CD117	 SCF	 NK	development	and	expressed	by	dILC3	 NK	development	and	expressed	by	dILC3	
Also	expressed	by	ovarian	cancer	stem	cells	

Stemberger-
Papic	2015	

Granzyme	B	 Caspases	 dNK	express	intermediate	levels	of	Granzyme	B	
between	CD56bright	and	CD56dim	pbNK		

aNK	also	express	Granzyme	B	 Yunusova	2018	

CD96	 PVR	(CD155)	 PVR	is	expressed	by	EVT	 PVR	can	be	expressed	by	ovarian	tumours	 Vento	Torno	
2018	
Sloan	2004	

CD161	 LLT1,	CLEC2D	 Highly	expressed	by	ILCs	and	also	by	subsets	of	
dNK.	Inhibits	degranulation	in	pbNK.	CLEC2D	is	
expressed		by	EVT	and	a	subset	of	decidual	
stromal	cells	

CD4+CD161+	T	cells	in	malignant	ascites.	
CD161	is	also	expressed	on	aNK	
Get	CLEC2D	expression	in	ovarian	tumours	

Marlin	2012	
Aldemir	2005	
Vento	Torno	
2018	
Proteinatlas.com	

CD127	or	IL7R	
(in	complex	
with	common-
gamma	chain)	

IL-7		 dILC3	express	CD127	 IL-17+	TILs	associated	with	longer	PFS	in	
ovarian	cancer	

Doisne	2015	
Lan	2013	
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NKG2D	 MICA,	MICB,	
ULBP	

NKG2D	ligands	not	found	on	trophoblast	 Ascites	contains	soluble	NKG2D	ligands,	but	
did	not	affect	NKG2D	expression	

Apps	2008	
Vyas	2017	

DNAM-1	 CD112	
(nectin2),	PVR	
(CD155)	

Not	expressed	highly	by	dNK	 Decreased	expression	on	aNK	compared	to	
pbNK.	Particularly	in	malignant	ascites		

Marlin	2012	
Hoogstad-van	
Evert	2018	

CD16	 IgG	 Not	expressed	by	dNK	 Decreased	expression	on	aNK	vs	pbNK	
(mediated	by	MUC16	in	ascites).	aNK	
decreased	ADCC	response.	Increased	CD16	
expression	by	CD56brights	

Belisle	2007	

CD7	 SECTM1/K12	 Expressed	by	~70%	of	dNK	 SECTM1	Identified	as	a	potential	biomarker	
in	OC	

King	1991	
Kuk	2009	

	
Table	a5e:	CyTOF	panel	markers,	roles	in	pregnancy	and	ovarian	cancer:	Other	
	
	



```{r}	
	
#Kernel	density	estimate-based	residual	plots	of	difference	between	groups	
	
setwd("~/Desktop/Oisín/PhD/CyTOF/Paper	1/Figure	1/R10/Lin-/All	matched/tSNE	+	
cluster_analyzedFCS/Residuals")	
	
#Read	in	dataset	
library(readxl)	
library(MASS)	
	
#Read	in	dataset	
Control	<-	read.csv(file	=	"Tissue.csv")	
Case	<-	read.csv(file	=	"Blood.csv")	
	
#For	Control	events	
x	<-	Control$tsne_1_linear	
y	<-	Control$tsne_2_linear	
	
den3d.control	<-	kde2d(x,	y,	n=100,	lims=c(range(x),	range(y)))	
z.control	<-	den3d.control$z	
print(min(x))	
print(min(y))	
print(max(x))	
print(max(y))	
	
#For	case	events	
x	<-	Case$tsne_1_linear	
y	<-	Case$tsne_2_linear	
#Construct	the	third	dimension	with	smooth	kernel	density	estimate	
print(min(x))	
print(min(y))	
print(max(x))	
print(max(y))	
den3d.case	<-	kde2d(x,	y,	n=100,	lims=c(range(x),	range(y)))	
z.case	<-	den3d.case$z	
	
#Normalizing	the	matrices	to	each	other	so	that	their	sizes	are	comparable.		
	
sum.both	<-sum(z.case)+sum(z.control)	
	
constant.case	<-	sum(z.case)/sum.both	
constant.control	<-	(sum(z.control))/sum.both	
	
normal.case	<-	z.case*constant.control	
normal.control	<-	z.control*constant.case	
	



	 216	

#Here,	the	values	are	set	to	a	percentage	of	the	highest	value	in	any	cell	in	any	of	the	
matrices.		
		
if(max(z.case)	>	max(z.control)){	
	 print("Case")	
	 z.case.percent	<-	100*(normal.case/(max(normal.case)))		
	 z.control.percent	<-	100*(normal.control/(max(normal.case)))	
}	
if(max(z.case)	<	max(z.control)){	
	 print("Control")	
	 z.case.percent	<-	100*(normal.case/(max(normal.control)))		
	 z.control.percent	<-	100*(normal.control/(max(normal.control)))	
}	
if(max(z.case)	==	max(z.control)){	
	 print("equal")	
	 z.case.percent	<-	100*(normal.case/(max(normal.case)))		
	 z.control.percent	<-	100*(normal.control/(max(normal.control)))	
}	
		
#The	residual	matrix	is	constructed	
z.residuals	<-	z.case.percent-z.control.percent	
#Define	the	matrix	
x	<-	den3d.case$x	
y	<-	den3d.case$y	
z	<-	z.residuals	
	
#Make	the	figure	
pdf("Residuals_percent_figure2.pdf",	height=7,	width=7.6)	
filled.contour(x=x,	y=y,	z=z,	xlim=c(range(x)),	ylim=c(range(y)),	zlim=c(-100,	100),	nlevels=10,	
col=rev(c("#67001F",	"#B2182B",	"#D6604D",	"#F4A582",	"#FFFFFF",	"#FFFFFF",	"#92C5DE",	
"#4393C3",	"#2166AC",	"#053061")),	plot.axes=FALSE)	
dev.off()	
	
	
#A	file	with	the	residuals	is	exported	
write.csv(z.residuals,	"z.residuals.csv")	
	
```	
Code	1	Residual	Plot	

Code	1	Residual	plots	
	
```{r	cars}	
setwd("/Volumes/FLUIDIGM	3/Fresh	decidua/Fresh	decidua/Boolean	Diversity")	
#	To	calculate	thresholds	for	marker	positivity,	need	to	start	in	flowJo.	Work	out	what	lower	
limit	by	looking	at	2D	plot	and	seeing	where	gate	is.	This	corresponds	to	the	exported	CSV	
SCALE	values.	
#	CD57,	GzmB,	NKG2D	weren't	present	on	all	stains,	so	were	removed	from	this	analysis	
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#	Set	thresholds	for	each	marker		
tholds	<-read_excel("Boolean	diversity	marker	thresholds.xlsx")	
#	Convert	each	cell	to	0s	and	1s	
W003	<-	read_excel("export_export	W003Dfr	CD45_W003Dfr_01_CD45	col	tidy.xlsx")	#load	
file	
a	<-	which(tholds$Donor	==	"W003")	#which	row	of	the	thresholds	are	we	after	
W003t	<-	tholds[a,]	
#this	code	works	all	markers	in	one	go:	Converting	marker	expression	to	0	(not	expressed)	
or	1	(expressed)	
for	(j	in	1:length(W003))	{	
for	(i	in	1:dim(W003)[1])	{	
if(W003[i,j]	>	W003t[,which(colnames(W003t)	==	colnames(W003[,j]))]	){	
W003[i,j]	=	1	
}	else	{	
W003[i,j]	=	0	
}	}	}	
W003boo	<-	W003	
#write	to	Excel	
setwd("/Volumes/FLUIDIGM	3/Fresh	decidua/Fresh	decidua/Boolean	Diversity")	#where	do	
you	want	it	to	go	
write.csv(W003boo,	file	=	"W003boo.csv")	
	
#	how	to	find	out	frequency	of	each	subset	
#	remove	duplicates	
Ws	<-	W003boo	#more	manageable	
Wsu	<-	unique(Ws)	#all	the	unique	phenotypes	
#now	want	to	count	how	many	times	each	row	is	present	in	W003boo	and	add	that	as	a	
percentage	on	the	end	
Wscount<-	ddply(Ws,.(Ws$CD16,Ws$Tbet,Ws$NKp46,Ws$CD49a,	Ws$CD161,	Ws$KIR3DL1,	
Ws$CD56,	Ws$LILRB1,	Ws$NKG2Chi,	Ws$NKp44,	Ws$CD127,	Ws$AhR,	Ws$CD103,	
Ws$CD117,	Ws$CD69,	Ws$NKp30,	Ws$KIR2DS4,	Ws$KIR2DL2_L3_S2,	Ws$Eomes,	
Ws$CD96,	Ws$NKG2A,	Ws$DNAM1,	Ws$Ki67,	Ws$KIR2DL1,	Ws$CD94,	Ws$KIR2DL3),nrow)	
Wscount$V2	<-	100*Wscount$V1/dim(Ws)[1]	
Wso	<-	Wscount[order(Wscount$V2),]	
	
#write	to	Excel	
setwd("/Volumes/FLUIDIGM	3/Fresh	decidua/Fresh	decidua/Boolean	Diversity")	#where	do	
you	want	it	to	go	
write.csv(Wso,	file	=	"W003boophenofreqordered.csv")	
write.csv(Wso[1:20,],	file	=	"W003top20.csv")	
	
```	
Code	2	Boolean	receptor	combinations	

Code	2	Boolean	receptor	combinations	
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High-Resolution Genetic and Phenotypic Analysis of
KIR2DL1 Alleles and Their Association with Pre-Eclampsia

Oisı́n Huhn,*,†,‡,1 Olympe Chazara,†,x,1 Martin A. Ivarsson,†,x,{ Christelle Retière,‖,#,**
Timothy C. Venkatesan,x Paul J. Norman,††,‡‡ Hugo G. Hilton,††,‡‡ Jyothi Jayaraman,†,x

James A. Traherne,x John Trowsdale,†,x Mitsutero Ito,xx Christiane Kling,{{

Peter Parham,††,‡‡ Hormas Ghadially,‡ Ashley Moffett,†,x Andrew M. Sharkey,†,x,1 and
Francesco Colucci*,†,1

Killer-cell Ig-like receptor (KIR) genes are inherited as haplotypes. They are expressed by NK cells and linked to outcomes of
infectious diseases and pregnancy in humans. Understanding how genotype relates to phenotype is difficult because of the extensive
diversity of the KIR family. Indeed, high-resolution KIR genotyping and phenotyping in single NK cells in the context of disease
association is lacking. In this article, we describe a new method to separate NK cells expressing allotypes of the KIR2DL1 gene
carried by the KIRA haplotype (KIR2DL1A) from those expressing KIR2DL1 alleles carried by the KIR B haplotype (KIR2DL1B).
We find that in KIRAB heterozygous individuals, different KIR2DL1 allotypes can be detected in both peripheral blood and uterine
NK cells. Using this new method, we demonstrate that both blood and uterine NK cells codominantly express KIR2DL1A and
KIR2DL1B allotypes but with a predominance of KIR2DL1A variants, which associate with enhanced NK cell function. In a
case-control study of pre-eclampsia, we show that KIR2DL1A, not KIR2DL1B, associates with increased disease risk. This method
will facilitate our understanding of how individual KIR2DL1 allelic variants affect NK cell function and contribute to disease
risk. The Journal of Immunology, 2018, 201: 2593–2601.

N atural killer cells are important effectors in immune
responses to viruses and tumors (1). Increasingly, tissue
resident NK cells are described which defy the classical

paradigm of NK cells as “killers” (reviewed in Ref. 2). Rather,
they fulfill tissue-specific roles such as interacting with placental
cells during early pregnancy (3). NK cell function is tightly
controlled by continuously integrating signals from activating and
inhibitory receptors, including the killer cell Ig-like receptors
(KIR). This polymorphic gene family is expressed predominantly
by NK cells and, to a lesser extent, T cells. Both activating and

inhibitory KIR exist, some of which bind HLA class I ligands to
regulate NK functional responses. In addition, inhibitory KIR that
bind cognate HLA class I ligands act with other inhibitory re-
ceptors, such as CD94/NKG2A, to tune the reactive potential of
NK cells to their environment: a dynamic process known as ed-
ucation (4). Because both KIR and HLA are highly polymorphic,
this diversity creates a spectrum of NK cell function both within
and between individuals. More than 200 studies demonstrate
disease association to variants of KIR and their HLA ligands
(reviewed in Ref. 5). These include associations with outcomes in
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infectious diseases such as HIV/AIDS (6, 7) and hepatitis (8),
complications of pregnancy such as pre-eclampsia (9–11), and the
outcome of immunotherapy in cancer patients (12). However, the
complexity of both the KIR and HLA gene families presents an
obstacle to understanding how these genetic associations con-
tribute to pathogenesis.
The diversity of the KIR system arises from several sources.

First, KIR genes are inherited as two haplotypes, classified based
on gene content. The KIR A haplotype has fewer genes with
mainly inhibitory KIR, whereas KIR B haplotypes contain addi-
tional activating KIR. In this way, individuals will differ by the
restricted suite of KIR genes they possess. This is compounded by
the fact that the same KIR gene can be found on multiple haplo-
types. Therefore, copy numbers of specific KIR genes can also
vary. A further source of variation is the extensive KIR allelic
polymorphism; for example, over 100 alleles have been described
for KIR3DL1/S1 (Immuno Polymorphism Database). In addition
to the genetic diversity, KIR expression is stochastically regulated
by two opposing sense and antisense promoters (13). Thus, in a
population of NK cells, there is variegated expression of KIR or
none at all. Moreover, KIR genes are located within the leukocyte
receptor complex on chromosome 19 and segregate independently
from their HLA ligands encoded on chromosome 6. As a result,
individuals may not have all the cognate ligands for their partic-
ular KIR repertoire; this will affect the education status of their
NK cells. The polymorphic nature of the KIR/HLA system
complicates linking genotype to phenotype in the context of dis-
ease association studies.
The inhibitory receptor KIR2DL1 recognizes HLA-C allotypes

bearing a C2 epitope (C2+HLA-C), defined by lysine at position 80.
A number of disease association studies have linked KIR2DL1 with
outcomes in cancer and transplantation (14–16). However, some of
the strongest associations come from disorders of pregnancy. For
example, mothers with two KIR A haplotypes (KIR AA genotype)
are at increased risk of disorders of placentation if the fetus carries a
C2 epitope inherited from the father (9, 11). Conversely, mothers
with a KIR B haplotype (containing activating KIR2DS1 that can
also bind C2) are at low risk; instead, these mothers have an in-
creased risk of delivering a large baby (17). When the fetus is ho-
mozygous for alleles encoding a C1 epitope (C1+HLA-C), the
mother’s KIR genotype has no effect, so C2 is the crucial fetal li-
gand. These results suggest that binding of the maternal inhibitory
KIR2DL1 to trophoblast C2+HLA-C increases the risk of pregnancy
disorders, whereas activating KIR2DS1 promotes fetal growth.
Functional experiments in mice support the idea that receptor/ligand
interactions leading to strong NK inhibition impede fetal growth
(18), and there is good evidence for natural selection against strong
inhibitory C2-specific human KIR2DL1 variants (19).
Currently, 26 KIR2DL1 alleles have been identified which can

be grouped according to which haplotypes they tend to segregate
onto (20). Those typically found on the KIR A haplotype in Eu-
ropean populations are KIR2DL1*003, *002, or *001, denoted
hereon as KIR2DL1A. The dominant allele on the KIR B haplotype
is KIR2DL1*004, designated as KIR2DL1B (Fig. 1A). These al-
leles vary in frequency across populations (Fig. 1A) and show
differences in expression levels of both RNA and protein (15, 21–
23). Moreover, functional studies have shown that KIR2DL1 al-
lotypes bind C2+HLA-C allotypes with variable affinities, form a
hierarchy of inhibition in response to their cognate ligand, and
differ in their ability to respond to missing self (24–26). However,
most of these studies have been restricted to using in vitro sys-
tems, cell lines, or donors homozygous for the alleles of interest.
Thus, it is unclear how these data translate into functional
differences on primary NK cells. In particular, it is not known

whether KIR2DL1 allotypes are codominantly expressed by NK
cells or if they confer different educating signals when presented
with identical HLA-C environments.
Amajor stumbling block to studying the effects of allelic variation

of KIR on NK cell function and its contribution to disease has been
the lack of Abs specific for individual KIR receptors. As a result,
anti-KIR Abs often display cross-reactivity for the products of
several KIR genes. This property has been exploited to study ex-
pression of different KIR2DL3 allotypes in heterozygotes, but this
has thus far not been possible for KIR2DL1 (27, 28). In this study,
we have identified a staining combination of KIR-specific Abs to
separate NK cells expressing KIR2DL1A and KIR2DL1B allotypes
within the same individual. We find that KIR2DL1A allotypes are
preferentially expressed by peripheral blood NK (pbNK) cells, and
KIR2DL1Apos NK cells respond more strongly in missing self as-
says than KIR2DL1Bpos cells from the same individual. In a case-
control study, we show that the risk of developing pre-eclampsia is
associated with the number of KIR2DL1A, but not KIR2DL1B, gene
copy number. Finally, we study the expression of KIR2DL1 allo-
types on the tissue resident population of NK cells that are likely to
be driving this association in pregnancy. Similar to their peripheral
blood counterparts, we find that in decidual NK (dNK) cells, the
KIR2DL1 positive niche is dominated by expression of KIR2DL1A
allotypes.

Materials and Methods
Cohorts and genotyping

Genomic DNAwas obtained from three case/control U.K. cohorts with pre-
eclamptic patients and one prospective cohort (controls, n = 679; pre-
eclamptics, n = 693). Informed written consent was obtained from the
subjects, and the corresponding ethical approvals are from Cambridge
Research Ethics Committee (reference numbers 01/197, 05/Q0108/367,
07/H0308/163), Genetics of Pre-Eclampsia (Derbyshire reference number
09/H0401/66), and London multiregional ethical committee (Multi-Centre
Research Ethics Committees No. 05/MRE02/20). Pre-eclampsia was de-
fined by the clinical appearance of hypertension and proteinuria. For
samples used for phenotyping and functional analysis, genomic DNA was
isolated from decidual tissue and digested with proteinase K and RNase A
(Roche) in combination with tissue lysis and protein precipitation buffers
(Qiagen), prior to precipitation of DNA with isopropanol. For blood
samples, Genomic DNAwas isolated using the QIAamp DNA Blood Mini
Kit (Qiagen). KIR gene presence/absence and HLA-C1/C2 genotyping
for the three previously published pre-eclamptic cohorts and the families
was performed by PCR–sequence-specific primer as described previously
(9, 10, 29). The two remaining cohorts, the prospective cohort of controls
from Kiel, Germany, and a cohort of pre-eclamptic patients, were typed for
maternal KIR genes by multiplexed quantitative PCR (30). Genotyping of
KIR2DL1 alleles was performed by pyrosequencing targeting exons 1, 4,
5, 7, and 9 (31).

KIR genotype analysis

KIR haplotype regions were defined following the KIR 2011 workshop
recommendations. Briefly, the centromeric A region was defined by the
presence of KIR2DL3 and KIR2DL1, the centromeric B region was defined
by KIR2DS2 and KIR2DL2, the telomeric A region was defined by
KIR3DL1 and KIR2DS4, and the telomeric B region was defined by
KIR3DS1 and KIR2DS1.

Primary tissue

Samples were obtained from three different sources. First, previously char-
acterized cryopreserved PBMCs from healthy donors were kindly provided by
K.-J. Malmberg of Karolinska Institutet. Second, peripheral blood and
matched decidua were obtained from women undergoing elective termina-
tions of first trimester pregnancies. Mononuclear cells were isolated by en-
zymatic digestion of decidual tissue as described previously (32) and
cryopreserved. Third, peripheral blood was purchased from the National
Health Service Blood and Transplant unit, and PBMCs were cryopreserved.
Ethical approval for this study was obtained from the Cambridge Research
Ethics Committee (study 04/Q0108/23) and Karolinska Institutet ethics re-
view board with all participants supplying fully informed consent.
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Cell lines

YTS cells were stably transfected with a pcDNA3.1 plasmid encoding a
single KIR2DL1 allele (either *001, *003, or *004). These cells were
obtained from P. Kennedy of Manchester University. Cells were grown in
RPMI medium (10% FCS) under selection with G418 (1.5 mg/ml).

Flow cytometry of NK cells

Directly conjugated Abs used for staining are listed in Table I. Where
required, Abs were biotinylated using the FluoReporter Mini-Biotin-XX
Protein Labeling Kit (Life Technologies) and detected using streptavidin–
Qdot 605 (Invitrogen/Thermo Fisher Scientific). Viability was assessed
through staining with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(Invitrogen/Thermo Fisher Scientific). Cells were thawed in complete
medium (RPMI 1640 medium, antibiotics, 10% FCS), counted, and dis-
tributed at ∼1 3 106 cells per well in 200 ml FACS wash (1 3 PBS, 2%
FCS, 2 mM EDTA). Cells were then stained for 1 h at 4C unless otherwise
stated in 30 ml of mixture. KIR2DS1 was detected as previously described
(33). After staining with a secondary mixture containing LIVE/DEAD
Fixable Aqua and streptavidin–Qdot 605 for 30 min at 4C, cells were
fixed in 1% paraformaldehyde for 10 min at room temperature. Finally,
fixed cells were resuspended in FACS wash and analyzed on an
LSRFortessa (BD Biosciences).

Functional assays

PBMCs were thawed and rested overnight in complete medium. A total of
5 3 105 PBMCs were cocultured with 5 3 104 K562 target cells for 6 h in
96-well U bottom plates at 37C. After 1 h of incubation, GolgiPlug (BD
Biosciences) and GolgiStop (BD Biosciences) were added. This method is
adapted from Bryceson et al. (34). Cells were then stained and fixed as
described above.

Statistics

Categorical data were analyzed using the x2 and Fisher exact test with two-
tailed mid-p adjustment and Student t test for continuous data. The mag-
nitude of the effect was estimated by odds ratios (OR) and their 95%
confidence intervals (CI). For comparisons of matched groups, a re-
peated measures one-way ANOVA with Tukey multiple comparisons
test was performed. Statistical analyses were largely performed using
PRISM (GraphPad Software) and the open source statistical package R
(www.r-project.org). A p value #0.05 was considered to be statistically
significant.

Results
A new strategy to identify different KIR2DL1 allotypes in
single NK cells

To identify Abs that can distinguish KIR2DL1 allotypes, we used
a panel of anti-KIR Abs (Table I) to stain YTS cells transfected
with individual FLAG-tagged KIR2DL1A (KIR2DL1*001, 003)
and KIR2DL1B (KIR2DL1*004) alleles (Supplemental Fig. 1).
Two Abs were identified that selectively recognized either
KIR2DL1A allotypes (mAb 8C11) or KIR2DL1B (mAb 1127b).
The binding profile for 8C11 was consistent with the predictions
made by David et al. (35). Both Abs also cross-react with other
KIR (Supplemental Table I), and thus we designed a panel that
would be able to distinguish specific KIR2DL1 allotypes on pri-
mary NK cells. Cryopreserved PBMCs from donors typed for
KIR2DL1 alleles were then stained. KIR2DL1*001 donors are
lacking due to their rarity, but, because KIR2DL1*001 and *002
do not differ in their extracellular domains, results obtained for
KIR2DL1*002 can be used as a proxy for KIR2DL1*001. Be-
cause of Ab cross-reactivity, NK cells expressing KIR2DL2/3,
KIR2DS2, and KIR2DS1 were gated out of the analysis (Fig.
1B). As expected from our findings on YTS cells, 8C11 only
recognizes KIR2DL1A and not KIR2DL1B on PBMCs; con-
versely, 1127b binds only KIR2DL1B and not KIR2DL1A allo-
types (Fig. 1C). As further confirmation, KIR2DL1A single
positive (sp), KIR2DL1Bsp, and KIR2DL1AB double positive
(dp) subsets were sorted from a KIR2DL1*003/004 heterozygous

donor, and KIR2DL1 transcripts were amplified by RT-PCR. The
sequences of the KIR2DL1 allele-specific transcripts in each
subset matched the protein data (data not shown). In addition, to
ensure that there was no steric hindrance of the Abs, we permuted
the order of Ab staining (data not shown). For KIR2DL1A/B
heterozygous donors, our gating strategy allowed us to measure the
percentage of cells expressing each allotype in a subset of KIR2DL1-
positive cells (KIR2DL2/3/S2neg, 2DS1neg, 2DL1pos pbNK cells)
(Fig. 2A). Expression of KIR2DL1A dominates in all donors, with
the mean proportion of KIR2DL1Asp pbNK cells observed being
56% in comparison with 35% for KIR2DL1B cells and only 8%
for KIR2DL1ABdp cells (n = 20) (Fig. 2B, 2C). These results
show that for the first time, to our knowledge, we are able to vi-
sualize expression of two different KIR2DL1 allotypes present on
KIR A and KIR B haplotypes within the same heterozygous in-
dividual. Moreover, although there is codominant expression,
KIR2DL1A is expressed by the majority of NK cells.

KIR2DL1Asp NK cells are more responsive than
KIR2DL1Bsp NK cells

Although previous attempts to link KIR2DL1 alleles to different NK
functions have been limited, KIR2DL1*004 was found to be
hypofunctional in the context of missing self (26). However,
this compared responses between donors with and without
KIR2DL1*004, hence with different HLA backgrounds. We mea-
sured missing self responses of pbNK to the standard HLA class
I–deficient K562 cell line to study how different KIR2DL1 allotypes
within the same donor educate NK cells to alter their responsive-
ness. To rule out the influence of other inhibitory receptors, these
were excluded using a flow cytometry gating strategy from indi-
viduals heterozygous for KIR2DL1A and KIR2DL1B. Thus, we
focused on NKG2Aneg KIR2DL2/3/S2neg KIR3DL1neg KIR2DS1neg

KIR2DL1pos NK cells (Fig. 3A). Donors were further stratified
by whether they possess a C2+HLA-C allele, the cognate ligand for
KIR2DL1. Although both KIR2DL1A and KIR2DL1B are able
to educate NK cells (Fig. 3B, 3C), there is a significantly higher
missing self response in KIR2DL1Asp compared with KIR2DL1Bsp
NK cells. Moreover, an additive response in NK cells expressing
both KIR2DL1 alleles can be seen compared with KIR2DL1B but
not KIR2DL1A. All three KIR2DL1 subsets were similarly hypo-
responsive in C1/C1 donors. These results show that KIR2DL1A
allotypes are better educators of NK cells than KIR2DL1B allotypes
from the same donor.

KIR2DL1A allotypes and gene copy number associate with
greater risk of pre-eclampsia

Having established that there are both phenotypic and functional
differences between KIR2DL1 allotypes, we wanted to assess their
impact in the context of risk of disease. Previous genetic studies have
shown that mothers with twoKIR A haplotypes are at increased risk of
pre-eclampsia or fetal growth restriction if the fetus carries a C2
epitope (9). These results suggest that binding of KIR2DL1 to C2+

HLA-C on placental extravillous trophoblast cells leads to strong
inhibition of dNK cells and compromised placental development. To
understand how different KIR2DL1 alleles contribute to the risk of
pregnancy disorders, we analyzed a case/control cohort comparing
693 pre-eclamptic and 679 control pregnancies. When mothers
lacking KIR2DS1 are classified according to KIR2DL1 genotype, the
presence of KIR2DL1Awas strongly associated with an increased risk
of pre-eclampsia compared with mothers who lacked KIR2DL1A
(p = 0.0006, OR = 1.46 [1.18–1.80]) (Table II). In contrast,
KIR2DS12ve mothers who carry KIR2DL1B were not at increased
risk (p = 0.328, OR = 0.85 [0.6–1.18]). This effect is seen even
without correcting for fetal HLA-C genotype (Table II).
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Having identified that women who possess KIR2DL1A alleles
are more at risk than those with other KIR2DL1 genotypes, we
next addressed the effect of increasing the number of copies of
KIR2DL1A. Mothers were grouped according to whether they
had zero, one, or two copies of KIRDL1A or KIR2DL1B. We
found that increasing the copy number of KIR2DL1A was as-
sociated with increased risk of developing pre-eclampsia
(p = 0.006). The OR increases as KIR2DL1A copy number
increases, which indicates an additive genetic risk model
(Table III). The increased risk associated with KIR2DL1A copy
number remained even when KIR2DS1 was included as a co-
variate. In contrast, increasing copy number of KIR2DL1B
had the opposite effect, apparently lowering the risk of pre-
eclampsia as KIR2DL1B copy number increased, although
this trend did not reach statistical significance (p = 0.26, OR =
0.68 [0.32–1.34]). Taken together, the results in Tables II and

III show that KIR2DL1A alleles are associated with a greater
risk of pre-eclampsia than KIR2DL1B alleles.

Preferential expression of KIR2DL1A allotypes in
tissue-resident dNK cells

Our findings show that KIR2DL1A compared with KIR2DL1B
alleles are associated with the risk of developing pre-eclampsia
and with both phenotypic and functional differences in pbNK
cells. However, it is dNK cells, present in the lining of the preg-
nant uterus (decidua), rather than pbNK that are likely to be re-
sponsible for the biological effects on placental development.
Early in pregnancy, dNK cells account for ∼70% of the decidual
leukocytes (36). They interact with surrounding maternal cells in
the decidua and with the invading fetal trophoblast cells that ex-
press HLA-C molecules. The receptor expression profiles of dNK
cells are quite different from those of pbNK cells (37, 38), with a

FIGURE 1. A new strategy to identify different KIR2DL1 allotypes in single NK cells. (A) Representative KIR A and B Haplotypes. Cognate HLA-C
ligands are depicted above their receptor. Framework genes (present in all common haplotypes) are shown in black, activating KIR are in blue, and in-
hibitory KIR are in red. In European populations, the KIR2DL1 alleles on the A haplotype are KIR2DL1*001, *002, or *003. The KIR2DL1 allele on the B
haplotype is almost exclusively KIR2DL1*004. Allele frequencies in the cohort in this study are depicted in the pie chart. (B) Cryopreserved PBMCs from
donors typed for KIR2DL1 alleles were stained. Gating strategy to identify KIR2DL2/3/S2neg 2DS1neg 2DL1pos NK cells in blood. The clone names of
specific mAbs recognizing KIR2DL1 are included in parentheses on selected FACS plots to clarify how they were used to gate on KIR2DL1sp cells. (C)
Results for donors with different KIR2DL1 alleles are shown. Using Ab clones 8C11 and 1127b, three subsets were identified in donors heterozygous for
KIR2DL1*003 and *004: *003sp cells (003sp, blue arrow), *004sp cells (004sp, black arrows), and *003/*004dp cells (003004dp, red arrow).
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greater proportion of dNK cells expressing KIR2DL1 compared
with pbNK cells from the same donor (39). Education of dNK
cells is also regulated differently from that of pbNK cells (40). We
compared the expression of KIR2DL1A and KIR2DL1B allotypes
on dNK cells in heterozygous individuals in a similar analysis to
Figs. 1 and 2. dNK cells express both KIR2DL1A and KIR2DL1B
allotypes, and codominant expression of both allotypes is ob-
served in heterozygotes (Fig. 4A, 4B). In accordance with the
results of pbNK cells (Fig. 2), for KIR2DL1A/B heterozygous
donors, there is preferential expression of KIR2DL1A allotypes
(57%) in KIR2DL1sp dNK cells (n = 7) (Fig. 4C) compared
with 34% for KIR2DL1Bsp and 7% for KIR2DL1ABdp. When

comparing matched NK cells from blood and decidua, the ex-
pression patterns of the KIR2DL1 allotypes were very similar
(Supplemental Fig. 2). Taken together, these results indicate that
the mechanism governing the relative frequency of KIR2DL1A/B
allele expression is similar in pbNK cells and in dNK cells.

Discussion
We have developed a method to identify allotype-specific NK cell
subsets for the polymorphic receptor KIR2DL1. Using this method,
we show that alleles associated with either KIR haplotype,
KIR2DL1A and KIR2DL1B, are both expressed in heterozygous
individuals, with KIR2DL1A prevailing both phenotypically and

FIGURE 3. KIR2DL1Asp NK cells are more responsive than KIR2DL1Bsp NK cells. Cryopreserved PBMCs were cocultured with K562 and de-
granulation was assessed by staining with anti-CD107a Ab (n = 10). All donors are heterozygous for KIR2DL1A and B alleles. (A) NKG2Aneg KIR2DL2/3/
S2neg 3DL1neg 2DS1neg 2DL1pos NK cells were identified. KIR2DL1Asp (blue arrow), KIR2DL1Bsp (black arrow), and KIR2DL1ABdp (red arrow). (B)
Representative CD107a degranulation FACS plots for allele specific subsets from the same donor. From left to right: KIR2DL1Bsp, KIR2DL1Asp,
KIR2DL1ABdp. (C) Degranulation data (mean 6 SD) for KIR2DL1 allele specific subsets are shown for 10 donors. Donors are stratified by HLA-C status
as mothers homozygous for HLA-C with C1 epitope (C1/C1) and those with at least one C2 epitope (C2/X). *p , 0.05, **p , 0.01, repeated measures
one-way ANOVA, Tukey multiple comparisons test.

FIGURE 2. KIR2DL1A allotypes are preferentially expressed by KIR2DL1sp pbNK cells. Cryopreserved PBMCs from KIR2DL1A/B heterozygotes
were stained as in Fig. 1 (n = 20). Cells were gated to identify KIR2DL2/3/S2neg 2DS1neg 2DL1pos NK cells (KIR2DL1sp subset). (A) KIR2DL1sp subset
stained with 8C11 and 1127b in a donor heterozygous for KIR2DL1A/B. (B) Proportions of KIR2DL1Asp, KIR2DL1Bsp, and KIR2DL1ABdp subsets are
shown as percentages of the KIR2DL1 subset (mean 6 SD), summarized in the donut plot in (C). Filled circles in (B) indicate pbNK cells expressing
2DL1A, 2DL1B, or both allotypes together. *p , 0.0001, repeated measures one-way ANOVA, Tukey multiple comparisons test.
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functionally in both peripheral blood and uterine NK cells. Because
KIR2DL1A are associated with an increased risk to develop pre-
eclampsia, this result could help to focus on patients at higher risk.
The lack of KIR-specific Abs has limited studies of individual

KIR. This problem is amplified when studying KIR alleles because
alleles can differ by a handful of residues. More recently, by
combining cross-reactive anti-KIR Abs, it has been possible to
achieve improved resolution. For example, KIR2DL3*005 allo-
types can be identified from other KIR2DL3 allotypes using an
unexpected cross-reactivity of the anti-KIR2DL1/S1 clone, EB6
(28). By exploiting the cross-reactivity of the anti-KIR Abs, 8C11
and 1127b (35), we are able to visualize expression of two dif-
ferent KIR2DL1 alleles carried on KIR A and KIR B haplotypes
within the same heterozygous individual.
The surface expression of a particular KIR can be affected by

allelic polymorphism, promoter differences, copy number varia-
tion, HLA ligand background, and human CMV status (21, 41–44).
In donors homozygous for KIR2DL1 alleles, the most common
KIR2DL1B allele in Europeans, KIR2DL1*004, is expressed by
significantly fewer NK cells than the most common KIR2DL1A
allele, KIR2DL1*003 (21). In accordance with this, and although
there is biallelic expression of KIR2DL1 allotypes, KIR2DL1Asp
NK cells dominated the KIR2DL1sp NK cell niche in our KIR2-
DL1A/B heterozygous donors.
Using this approach, the effects of KIR2DL1 alleles on NK

function can, for the first time to our knowledge, be compared within
the same individual. In this scenario, NK cells expressing different
KIR2DL1 allotypes have been educated in identical HLA class I
environments. By reducing variation attributed to interindividual

differences, we have been able to assess the functional capabilities
of KIR2DL1 allotypes. KIR2DL1A proved to be the strongest
educator when compared with KIR2DL1B in missing self assays,
in agreement with previous data that show KIR2DL1*004 to be
hyporesponsive in comparison with KIR2DL1 alleles in other
donors (26). In contrast to education by KIR2DL3 alleles, which
was found to be nonadditive with respect to degranulation (27),
our data suggest that there is an additive effect, with a significant
difference in responsiveness between cells expressing KIR2DL1B
alone compared with KIR2DL1ABdp pbNK cells in donors with
the C2 epitope.
From our data, it is not clear whether the differences in function

of these alleles are attributable to differences in ligand binding
avidity or in the quality or quantity of signaling. Binding of Fc
fusion proteins of KIR2DL1A allotypes to microbeads coated with
C2+HLA-C is only slightly higher than for KIR2DL1*004 Fc (24).
Notably, the significant differences in binding of each KIR2DL1
Fc protein to different C2+HLAC allotypes emphasizes the im-
portance of comparing functional effects of KIR2DL1 alleles
in the same HLA-C background. Following ligand binding,
KIR2DL1 proteins also differ in their signaling capacity. KIR2DL1A
alleles commonly found in Europeans have an arginine residue at
position 245, whereas the KIR2DL1*004 allele on the B haplotype
has a cysteine in this position (C245). When KIR2DL1A alleles
transfected into YT-Indy cells bind C2 ligands, they recruit more of
the tyrosine phosphatase SHP-2 than those with C245, resulting in
enhanced inhibitory signaling and longer surface expression (25). We
now show these functional differences are apparent even in primary
NK cells educated in the same HLA-C background.

Table I. Abs for flow cytometry

Ag Clone Fluorophore Supplier

CD3 HIT3a PE-Cy5 BioLegend
CD4 OKT4 PE-Cy5 BioLegend
CD14 M5E2 BV510 BioLegend
CD19 HIB19 BV510 BioLegend
CD56 HCD56 PE-Dazzle BioLegend
KIR2DL1 REA284 Allophycocyanin-Vio770 Miltenyi Biotec
KIR2DL1/S1 EB6 PE-Cy7 Beckman Coulter
KIR2DL2/3/S2 GL183 PE-Cy5.5 Beckman Coulter
KIR2DL2/3/S2 CH-L BB515 BD Biosciences
KIR2DL3 REA147 FITC Miltenyi Biotec
KIR3DL1 DX9 BV421 BioLegend
NKG2A REA110 Allophycocyanin Miltenyi Biotec
KIR2DS1/L1 1127b PE R&D Systems
KIR2DL1/L2/3/S2 8C11 Biotin C. Retiére (gift)
CD107a H4A3 BV650 BioLegend

Table II. The presence of KIR2DL1A, but not KIR2DL1B, in the absence of KIR2DS1 confers increased risk of pre-eclampsia

Controls (n = 679)
Pre-Eclamptic

Patients (n = 693)

p Value OR 95% CIn Frequency (%) n Frequency (%)

KIR2DL1A carriersa (KIR2DS1 negative) 352 51.8 423 61.0 0.0006 1.46 1.18–1.80
Othersb (KIR2DL1A negative and/or

KIR2DS1 positive)
327 48.2 270 39.0

KIR2DL1B carriersc (KIR2DS1 negative) 84 12.4 74 10.7 0.328 0.85 0.61–1.18
Othersd (KIR2DL1B negative and/or

KIR2DS1 positive)
594 87.6 618 89.3

aDefined as KIR2DL1A+ KIR2DS12 donors, with or without KIR2DL1B present.
bKIR2DL1A negative and/or KIR2DS1 positive includes: KIR2DL1A2 KIR2DS12, KIR2DL1A2 KIR2DS1+, and KIR2DL1A+ KIR2DS1+ donors, with or without

KIR2DL1B present.
cDefined as KIR2DL1B+ KIR2DS12 donors, with or without KIR2DL1A present.
dKIR2DL1B negative and/or KIR2DS1 positive includes: KIR2DL1B2 KIR2DS12, KIR2DL1B2 KIR2DS1+, and KIR2DL1B+ KIR2DS1+ donors, with or without

KIR2DL1A present.
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Genes encoding KIR receptors and their HLA ligands are
associated with pregnancy disorders. Homozygosity for the KIR
A haplotype (KIR AA) in the mother is more frequently asso-
ciated with the disorders known as the great obstetrical syn-
dromes, including pre-eclampsia, recurrent miscarriage, and
fetal growth restriction (9, 10, 17, 29). This effect is strongest
when the fetus carries a C2 epitope, strongly implicating
KIR2DL1/C2 receptor–ligand interactions. We now show that

KIR2DL1A, but not KIR2DL1B, increases the risk of developing
pre-eclampsia in a dose-dependent manner, particularly when
KIR2DS1, the antagonist for KIR2DL1, is absent. This suggests
binding of KIR2DL1B with a C2 epitope on fetal extravillous
trophoblast does not contribute to risk of great obstetrical syn-
dromes. Because of small numbers in each group, we were not
able to compare the risk of preeclampsia in KIR2DS12ve mothers
carrying only KIR2DL1B with those lacking a KIR2DL1 gene.

Table III. KIR2DL1A confers more risk of pre-eclampsia as copy number increases

Controls Pre-Eclamptic Patients

p Value OR 95% CIn Frequency (%) n Frequency (%)

KIR2DL1A CNV
0 135 10.6 56 7.8 0.006 1
1 539 42.3 282 39.4 1.26 0.90–1.79
2 599 47.1 377 52.7 1.52 1.09–2.14

KIR2DL1B CNV
0 961 75.5 553 77.3 0.261 1
1 284 22.3 151 21.1 0.92 0.74–1.15
2 28 2.2 11 1.5 0.68 0.32–1.34

Copy number variation (CNV) of KIR2DL1A or KIR2DL1B alleles. The value can be 0, 1, or 2 copies in this regression analysis.

FIGURE 4. Preferential expression of KIR2DL1A allotypes in tissue resident dNK cells. Cryopreserved decidual mononuclear cells from donors typed
for KIR2DL1 alleles were stained to identify dNK cells expressing KIR2DL1 allotypes (n = 7). (A) Gating strategy to identify KIR2DL2/3/S2neg 2DS1neg

2DL1pos dNK cells. (B) dNK cells from donors typed for KIR2DL1 alleles were stained and gated as in (A). Results for donors with different KIR2DL1
alleles are shown above each chart. (C) Two-dimensional FACS plot is representative of biallelic KIR2DL1 expression in dNK cells from a donor het-
erozygous for KIR2DL1*003 and *004. Proportions of KIR2DL1Asp, KIR2DL1Bsp, and KIR2DL1ABdp subsets are shown as percentages of the
KIR2DL1sp subset (mean 6 SD) and summarized in the donut plot. *p , 0.05, **p , 0.01, ****p , 0.0001, repeated measures one-way ANOVA, Tukey
multiple comparisons test.
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The only precedent for allele-specific associations with preg-
nancy disorders is confined to an activating KIR. Certain Af-
rican KIR2DS5 alleles are associated with decreased risk of
pre-eclampsia (11). Our finding of an association of specific
KIR2DL1 alleles in pre-eclampsia is the first report, to our
knowledge, of allele-specific effects for an inhibitory KIR on
pregnancy outcome.
To further understand how allelic variants can drive disease

progression, we analyzed the NK cell population that is physio-
logically relevant to pre-eclampsia, namely dNK cells, and showed
that like the blood compartment, KIR2DL1A is preferentially
expressed by KIR2DL1sp dNK cells. Alleles of a gene coding for an
inhibitory KIR may mediate their effects via two different mecha-
nisms: NK cell education and inhibition. Through calibrating the
functional potential of dNK cells, education by the mother’s HLA-C
could affect the ability of dNK cells to regulate trophoblast inva-
sion. For example, genetic evidence suggests that for pregnancies in
which the fetus is C2+HLA-C, mothers who are KIR AA and C2+

HLA-C are at lower risk of developing pre-eclampsia than KIR AA
and C1C1+HLA-C mothers (10). This is consistent with the idea
that maternal KIR2DL1pos dNK cells are educated by C2+HLA-C
prior to pregnancy. Alternatively, if excessive NK cell inhibition
occurs through KIR AA dNK cells and fetal C2+HLA-C on invading
trophoblast during pregnancy, this may lead to reduced remodeling
of the uterine vasculature and poorer pregnancy outcomes in both
humans and mice [(18), reviewed in (45)]. There exists a hierarchy of
inhibition which places common KIR2DL1A above KIR2DL1B in
response to 721.221 cells expressing the C2+HLA-C allele Cw6 (25).
This model would predict increased inhibition when dNK expressing
KIR2DL1A encounters fetal trophoblast expressing C2+HLA-C com-
pared with dNK expressing KIR2DL1B. The ability to stain both
KIR2DL1 allotypes within NK cells from the same genetic back-
ground will, for the first time, to our knowledge, permit dissection of
both the effects of maternal HLA-C on dNK education and whether
KIR2DL1 allotypes generate different responses to fetal HLA-C.
Genetic studies that analyze KIR allelic variation are increas-

ingly common (7, 11, 14, 46). Of equal importance is the need to
develop methods that allow us to characterize how these allelic
variants contribute to functional differences at the cellular level
and ultimately cause a pathologic condition. Allelic variability of
other KIR genes such as KIR3DL1, KIR2DL2/3, and KIR3DL2 has
an impact on phenotype and function in the context of infection
and autoimmunity (8, 47, 48). For example, KIR3DL1 polymor-
phisms associate with delayed HIV progression and predict patient
survival in response to immunotherapy for neuroblastoma (7, 12).
Evidence that functional differences between KIR2DL1 alleles are
important and subject to natural selection comes from recent
population studies. These show the frequency of C2 is inversely
correlated with the KIR A haplotype (19). Our data suggest that
pre-eclampsia may contribute to this selective pressure to reduce
the KIR A frequency and the strongly inhibitory KIR2DL1 alleles
it carries. We have developed a method that will allow assessment
of phenotype and function of KIR2DL1 allele-specific subpopu-
lations of cells within an individual. This will facilitate our un-
derstanding of how KIR2DL1 receptor polymorphisms affect
cellular function and ultimately contribute to disease progression.
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Cryopreserved! decidual! and! peripheral! blood! mononuclear! cells! from! donors! heterozygous! for!

KIR2DL1A! and!KIR2DL1B+were!stained.!KIR2DL2/3/S2neg!2DS1neg!2DL1pos!NK!cells!were! identified!and!

proportions!of!KIR2DL1Apos!and!KIR2DL1Bpos!cells!calculated.!Data!from!3!matched!pairs!(top)!and!all!

KIR2DL1A/B!heterozygotes! (bottom)!are!shown.!Filled!shapes!on!graph!=!peripheral!blood,!empty!=!

decidua.!The!KIR2DL1!receptor!combination!for!each!subset!is!denoted!by!greyRfilled!circles,!beneath!

the!graph.!!
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Distinctive phenotypes and functions of innate
lymphoid cells in human decidua during
early pregnancy
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During early pregnancy, decidual innate lymphoid cells (dILCs) interact with surrounding

maternal cells and invading fetal extravillous trophoblasts (EVT). Here, using mass cyto-

metry, we characterise five main dILC subsets: decidual NK cells (dNK)1–3, ILC3s and pro-

liferating NK cells. Following stimulation, dNK2 and dNK3 produce more chemokines than

dNK1 including XCL1 which can act on both maternal dendritic cells and fetal EVT. In contrast,

dNK1 express receptors including Killer-cell Immunoglobulin-like Receptors (KIR), indicating

they respond to HLA class I ligands on EVT. Decidual NK have distinctive organisation and

content of granules compared with peripheral blood NK cells. Acquisition of KIR correlates

with higher granzyme B levels and increased chemokine production in response to KIR

activation, suggesting a link between increased granule content and dNK1 responsiveness.

Our analysis shows that dILCs are unique and provide specialised functions dedicated to

achieving placental development and successful reproduction.
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In humans, the blastocyst implants into the mucosal lining of
the uterus, the endometrium, that is transformed into decidua
under the influence of progesterone. Interactions between

fetally-derived placental trophoblast cells and decidua are critical
to placental development and poor placentation is associated with
pregnancy complications such as pre-eclampsia and fetal growth
restriction1. Decidualisation involves all the elements of the
mucosa—glands, arteries, immune and stromal cells2. The most
abundant leucocytes populating first trimester decidua are ILCs
with decidual NK cells (dNK) accounting for up to 70% of
decidual leucocytes3. In addition to dNK, the other major ILC
subsets, ILC1s—including intra-epithelial ILC1s, (ieILC1), ILC2s,
ILC3s, and LTi-like cells, have all been described within the
decidua but there is still no consensus about their exact pheno-
typic profiles and functional roles4–8.

dNK have been typically defined as lineage negative (Lin-)
CD56superbright cells, distinct from peripheral blood NK cells
(pbNK) and other tissue-resident NK cells (trNK)9,10. Cytolytic
activity towards standard NK targets, such as K562 is weak and
IFNγ secretion only found after stimulation with IL-15 or IL-
211,12. Crucially, dNK have never been shown to kill normal
trophoblast and available evidence points to them playing a
physiological role, acting on extravillous trophoblast (EVT) and
maternal decidual cells through the production of factors such
as GM-CSF and XCL113–17. More recently, the considerable
heterogeneity in decidual ILCs is revealed from single cell RNA
sequencing (scRNAseq) analysis of isolates of first trimester
decidual cells8. The RNA profiling suggests there are three main
dNK subsets (dNK1-3) together with proliferating NK cells
(dNKp) and an ILC3 population (dILC3). Compared with
dNK2 and dNK3 cells, dNK1 cells have large granules with
increased expression of perforin, granzymes as well as Killer-
cell immunoglobulin-like receptors (KIR), CD94/NKG2A and
LILRB1. Immunogenetic and functional studies suggest binding
of these NK receptors (NKR) to HLA class I ligands, HLA-C,
HLA-E, and HLA-G on EVT, triggers responses in dNK that
regulate maternal spiral artery remodelling to ensure adequate
blood supply to the growing fetus18–23.

Other evidence suggests that NK cell granules might play a role
in cytokine production. In pbNK from healthy individuals, cells
with larger granules are not only better killers, but also produce
more cytokines24. pbNK from patients with Chediak-Higashi
syndrome (CHS) possess NK cells with fewer, larger granules that
do not polarise towards canonical NK cell target cells compared
to normal pbNK25,26. Despite this, their cytokine production is
more efficient27. These results have resonance with the para-
doxical findings for dNK that are poorly cytotoxic yet possess
large granules filled with perforin and granzymes.

ILCs exhibit considerable heterogeneity and flexibility to
differentiate from one type to another, necessitating detailed
characterisation within each tissue type28. To describe in detail
the phenotype and function of dILCs, we have developed a
mass cytometry panel and stained matched blood and decidual
leucocytes from first trimester pregnancies. Here, we define
protein markers that distinguish dILC subsets with distinct
roles in the decidua. There are three major subsets of dNK as
well as other uterine ILCs. We show that dILC populations are
highly diverse and display decidual-specific phenotype and
functions. dNK granule content and organisation is distinct
from that of pbNK. We also demonstrate that KIR acquisition
by dNK is associated with increased granule content at steady
state and increased functionality upon cross-linking of an
activating KIR. This comprehensive analysis of the phenotype
and functional characteristics of dILCs reveals their unique
features in this decidual environment dedicated to successful
reproduction.

Results
Decidual ILC subsets identified by mass cytometry. Initially, we
set out to characterise the heterogeneity of matched cryopre-
served first trimester decidual mononuclear cells (dMCs) and
PBMCs using a 41-marker mass cytometry panel (Fig. 1a and
Supplementary Table 1). As this is the first study of dMCs using
mass cytometry, we compared a subset of our panel of antibodies
with results generated by conventional flow cytometry. All anti-
bodies behaved comparably across both platforms (Supplemen-
tary Fig. 1A, B, Supplementary Table 2). Few previous studies
have used cryopreserved dMCs and thus we also compared the
staining profiles for fresh and cryopreserved dMC samples by
mass cytometry (Supplementary Fig. 2A, B, Supplementary
Table 3). Although similar staining profiles were obtained, certain
markers were more sensitive to freezing and thawing such as
CD49a and there was also variation between donors (Supple-
mentary Fig. 2B, C).

To analyse all the ILC populations in blood and decidua, Lin-
mononuclear cells were identified as CD45+CD3-CD19-CD14-
HLA-DR- (Supplementary Fig. 3). Their phenotypic differences
were visualised by generating a t-distributed stochastic neigh-
bour embedding (tSNE) landscape using all markers not
previously included in upstream gating (Fig. 1b and Supplemen-
tary Table 1)29. We could determine whether certain regions of
this phenotypic space are enriched with cells from the blood
or the decidua by using a nearest neighbour-based method. In
the tissue probability plot, cells surrounded by decidual cells
are coloured blue and those surrounded by peripheral blood are
coloured red (Fig. 1c). Although the majority of markers are
expressed by both PBMCs and dMCs, cells from the two
tissues segregate into distinct hemispheres suggesting that there
is minimal overlap in phenotype. Some markers are largely
restricted to a single hemisphere and known differences are
confirmed by the tSNE analysis (Supplementary Fig. 4). For
example, CD16 and CD57 are enriched in the peripheral blood
hemisphere which contained few cells staining for tissue-
residency markers, CD49a and CD103, which bind collagen IV
and E-Cadherin respectively (Fig. 1d).

Characterisation of dILC subsets. The initial tSNE analysis
shows considerable heterogeneity within the dILC niche. To
characterise this diversity and identify which dILC subsets are
present, a new tSNE map was generated using Lin- dILCs,
incorporating the surface and intracellular markers indicated in
the final column of Supplementary Table 1. Clustering by
DensVM reveals 13 clusters which can be further annotated based
on their profiles of marker expression (Fig. 2a, b; Table 1)30.
Some of the clusters present correspond to dNK subsets, dNK1-3,
previously identified by our scRNA-seq analysis (Supplementary
Fig. 5). This CyTOF analysis permits separation of additional
clusters at high resolution.

The main phenotypic characteristics of the ILC clusters we
have identified are shown in Table 1. Some of these dNK and ILC
subsets are not easily distinguished by simple marker combina-
tions using traditional 2D gating strategies. The fact that they can
be clearly identified using mass cytometry combined with tSNE,
illustrates the utility of this approach. The four clusters 10–13
(c10–13) are all characterised by high levels of KIR expression.
Together, they represent the dNK1 subset and the clusters are
distinguished by their combinatorial KIR expression patterns.
Cluster 9 (c9) identifies a distinct dNK subset expressing high
levels of NKG2A but lower levels of KIR, and Eomes compared
with dNK1. Based on similarities to the dNK2 subset identified by
scRNA-seq we refer to c9 as dNK2 hereafter (Supplementary
Fig. 5). Clusters 5 and 8 (c5, c8), which correspond to dNK3,
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differ in their NKp44 and NKG2A expression and resemble
ieILC1 in other mucosal sites. A proliferative subset with high Ki-
67 levels corresponding to dNKp (c7) is also present. dNK are
known to proliferate in vivo and based on their expression of
moderate levels of KIR and NKG2A and low expression of CD117
and CD127, we believe the Ki-67+dNKp population represent a
mixture of dNK cells, including dNK1, that are dividing within
decidual tissue10. dNK1 (c10–13) are the most abundant subset
identified in cryopreserved dILCs (30%), followed by dNK2 (c9,
~15%) and dNK3 (c5, c8, ~15%) (Fig. 2c). The proportion of
dNK1 in freshly isolated samples was even greater than for
cryopreserved samples (Supplementary Fig. 2F).

Although ILCs often show tissue-specific phenotypes, which
can present problems for identification, we confirm that a
decidual ILC3 cluster (dILC3) which is CD127+CD117+ is
present (c6) containing both LTi-like and NCR+dILC3s7. We
could not confidently identify dILC2s with our panel due to the
absence of ILC2-specific markers, but small numbers of CD56
−CD127+CD161+Tbet− cells are present within c3, suggestive
of ILC228. Previous authors have described three main dNK
populations, defined by NKp44 and CD103 expression6. We find
these populations spread across our tSNE map suggesting these
markers do not correlate directly with the subsets defined by
CyTOF (Supplementary Fig. 6).
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Decidual tissue preparations always contain peripheral blood
cells and these pbNK occur as two clusters (c1, c2), distinguished
by CD16 or CD57 expression. Immuno-histochemistry has only
revealed sparse CD56+CD16+NK cells within the decidua itself3

and these clusters represent contaminants from maternal blood.
Cluster 4 (c4) are CD56+ cells characterised by lower expression
levels of all canonical dNK markers. These dNK have low CD49a
expression, (not seen in stains of matched non-cryopreserved
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Table 1 Identity of Lin− clusters in Fig. 2, based on phenotype.

Cluster Annotation Phenotype and comment

1 pbNK CD49alo Eomesint Tbethi (++) CD16+CD57+
2 pbNK CD49alo Eomesint Tbethi (++) CD16+CD57−
3 Mixed CD56+/− Heterogeneous group: CD56+/− CD127+/− CD161+/− CD94lo DNAM1+/−AhR+/−
4 Marker Low Low expression levels for many canonical dNK markers e.g., CD56, GzmB, NKp46, NKp30. Loss of CD69, CD49a,

“unhealthy” cells -increased after cryopreservation
5 dNK3 (ieILC1) CD69hi Eomesint Tbethi CD103+NKG2Dhi CD161hi NKp44hi NKG2Alo

6 dILC3 CD127hi CD117hi AhRhi CD94− CD56+/− NKp44+/−
7 dNKp CD69lo Eomesint Ki-67hi NKG2Ahi KIR+/−
8 dNK3 (ieILC1) CD69hi Eomesint Tbethi CD103+NKG2Dhi CD161hi NKp44lo NKG2Ahi

9 dNK2 CD49aint Eomesint Tbetint CD103− NKG2Ahi KIRlo

10 dNK1 CD49ahi Eomeshi Tbetlo NKG2Ahi LILRB1+KIR3DL1+KIR2DL1+KIR2DL3/L2/S2+
11 dNK1 CD49ahi Eomeshi Tbetlo NKG2Ahi LILRB1+KIR3DL1− KIR2DL1+KIR2DL3/L2/S2−
12 dNK1 CD49ahi Eomeshi Tbetlo NKG2Ahi LILRB1+KIR3DL1−KIR2DL1+KIR2DL3/L2/S2+
13 dNK1 CD49ahi Eomeshi Tbetlo NKG2Ahi LILRB1+KIR3DL1−KIR2DL1−KIR2DL3/L2/S2+
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cells) and are non-functional in response to phorbol-myristate
acetate (PMA) plus ionomycin treatment. We conclude that they
are unhealthy cells whose phenotype is altered by cryopreserva-
tion and thus they have been removed from all subsequent
analyses (Supplementary Fig. 2D, E).

We also analysed the transcription factor profiles of the main
dILC clusters. dNK1 (c10–c13) express the highest levels of Eomes,
whilst dNK3 (c5, c8) preferentially express Tbet. In comparison,
dNK2 expresses intermediate levels of both, whilst AhR is highest
in dILC3 (Fig. 2d). We also looked for tissue-resident signatures,
expression of inhibitory receptors for self-HLA (NKG2A, LILRB1,
KIR), activating receptor profiles and granule content of identified
subsets (Supplementary Fig. 5). dNK1 (c10-c13) are characterised
by high levels of CD49a, LILRB1, KIR, and granzyme B. In
contrast, dNK3—similar to ieILC1s—(c5, c8) express high levels of
CD103, CD69, CD161, and NKG2D. dILC3 (c6) also express high
levels of CD69 and CD161, but only low levels of NKG2D and
granzyme B. To summarise, our findings reveal the considerable
heterogeneity amongst dILC subsets with several clusters defined
by phenotypic cell surface markers, intracellular transcription
factors and granule proteins.

dILC responses to unspecific stimulation or missing self. We
next measured the functional responses of dILC subsets to two
different stimulants. Firstly, dMCs were treated for 4 h with PMA
and ionomycin before staining with the CyTOF antibody panel
(Supplementary Table 1). This included CD107a as a proxy for
degranulation, and intracellular staining of cytokines and che-
mokines GM-CSF, XCL1, IFNγ, MIP1α (CCL3) and MIP1β
(CCL4). GM-CSF (Granulocyte-macrophage colony-stimulating
factor) stimulates haematopoietic stem cells to produce granulo-
cytes and monocytes, but more relevant to the decidua is its
ability to attract EVT17. The role of IFNγ in human decidua is
unclear, whereas it is an essential cytokine for vascular remo-
delling in murine decidua31. XCL1 (lymphotactin), is believed to
act on specific antigen-presenting DC subsets in tissues and the
receptor is also expressed on EVT15. MIP1α (Macrophage
inflammatory protein-1α) binds CCR1, CCR4, and CCR5 and
MIP1β binds CCR5 and CCR8; in other tissues they have been
shown to recruit various leucocytes, including NK cells, neu-
trophils and monocytes.

We generated a new tSNE map after dNK stimulation and used
this to gate manually on the Lin−CD56+ subsets previously
defined in Fig. 2; Table 1. For simplicity, we have grouped the
clusters into conventional pbNK (c1, c2), dNK1 (c10–c13), dNK2
(c9) and dNK3 (c5, c8) (Table 1). This global analysis shows that
dILC subsets differ significantly in their capacity to respond
(Fig. 3a and Supplementary Table 4). Consistently across all
functional readouts, the most responsive subset is dNK3, followed
by dNK2. The contaminating pbNK present express CD107a and
produce larger amounts of IFNγ. The most abundant cells, dNK1,
are functionally muted in comparison with dNK3 or dNK2 and
they preferentially produce chemokines such as MIP1β (Supple-
mentary Fig. 7 and Supplementary Table 4). NCR+dILC3s
produce GM-CSF and XCL1 but little IFNγ6,32. The proliferating
cells, dNKp, show low responses for all readouts. The ability of
each dNK subset to mount a polyfunctional response to
stimulation was assessed by examining three functional readouts:
CD107a staining or IFNγ or at least one of the cytokines MIP1α,
MIP1β, GM-CSF, XCL1 (Fig. 3b). Within responding cells,
dNK3 showed the strongest polyfunctional responses; more than
75% upregulating at least two readouts simultaneously, with
~37% of cells expressing all three. In contrast, 60% of dNK1
expressed a single readout, most of which were CD107a− IFNγ−,
indicating these cells are specialised for secretion of cytokines

other than IFNγ. dNK2 displayed intermediate responses. Thus
all three dNK subsets show distinctive patterns of polyfunctional
responses compared to pbNK cells.

Secondly, we co-cultured dMCs with the HLA-deficient, K562
cell line in a classical missing-self assay. The majority of dNK cells
express NKG2A and are educated to detect missing self. Moreover
we selected donors who were heterozygous for group 1 and group 2
HLA-C alleles (C1/C2) so that both KIR2DL1+ and KIR2DL3
+cells are further educated33,34. As with PMA/ionomycin, dNK3
and dNK2 are the most responsive to missing-self (Supplementary
Fig. 8 and Supplementary Table 5), but in this assay dNK2
responses are higher than dNK3. The relative magnitude of
response of each subset therefore depends on the specific stimulus.
dNK1 cells are once again low responders, consistent with our
previous findings that show decreased degranulation of dNK
subsets expressing multiple inhibitory NKR in response to K56235.
To determine if there is a more functional subset within the dNK1
compartment, we focused on CD103 because, although this is a
marker of ieILC1s (and indeed is expressed by dNK3), we also see
expression on ~30% of dNK1. CD103+dNK1 produce significantly
higher levels of CD107a, MIP1α, MIP1β, and XCL1 in response to
PMA/ionomycin, and increased levels of MIP1β and XCL1 upon
co-culture with K562 cells when compared to CD103− dNK1
(Fig. 3c, d). To summarise, functional differences exist within the
dILC compartment; in both assays dNK3 and dNK2 subsets show
the highest responses, but which subset predominates is stimulus
dependent. We find that particular cytokines/chemokines are
produced by specific subsets and that CD103 expression by some
dNK1 correlates with increased functional responses, demonstrat-
ing further heterogeneity within this subset.

KIR acquisition on dNK and pbNK. Despite the weak func-
tional responses to PMA/ionomycin and missing self, the major
dILC subset, dNK1, has the potential to respond to invading
EVT as they express NKR, including KIR, with ligands on EVT.
Immunogenetic and in vitro studies also suggest that binding of
KIR on dNK to HLA-C on EVT regulates trophoblast invasion
and pregnancy outcome22,23,35,36. In pbNK, due to the sto-
chastic nature of KIR expression37, individual NK cells can
express multiple KIR and acquisition of KIR, CD57 and the loss
of NKG2A is associated with NK cell differentiation38.
Importantly, acquisition of inhibitory KIR that bind self HLA
class I molecules leads to more responsive pbNK cells through
the process of NK cell education33. To study the effects of KIR
on phenotype and function of dNK, we analysed how additional
NKR, transcription factors and proteins present in NK granules
correlate with KIR acquisition on Lin− CD56+dMCs. We
confirm the findings on pbNK that CD57 and CD16 expression
increases with acquisition of KIR and find DNAM-1 also
increases even when KIRs are not stratified by education status
(Fig. 4a)39. LILRB1, Ki-67, NKp30, and granzyme B, all increase
markedly on dNK with increasing KIR co-expression; these
markers are either constant or show modest changes on pbNK
(Fig. 4b). NKG2A expression decreases on pbNK with
increasing KIR co-expression38 but the majority of dNK are
NKG2A+ and this slightly increases with KIR acquisition
(Fig. 4c). In contrast, NKG2D, CD161, and Tbet decrease on
dNK as KIR co-expression increases; these markers are main-
tained on KIR+pbNK (Fig. 4d). Therefore, acquisition of KIR
in dNK is associated with very different changes in key phe-
notypic markers compared to pbNK. These include LILRB1,
NKG2A, the transcription factor Tbet and granzyme B.

dNK granule content and organisation. We have previously
shown that KIR+ dNK express higher levels of perforin,
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Fig. 3 dILC responses to unspecific stimulation or missing self. a Decidual mononuclear cells were stimulated for 4 h by PMA plus ionomycin in the
presence of protein transport inhibitors. A new tSNE landscape was generated using the markers indicated in the final column of Supplementary Table 1.
Lineage negative (Lin−) CD56+ subsets identified in Fig. 2 were manually gated on the tSNE plot to show dNK1 (c10–c13), dNK2 (c9), dNK3 (c5, c8),
dILC3 (c6), dNKp (c7) and pbNK (c1, c2). Scatter plots show proportion of cells within each subset staining for functional readouts or Ki-67 (n= 12).
Values represent stimulation minus unstimulated media control for each subset. Error bars represent SD. b Pie charts show the mean percentage of each
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Where indicated, ****p < 0.0001. Source data are provided as a Source Data file.
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granulysin and granzymes A and B than KIR− dNK8. We
further explored this connection between granule content and
KIR expression on Lin− CD56+dMCs. We find that as dNK
acquire more KIR the flow cytometry side-scatter (a proxy for
granularity) increases with each additional KIR. This holds true
for dNK expressing either single inhibitory or activating KIR
(Fig. 5a–d). In contrast, forward-scatter (a proxy for cell size)
did not increase (Supplementary Fig. 9A, B). Using flow cyto-
metry, we went on to analyse the quantities of perforin, gran-
zyme B and granulysin in dNK, compared to pbNK subsets
(Supplementary Fig. 10A). We confirm previous findings that
perforin and granzyme B levels in dNK are intermediate

between CD56bright and CD56dim pbNK, whereas dNK have
higher levels of granulysin compared to both pbNK subsets40
(Supplementary Fig. 10B).

To investigate the morphology and location of the granules in
more detail, we used electron and confocal microscopy of dNK
and pbNK. Granules in dNK are significantly larger than those
in pbNK (~600 nm diameter for dNK, ~200 nm for pbNK)
(Fig. 5e, f) and fewer in number41. Confocal microscopy shows
that perforin, granzymes and granulysin all localised to fewer,
larger structures, consistent with localisation in enlarged granules
as seen by EM. (Fig. 5g). Few large granules are characteristic of
NK cells from CHS patients that are also poor killers27. CHS NK
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cell granules are less clustered around the MTOC and we
therefore measured this in dNK25,27. Analysis of dNK by confocal
microscopy stained for LAMP-1/CD107a and pericentrin (an
MTOC-associated protein) shows that dNK granules are further
away from the MTOC compared to pbNK (Fig. 5h, i)42. In
summary, dNK have distinctive organisation and distribution of
granules compared with normal pbNK. In contrast to pbNK, the

content of granule proteins such as granzyme B increases as dNK
acquire KIR.

dNK responses triggered by activating KIR. pbNK granules
function as Ca2+ ion stores that contribute to increased sig-
nalling capacity so that cells with larger granules produce more
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cytokines when an activating receptor is triggered24. We next
asked whether Lin− CD56+dMCs become more functional as
granule content increases with acquisition of KIR (Figs. 4b,
5a–d). When analysed by FACS, these Lin− CD56+KIR+

correspond mostly to dNK1 identified by mass cytometry. We
confirm that, unlike pbNK, degranulation of dNK decreases
with increasing KIR expression in response to missing self, and
cytokine production follows this trend (Fig. 6a)43. In contrast,

Fig. 5 dNK granule content and organisation. a Granule content represented as geometric mean fluorescent intensity (gMFI) of side scatter in Lineage
negative (Lin−) CD56+ cell subsets co-expressing 0–3 Killer-cell Immunoglobulin-like Receptors (KIRs, n= 11). Lines connect dNK subsets from the same
individual. b Fold increase in side scatter over previous data-point in a. c Geometrical mean fluorescence intensity (gMFI) of Granzyme B in KIR2DS1-
KIR2DS4- Lin-CD56+ cells co-expressing 0–2 inhibitory KIRs (n= 11). d Granzyme B gMFI in KIR2DL1-KIR2DL2/S2/3− Lin-CD56+ cells co-expressing
0–2 activating KIRs (n= 4). e Live Lin-CD56+CD94+dNK and pbNK were FACS-sorted and visualised using electron microscopy. Electron dense
lysosomal structures are indicated with “L”. Data is representative of four donors. Scale bar indicates 1 μm. f Granule diameter measured by electron
microscopy, aggregated data for multiple cells (n= 33 for dNK and 53 for pbNK). Red lines indicate mean. g Confocal microscopy pictures of pbNK (top)
and dNK bottom) stained with the markers indicated (green), nucleus (blue) and cell outline (dashed line). Representative 2D views of multiple cells from
five experiments are shown. White scale bar indicates 2 μm. h 3D representation of four pbNK (top) and two dNK cells (bottom) stained for centrosome
(MTOC, pericentrin, red), CD107a/LAMP-1 (green) and nucleus (blue). Spots (CD107a/LAMP-1) and surfaces (pericentrin, DAPI for nucleus and
Phalloidin for cell surface) created in Imaris are shown. The side of each square in the 3D cube represents 2 μm. i Quantification of multiple distance
measurements from CD107a/LAMP-1 structure centre (green spots) to centrosome centre (red surfaces) in h. Line indicates mean. Dots represent
average distances in each cell analysed (n= 18 and 9), from three different experiments with unique unmatched donors. a–c Stars indicate significance
obtained with two-tailed one-way ANOVA of matched data points with Tukey correction. Tests were only performed on full series. **p < 0.01, ***p < 0.001,
****p < 0.0001. f, i Stars indicate significance obtained with a two-tailed Mann–Whitney test with 95% confidence level, ****p < 0.0001, **p < 0.001. Source
data are provided as a Source Data file.
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Fig. 6 dNK responses triggered by activating KIR. a Representative XCL1 and CD107a staining by CyTOF in lineage negative (Lin−) CD56+ decidual cells
co-expressing 1–3 Killer-cell immunoglobulin-like receptors (KIR) following a 6 h co-culture with K562 (n= 10). b Representative XCL1 and CD107a
staining by mass cytometry in Lin-CD56+ cells co-expressing 1–3 KIR following 4 h stimulation by PMA plus ionomycin (n= 8). c Representative
XCL1 staining by flow cytometry in Lin-CD56+KIR2DS4+ decidual cells co-expressing 1–3 additional KIRs following activation via P815 cells coated with
anti-KIR2DS4 (n= 6). d Correlation of frequency of XCL1+Lin-CD56+ decidual cells and mean side scatter for the same subset (n= 20). Two-tailed
p-value calculated for Pearson correlation coefficients. Two-tailed one-way ANOVA of matched data points with Tukey correction and 95% confidence
level was used. *p < 0.05, **p < 0.01, ***p < 0.001. Source data are provided as a Source Data file.
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following PMA/ionomycin stimulation, there is no obvious
decrease in response with increasing KIR expression (Fig. 6b).
However, these are not physiological stimuli. We have shown
that triggering activating KIR2DS113,17 and KIR2DS415 on dNK
to mimic recognition of HLA-C on trophoblast, results in pro-
duction of cytokines that enhance EVT cell migration in vitro.
Furthermore, these activating KIR are associated with a reduced
risk of developing pre-eclampsia15,22,35,36. When dNK are sti-
mulated by cross-linking KIR2DS4, we now show that increased
KIR co-expression on KIR2DS4+dNK is associated with
increased cytokine production and degranulation (Fig. 6c). A
higher proportion of dNK express both readouts as the number
of KIR expressed goes up, so polyfunctionality of dNK correlates
with KIR co-expression. dNK with highest side scatter also have
the highest cytokine production supporting the link with
increased granule content (Fig. 6d). In summary, dNK with
more KIR display increased functionality when triggered via an
activating KIR in contrast to stimulation via missing self, where
dNK responsiveness decreases with more KIR.

Discussion
We have used CyTOF to profile the phenotype and function of
tissue-resident ILCs in human decidua. Comparison of 13 phe-
notypic subsets of Lin− dILCs by CyTOF with scRNAseq tran-
scriptomic profiles defining dNK1–3, dNKp, dILC3, and pbNK
confirms the identity of the major blood and decidual ILC
populations at the protein level with a greater degree of resolu-
tion. Four clusters of dNK1 are defined by KIR co-expression
patterns and two dNK3 sub-populations are distinguished by
NKp44 and NKG2A expression. Based on the similarities between
our RNA profiles and CyTOF data we also confirm the presence
of the dNK2 subset. NK transcription factors are under-
represented in scRNAseq due to their low expression levels;
here we find that dNK1 are EomeshighTbetlow, in contrast to
dNK3 which are EomesintTbethigh. dNK2 express intermediate
levels of both Eomes and Tbet suggesting that they might be
positioned along a differentiation trajectory between dNK3 and
dNK1. In agreement with previous reports, NCR+ILC3 and LTi-
like dILC3s are present but it is difficult to reliably define the
sparse dILC2 subset4,5,7.

Heterogeneity of dILC has been described by conventional flow
cytometry for a range of phenotypic markers including KIR, other
NKR and integrins6,44,45. For example, three dNK populations
were defined by flow cytometry on the basis of NKp44 and
CD103 expression but comparison with our high dimensional
analysis using CyTOF (Supplementary Fig. 6) shows the difficulty
of capturing the true complexity of dILCs using only a few
markers6. We also did not identify a cluster directly corre-
sponding to “pregnancy trained dNK cells” (PTdNK), although
they do most closely resemble dNK1 that have higher levels of
NKG2C, LILRB1, KIR, and glycolytic enzymes8. Decidual PTdNK
proportionally increase in women after their first pregnancy12 but
this clinical information was not available under our ethical
permission for the study.

We obtained this data using frozen cells but there are two
caveats: some markers such as CD49a are more sensitive to the
freeze/thawing process and a cluster of unhealthy cells was
removed from the analysis because it is largely absent from
freshly isolated cells. This is a small study and we were therefore
unable to detect differences resulting from gestational age.
Characterising the spatial dynamics of dILC subsets was also not
within the scope of this study. Finally, as the samples are from
early in gestation, how dILCs are altered in disorders of pla-
centation such as pre-eclampsia which only present later in
pregnancy is undetermined.

The relationship of these human dILC subsets to those in
murine decidua is unclear. There are three murine Group 1 ILC
subsets: CD49a+Eomes- uterine ILC1 (uILC1), CD49a+Eomes
+trNK and CD49a-Eomes+conventional NK (cNK)4,46,47.
Murine uILC1 express CXCR6 and may represent memory cells
as they expand in second pregnancies46. They therefore could be
functionally analogous to KIR+PTdNK, although they have low
levels of Ly49. trNK resemble dNK1 with higher levels of Ly49,
Eomes and Ki-6746,47. Although murine cNK are similar to our
pbNK clusters, these are abundant within murine decidua basalis
whilst CD16+pbNK are only sparse in human decidual tissue4,48.
Human dNK3 resemble ieILC1s for which a murine counterpart
has been characterised in the gut (NKp46+NK1.1+CD160+)49.
However, uterine trNK and uILC1 are both present in Nfil3−/−

mice, so neither subset directly corresponds to NFIL3-dependent
gut ieILC1s50. The inability to easily correlate murine and human
uterine ILC subsets could reflect the considerable anatomical
differences in placentation between mice and humans. A better
functional characterisation of dILC subsets in both species may
reveal functional homologies among phenotypically
different cells.

dNK are phenotypically and functionally unlike other trNK
present in many human tissues9. CD49a+liver-resident NK cells
(lrNK) express KIR but not NKG2A, whilst CXCR6+lrNK
express NKG2A and not KIR51–53. The main lung NK cells are
circulating CD56dim CD16+, with a smaller CD56bright NK
population expressing CD69, CD49a, and CD10354,55. Unlike
dNK1, these CD56bright lung NK express less KIR2DL2/L3 than
lung CD56dimCD16+NK54. Differentiating CD56dim pbNK
acquire KIR and CD57, lose NKG2A, and increase responsiveness
with acquisition of inhibitory KIR specific for self-MHC, through
NK education33,38. dNK are quite different because as KIR co-
expression increases, we find dNK1 exhibit decreased respon-
siveness to stimulation by missing self, but greater responses to
cross-linking activating KIR2DS4. This paradoxical finding might
be explained by our findings that side-scatter and granzyme B
expression also rise with increasing KIR, suggesting changes in
granule content and organisation8,40. We also find that the
increased levels of granzyme B reported in dNK expressing
KIR2DS1+40, occurs with both activating and inhibitory KIR.

The different functional responses of dNK and pbNK as they
acquire more KIR, may be due to the differences observed in
granule organisation between the two. Granzyme B accumulates
in granules corresponding to secretory lysosomes and here we
show that dNK granules are larger and located further away from
the MTOC compared to resting pbNK. dNK were previously
shown to be unable to polarise their MTOCs and perforin-
containing granules to the immune synapse56. Enlarged granules
and higher granzyme B expression are linked to increased func-
tional capability in pbNK24. In pbNK, larger granules appear to
act as stores leading to increased Ca2+ release upon receptor
cross-linking and greater degranulation and cytokine release. The
parallel increase in granule proteins and responsiveness to KIR
cross linking as number of KIR increases, suggests a similar
mechanism may operate in dNK. All these features of dNK
granules resemble the pbNK from CHS patients that are poorly
cytotoxic but maintain the capacity to produce cytokines25,26,42.
The genetic mutation responsible for CHS affects the lysosomal
trafficking regulator, LYST. Lyst is mutated in beige mice who
reproduce normally and show similar morphological and func-
tional defects to CHS patients in peripheral but not in uterine NK
cells57,58. Furthermore, normal pregnancy is reported in CHS
patients59. Although a reliable antibody is not available, LYST
mRNA levels are lower in dNK compared to CD56dim pbNK8,60.
Future work is needed to study the biology of these unusual dNK
granules. Indeed, the presence of unique cells in decidua with

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14123-z

10 NATURE COMMUNICATIONS | ���������(2020)�11:381� | https://doi.org/10.1038/s41467-019-14123-z | www.nature.com/naturecommunications

www.nature.com/naturecommunications


large cytoplasmic granules, led to the original discovery of uterine
NK cells. Their large granules have unique tinctorial properties
(phloxine tartrazine in humans and the lectin DBA in mice) not
seen in NK cells in other tissues61,62.

The major dILC subsets (dNK1-3, dILC3) produce factors
(GM-CSF, XCL1, MIP1α, and MIP1β) whose receptors are
expressed by EVT and thus are likely to modify invasion. This is
stimulus dependent and does not always correlate with the resting
mRNA levels found from scRNAseq8. Indeed, the dominant cells,
dNK1, whose receptor profile suggests direct interactions with
EVT, respond poorly to classical methods used to stimulate NK.
Instead, when trophoblast recognition is simulated by cross-
linking of KIR2DS4, these cells degranulate and make XCL1. KIR
and their HLA-C ligands are highly polymorphic and immuno-
genetic studies show that specific combinations of maternal KIR
and their HLA-C ligands leading to dNK inhibition are associated
with fetal growth restriction and pre-eclampsia where trophoblast
transformation of uterine arteries is defective. Combinations that
promote dNK activation are associated with enhanced fetal
growth22,23,36. Our results show how KIR may regulate responses
of the dNK1 subset to EVT during pregnancy. Increasing KIR
expression in dNK1 is associated with higher granzyme B levels,
changes in the organisation of granules and with higher
responsiveness of dNK1 to cross-linking activating KIR2DS4 but
lower responses in missing self assays. This suggests responsive-
ness is regulated differently by KIR in dNK compared to pbNK.

The exact roles of the other dILC subsets remains less clear.
dNK2 and dNK3 produce significantly higher levels of cyto-
kines such as XCL1, than dNK1 upon missing-self or PMA/
ionomycin stimulation. The only maternal cell expressing
XCR1 in decidua are dendritic cells (cDC1)8 indicating XCL1
derived from dNK2 and dNK3 may recruit and modulate the
functions of cDC1 in decidua as demonstrated in the tumour
microenvironment63. dNK2 and dNK3 express NKR for non-
HLA ligands expressed on EVT—TIGIT binds to PVR and
KLRB1 binding to CLEC2D. They also secrete MIP1α (CCL3)
and MIP1β (CCL4) which can bind to CCR1 and the scaven-
ging receptor, ACKR2 (D6), both expressed by EVT64,65. Loss
of Ackr2 in murine fetal cells leads to placental defects and fetal
death66. To investigate the effects of cytokines and chemokines
derived from dILC subsets in humans requires in vitro
experimental models. We have now developed 3D organoid
culture systems derived from both maternal endometria and
placentas8,67. The trophoblast organoids can be induced to
differentiate into invasive HLA-G+EVT. This characterisation
of the unique features of decidual ILCs, will now permit future
studies of their functional interactions with other decidual cells
as well as fetal trophoblast. The uterine mucosa is dedicated to
supporting the developing placenta and these distinctive ILCs
must be pivotal in ensuring reproductive success.

Methods
Patient samples. Decidual samples were obtained from healthy women with
apparently normal pregnancies undergoing elective first trimester terminations
(7–12 weeks) (n= 28). The age and parity of the women is not known to us. All
decidua donors supplied fully informed consent and ethical approval was granted
by the Cambridge Research Ethics Committee (study 04/Q0108/23). Peripheral
blood was taken from women undergoing elective first trimester terminations
(7–12 weeks). In addition, whole blood samples were purchased from the NHS
Blood and Transplant unit (n= 4, used in Fig. 4). The age of donors and sex of
NHS Blood and Transplant donors is unknown. All peripheral blood donors
supplied fully informed consent and ethical approval was granted by the Cam-
bridge Research Ethics Committee (study 04/Q0108/23).

Cell lines. The murine cell line P815 and human cell line K562 were purchased
from DSMZ in Germany. Cells were not tested for mycoplasma contamination nor
authenticated and were cultured in complete medium (RPMI1640 medium, anti-
biotics, 10% FCS).

Isolating mononuclear cells from decidua and whole blood. Matched peripheral
blood and decidua samples were collected from women undergoing elective ter-
minations of first trimester pregnancies. Peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood by Pancoll (PAN-Biotech) and cryo-
preserved in 90%FCS/10%DMSO. To isolate decidual mononuclear cells (dMCs),
decidual tissue pieces were first washed in RPMI-1640 and remaining blood clots
and vessels removed using scalpels. Remaining tissue was then minced and 5 ml of
Collagenase IV (0.1 g/100 ml, sigma) in RPMI-1640 with 10% FCS added for
further dissociation by GentleMACS. The tissue was incubated for another 45 min
at 37 °C whilst being gently shaken. The collagenase was quenched by addition of
RPMI-1640 and then filtered through 100 µm and then 40 µm filters. dMCs were
isolated following a Pancoll centrifugation step and then cryopreserved in 90%FCS/
10%DMSO. This protocol has been adapted from Male et al. 201268. Additional
whole blood samples were purchased from the NHS Blood and Transplant unit and
PBMCs were isolated and cryopreserved as described above.

Cell staining and data acquisition by mass cytometry. PBMCs and dMCs were
thawed and washed in complete medium. Cells were then rested overnight at 37 °C
with 5% CO2 in complete medium supplemented with 2.5 ng/ml IL-15 (Peprotech).
After resting, cells were washed in serum free RPMI 1640 medium and a viability
stain performed using 500 µM rhodium DNA intercalator diluted 1 in 500 (Flui-
digm Sciences) for 15 min at 37 °C with 5% CO2. Cells were washed in cell staining
medium (CSM, 1× PBS, 0.03% BSA, 2 mM EDTA), counted and distributed at
2–4 × 106 cells per well and stained for 1 h at 4 °C in 65 µl of filtered antibody
mixture. Cells were then washed twice in CSM and fixed in 1% PFA overnight at
4 °C. After fixation, cells were washed in CSM and resuspended in Permeabilization
Buffer (Invitrogen) for 45 min at 4 °C before staining with 65 µl of filtered antibody
mixture for 1 h at 4 °C. Cells were then washed thrice in CSM and DNA stained
using 125 µM Cell-ID Intercalator Ir (Fluidigm Sciences) diluted 1 in 10,000 in 1%
PFA overnight. Finally, cells were washed twice in CSM and then twice in MiliQ
water before acquisition on a Helios mass cytometer.

Cell staining and data acquisition by flow cytometry. PBMCs and dMCs were
thawed and washed in complete medium. Cells were then rested overnight at 37 °C
with 5% CO2 in complete medium supplemented with 2.5 ng/ml IL-15 (Peprotech).
Cells were then counted and distributed at approximately 1 × 106 cells/well in
200 µl FACS wash (FW, 1× PBS, 2% FCS, 2 mM EDTA). Cells were stained for 1 h
at 4 °C and KIR2DS1 was detected by direct addition of 11PB6 antibody to wells for
the last 15 min of staining. Viability was assessed using LIVE/DEAD Aqua incu-
bated for 30 min at 4 °C. Cells were then fixed in 1% paraformaldehyde for 10 min
at room temp and later analysed on a LSR Fortessa (BD Biosciences). For intra-
cellular staining FoxP3 transcription factor staining kit was used for fixation and
subsequent intracellular staining (Invitrogen).

NK were gated on as live CD3-CD14-CD19-CD56+lymphocytes. Further
gating on subsets was done as indicated in figure legends. The following antibodies
and reagents were used: LIVE/DEAD discriminator (LifeTechnologies), CD3
(UCHT-1, BioLegend), CD14 (M5E2, Biolegend), CD19 (HIB19, BioLegend),
CD56 (HCD56, BioLegend) NKG2A (Z199, Beckman Coulter and REA110,
Miltenyi), KIR2DL1 (REA284, Miltenyi), KIR2DL1/S1 (11PB6, Miltenyi),
KIR2DL3 (180701, RnD Systems), KIR2DL2/3/S2 (CH-L, BD Biosciences and
GL183, Beckman Coulter), KIR2DS4 (REA860, Miltenyi), Perforin (dg9,
BioLegend), Granzyme A (CB9, eBioscience), Granzyme B (GB11, BioLegend),
Granulysin (9/15 kDa, DH2, BioLegend). XCL-1 (109001, RnD systems) was
conjugated to fluorescent molecules using Lightning-Link (Innova Biosciences,
UK). Biotinylated antibodies were detected using Streptavidin Qdot605
(LifeTechnologies).

Antibody conjugation for mass cytometry. Antibodies and isotopes were
obtained from the sources specified in Supplementary Table 1. Where antibodies
required conjugation, this was performed using MaxPar X8 labelling kits (Fluidigm
Sciences) according to the manufacturer’s instructions.

Stimulation with PMA/ionomycin and missing self. PBMCs and dMCs were
thawed and rested overnight in low dose IL-15 as described above. For stimulation
by PMA/Ionomycin, 1 × 106 mononuclear cells were treated with eBioscience™ cell
stimulation cocktail (Invitrogen) for 4 h in 96-well U bottom plates at 37 °C, 5%
C02. Golgi Plug (BD Biosciences) and Golgi Stop (BD Biosciences) were added for
the final 3 h of stimulation. For K562 stimulations, mononuclear cells were co-
cultured with K562 target cells at a ratio of 10:1 for 6 h in 96-well U bottom plates
at 37 °C, 5% CO2. Golgi Plug (BD Biosciences) and Golgi Stop (BD Biosciences)
were added for the final 5 h of stimulation. Cells were then stained and acquired as
outlined above. To analyse polyfunctional NK responses to stimulation, Lin−
CD56+ subsets were manually gated on the tSNE plot to show dNK1 (c10–c13),
dNK2 (c9), dNK3 (c5, c8), and pbNK (c1, c2) subsets. Boolean gating arrays were
created using FlowJo to determine the frequency of cells within these subsets that
stained for one, two, or three readouts. Readouts were defined as: CD107a and/or
IFNγ and/or at least one of the cytokines MIP1α, MIP1β, GM-CSF, XCL1 (Cyto).
Non-responding cells that expressed none of the functional readouts were
excluded.
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Stimulation with activating KIR. Cryopreserved decidua cells from previously
KIR-phenotyped KIR2DS4+ donors were used to perform redirected antibody-
stimulation assays. Adherent cells were depleted by plating thawed decidua cells in
T175 flasks over-night. Ten million cells per flask were used in 10 ml of RPMI 1640
with 10% heat-inactivated fetal calf serum and antibiotics, supplemented with
2.5 ng/ml IL-15 (Peprotech). Next day non-adherent cells were washed off using
complete medium and cells were resuspended at 2.5 × 106/ml. P815 cells were
resuspended at 0.5 × 106/ml and coated with anti-KIR2DS4 (clone 179315, R&D
Sytems) or isotype control by adding 5 µg/ml antibody and incubating 30 min at
four degrees.

Effector and target cells were then mixed at 5:1 ratio (100 μl of each) in a
U-bottom plate. Plates were centrifuged for 2 min 300 rpm followed by incubation
1 h at 37 degrees. GolgiPlug and GolgiStop (BD Biosciences) were then added
according to manufacturer’s instructions. After an additional 5 h of co-incubation
at 37 °C, 5% C02, cells were transferred to V-bottom plates for FACS staining.

Confocal microscopy. FACS-sorted (same gating as above with addition of
CD94/NKG2A positivity) or MACS-purified NK cells were used (purity verified
>95% by same FACS panel as here above). NK cell negative selection kit was
used for MACS-purification (Miltenyi). 10–50,000 NK cells were stained in V-
bottom 96 well plates. DAPI was used for DNA stain of nucleus. The following
primary antibodies were used perforin (dg9, BioLegend), Granzyme A (CB9,
eBioscience), Granzyme B (GB11, BioLegend), Graunulysin (9/15 kDa, DH2,
BioLegend, Pericentrin (Rabbit polyclonal, ab4448, Abcam), LAMP-1 (H4A3,
BioLegend). Primary antibodies were detected using goat-anti-rabbit (for peri-
centrin) or goat anti-mouse isotype-specific antibodies conjugated to Alexa
Fluor 488, 647, or 568.

Antibodies were incubated for 1 h at room temperature. Fixation was done
with 2% PFA in PBS buffer. Permeabilisation was done with a 1% BSA, 0.4%
saponin PBS buffer. Following staining and washing in V bottom plate, cells
were transferred to 15-well µ-Slide Angiogenesis (ibidi) pre-coated with Cell-Tak
(Corning). Slides were centrifuged for 2 min 300 rpm to let cells settle. Cells were
then covered with ProLong Gold Antifade (ThermoFisher). Samples were
imaged at room temperature with an Andor Revolution Spinning disk system
with CSU-X1 spinning disk (Yokogawa), 512 × 512, 16 μm2 pixel camera (iXon,
Andor) IX81 microscope (Olympus) using the 60× or 100× objective (numerical
aperture 1.45) and 2.5× camera adaptor and with lasers exciting at 405, 488, 561,
and 640 nm. Images were acquired using IQ2 (Andor) and processed using
IMARIS software (Bitplane). The spots and surface functions were used to define
structures between which distances were then measured using Imaris.

Electron microscopy. FACS-sorted NK cells (same gating as above with addition
of CD94 positivity) were immediately fixed in 0.5% glutaraldehyde in 0.2M sodium
cacodylate buffer (pH 7.2) for 30 min. They were then washed in sodium caco-
dylate buffer, treated with reduced osmium tetroxide 1% OsO4, 1.5% potassium
ferricyanide at room temperature for 60 min, washed in water, treated with 0.5%
magnesium uranyl acetate at 4 °C for 16 h, dehydrated with ethanol rinsed in
propylene oxide and embedded in Epon resin. Ultrathin sections were examined in
a FEI Tecnai G2 TEM at 80 kV. Images were acquired with a MegaView III CCD
and Soft Imaging Systems programme.

KIR and HLA genotyping. Genomic DNA was isolated from whole blood samples
using the QIAamp DNA Mini Blood Kit (Qiagen). For decidua samples, the tissue
was first digested using proteinase K and RNase A (Roche) in combination with
tissue lysis and protein precipitation buffers (Qiagen). DNA was subsequently
precipitated using isopropanol. Genotyping for KIR gene presence and HLA-C1/C2
status was performed by PCR-SSP using validated methods22,23.

Statistical analysis. FCS files were analysed with FlowJo v10.5.3 (Tree Star Inc.).
tSNE, DensVM clustering and nearest neighbour-based tissue probability analyses
were performed using the R packages cytofkit and DepecheR from
Bioconductor69,70. Statistical analyses were largely performed using PRISM
(GraphPad Software Inc.) and the open source statistical package R (www.r-
project.org). Datasets were tested for normal distribution and the appropriate
statistical test was then used to compare subsets. Methods used are specified in
figure legends.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information file. The source data underlying
Figs. 2C, 3A–D, 4A–D, 5A–I, 6A–D, and Supplementary Figs 1B, 2B, 2E–F, 5, 7, 8A–B,
9A–B, 10B are provided as Source Data file. Data not found in the source data are
available upon request from the authors.
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Supplementary Figure Legends 
 

Supplementary Figure 1. Validation of mass cytometry by flow cytometry.  
(A) Cryopreserved PBMCs and Decidual Mononuclear Cells (dMCs) were stained for 

indicated markers (table S2) by mass cytometry and flow cytometry. NK cells = Lin- CD56+, 

T cells = CD3+ CD19- CD14- CD56-. (B) Correlation of marker expression by CyTOF and 

FACS (n=3 donors). Two-tailed p-value calculated for Pearson correlation coefficients. 
 

Supplementary Figure 2. Effects of cryopreservation 
(A) Matched stains of cryopreserved vs freshly isolated Decidual Mononuclear Cells (dMCs) 

by CyTOF for indicated markers (Table S3). dNK cells = Lin- CD56+, dT cells = CD3+ 

CD19- CD14- CD56-, dB cells = CD19+CD3-CD14-CD56-. (B) Correlation of selected 

markers stained in cryopreserved vs freshly isolated DMCs by CyTOF and FACS (n=9). 

Two-tailed p-value calculated for Pearson correlation coefficients. (C) Example CD49a 

staining of Lin-CD56+ dMCs by CyTOF. Stains from cryopreserved and freshly isolated 

DMCs are shown for 2 donors. (D) Representative 2D plot of CD56 vs CD49a. 

Cryopreserved Lin- CD56+ dILC in pink are overlaid by Cluster 4 in blue. (E) Radar plot of 

Cluster 4 response to 4 hour PMA/ionomycin stimulation. Values represent stimulation 

minus unstimulated media control (n=12). (F) Donut plot showing the average frequencies of 

identified clusters from fresh tissue preparations (n =7) for comparison with results from 

cryopreserved cells as shown in Figure 2C (cluster 4 excluded from both).  

 

Supplementary Figure 3. Gating strategy to Lin- cells by CyTOF 
Gating strategy reads as follows: Beads excluded, Singlets, Live, CD45+, CD3-CD14-CD19-

HLA-DR- 

 

Supplementary Figure 4. Marker expression on Fig. 1 tSNE landscape of matched 
blood and decidua Lineage negative cells 
tSNE landscape was generated in Figure 1 using matched blood and decidua derived Lin- 

cells (n=6). tSNE are coloured by indicated marker expression. Red=high expression, 

Blue=low expression.  

 

Supplementary Figure 5. Comparison of scRNA-seq dataset (Vento-Tormo 2018) vs 
CyTOF for selected ILC subsets 
Violin plots show the RNA profiles of dNK1-3, dNKp and dILC3 from Vento-Tormo 2018, 

compared with indicated CyTOF marker expression levels for analogous Lin- CD56+ 

densVM clusters identified in Figure 2 (n=12).      

 

Supplementary Figure 6. CD103 vs NKp44 gating in tSNE landscape 
(A) Representative 2D CyTOF plot of CD103 vs NKp44 staining of Decidual Lin-

CD56+CD127-CD117- cells (B) Regions of tSNE-space occupied by indicated subsets 

(n=12). This is the same tSNE map generated in Fig. 2. (C) Fig. 2A (Shown for reference). 

(D) Overlay of subsets from fig. S6B (n=12). Orange = CD103- NKp44+, Red = CD103+ 

NKp44+, Blue = CD103+ NKp44-, Green = CD103- NKp44-. 

 



Supplementary Figure 7. Response of decidual ILC subsets to stimulation by 
PMA/ionomycin      

Decidual mononuclear cells were stimulated with PMA plus ionomycin for 4 hours in the 

presence of protein transport inhibitors and analysed as shown in Fig. 3A. A new tSNE 

landscape was generated using the markers indicated in the final column of table S1. Lin- 

CD56+ subsets identified in Fig. 2 were manually gated in the tSNE plot. Scatter plots show 

proportion of cells within each subset staining for functional readouts or Ki-67 (n=12). Values 

represent stimulation minus unstimulated media control for each subset. Error bars 

represent SD. Plots show the characteristic pattern of responses of each ILC subset for the 

seven different functional readouts upon stimulation.      

 

Supplementary Figure 8. Response of decidual ILC to stimulation by ‘missing self’ 
(A) Decidual mononuclear cells were co-cultured with K562 for 6 hours in the presence of 

protein transport inhibitors. Scatter plots show functional output and Ki-67 staining for Lin- 

CD56+ subsets (n= 8-11). Values represent stimulation minus unstimulated media control 

for each subset. (B) Data is summarised in the scatter plots by subset (n=8). In A) Two-tailed 

One-Way ANOVA of matched data points with Tukey’s correction were performed. P values 

of comparisons for A) are found in table S5. Error bars represent SD.      
 
Supplementary Figure 9. KIR-co-expression and forward or side scatter analysed by 
flow cytometry 
(A) Forward scatter of Lin- CD56+ Decidual Mononuclear cells (dMCs) does not increase 

with increasing number of co-expressed KIRs (n=11). (B) Side-scatter in dNK cell subsets 

co-expressing only inhibitory KIRs (left, n=9) or only activating KIRs (right, n =4). Stars 

indicate significance obtained with Two-tailed One-Way ANOVA of matched data points with 

Tukey correction. ** = p <0.01, *** = p <0.001   

 
Supplementary Figure 10. Decidual NK cells contain distinct amounts of cytotoxic 
molecules compared to pbNK 
(A) CD14-CD19-CD3- lymphocytes are gated for decidual NK (dNK), as well as CD56

bright
 

and CD56
dim

 pbNK cells in PBMC, respectively. (B) Histograms indicate content of perforin, 

Granzyme A, B and Granulysin (9/15 kDa) in dNK and in the indicated subsets of pbNK.      
Bottom line of graphs show aggregated data for dNK and pbNK

bright
  and pbNK

dim
 (n=5-13), 

color coded as in B top row. Red Line represents mean.  A two-tailed Mann-Whitney test 

was performed for Perforin and Granzyme A. Unpaired t-tests were used for Granzyme B 

and Granulysin. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 

 
 

  



Supplementary Tables 
 
Supplementary Table 1. CyTOF Antibody list  
 

Isotope Isotope Source Marker Antibody Clone Antibody Source 

viSNE 

Generation* 

89Y Fluidigm Sciences CD45 HI30 Fluidigm Sciences  

112Cd  CD3 Qdot605 UCHT1 Thermofisher  

112Cd  CD14 Qdot605 Tük4 Thermofisher  

112Cd  CD19 Qdot605 SJ25-C1 Thermofisher  

112Cd  HLA-DR Qdot605 Tü36 Thermofisher  

115In Sigma CD57 HCD57 BioLegend x 

141Pr Fluidigm Sciences KIR2DS4 FES172 Beckman Coulter x 

142Nd Fluidigm Sciences CD103 Ber-ACT8 BioLegend x 

143Nd Fluidigm Sciences CD117 104D2 Fluidigm Sciences x 

144Nd Fluidigm Sciences CD69 FN50 Fluidigm Sciences x 

146Nd Fluidigm Sciences Granzyme B CLB-GB11 Novus x 

147Sm Fluidigm Sciences MIP1β D21-1351 BioLegend  

148Nd Fluidigm Sciences NKp30 P30-15 BioLegend x 

149Sm Fluidigm Sciences KIR2DL2/L3/S2 GL183 Beckman Coulter x 

150Nd Fluidigm Sciences IL-22 22URTI Fluidigm Sciences  

151Eu Fluidigm Sciences CD107a H4A3 Fluidigm Sciences  

152Sm Fluidigm Sciences Eomes WD1928 eBioscience x 

153Eu Fluidigm Sciences MIP1α 

1.2_3E8-2H6-

2B6 Peprotech  

154Sm Fluidigm Sciences CD96 NK92.39 BioLegend x 

155Gd Fluidigm Sciences CD56 B159 Fluidigm Sciences x 

156Gd Fluidigm Sciences LILRB1 GHI/75 Fluidigm Sciences x 

157Gd Trace Sciences NKG2C 134591 R&D Systems x 

158Gd Fluidigm Sciences IFN-γ B27 Fluidigm Sciences  

159Tb Fluidigm Sciences GM-CSF BVD2-21C11 Fluidigm Sciences  

160Gd Fluidigm Sciences NKp44 P44-8 BioLegend x 

161Dy Fluidigm Sciences Tbet 4B10 Fluidigm Sciences x 

162Dy Fluidigm Sciences NKp46 BAB281 Fluidigm Sciences x 

163Dy Fluidigm Sciences CD49a TS2/7 Fluidigm Sciences x 

164Dy Fluidigm Sciences CD161 HP-3G10 Fluidigm Sciences x 

165Ho Fluidigm Sciences CD127 A019D5 Fluidigm Sciences x 

166Er Fluidigm Sciences NKG2D ON72 Fluidigm Sciences x 

167Er Fluidigm Sciences KIR3DL1 DX9 Fluidigm Sciences x 

169Tm Fluidigm Sciences NKG2A Z199 Fluidigm Sciences x 

170Er Fluidigm Sciences XCL1 109001 R&D Systems  

171Yb Fluidigm Sciences DNAM-1 DX11 Fluidigm Sciences x 

172Yb Fluidigm Sciences Ki-67 B56 Fluidigm Sciences x 

173Yb Fluidigm Sciences KIR2DL1 143211 R&D Systems x 



174Yb Fluidigm Sciences CD94 HP-3D9 Fluidigm Sciences x 

175Lu Fluidigm Sciences AhR FF3399 eBioscience x 

176Yb Fluidigm Sciences KIR2DL3 180701 R&D Systems x 

209Bi Fluidigm Sciences CD16 3G8 Fluidigm Sciences x 

 

* ‘X’ denotes markers that were used to generate tSNE landscapes where indicated in the text 

 

Supplementary Table 2. Selected Antibodies used in mass vs flow cytometry 
comparison 
 
 

Marker Clone Isotope Clone Fluorophore 

KIR2DL1 143211 166Er REA284 APC-Vio770 

KIR2DL2/S2/L3 GL183 149Sm GL183 PerCP-Cy5.5 

KIR3DL1 DX9 163Er DX9 BV421 

CD56 B159 174Yb HCD56 PE-Dazzle 

CD16 3G8 209Bi 3G8 Bv650 

NKG2A Z199 171Yb REA110 APC 

CD19 SJ25-C1 142Nd HIB19 AF700 

CD3 UCHT1 Er170 Okt3 Bv510 

CD4 SK3 145Nd Okt4 PE-Cy5 

CD8 (RPA-T8) 146Nd SK1 FITC 

 
Supplementary Table 3. Antibodies used in fresh vs cryopreserved 
comparison 
 

Marker Clone Isotope Clone Fluorophore 

KIR2DL1 143211 166Er REA284 APC-Vio770 

KIR2DL2/S2/L3 GL183 149Sm GL183 PerCP-Cy5.5 

KIR3DL1/S1 Z27 151Eu   

KIR2DS4 FES172 141Pr JJC11.6 APC 

CD56 NCAM16.2 174Yb HCD56 PE-Dazzle 

CD16 3G8 148Nd 3G8 Bv650 

NKG2A Z199 171Yb REA110 APC 

CD19 SJ25-C1 142Nd HIB19 AF700 

CD3 UCHT1 170Er Okt3 BV510 

CD4 SK3 145Nd Okt4 PE-Cy5 

CD8 (RPA-T8) 146Nd SK1 FITC 

2B4 2-69   143Nd   

CD7 CD7-6B7 147Sm   

CD9 SN4 159Tb   

CD69 FN50 162Dy   

CD57 HCD57 115In   

CD27 L128 167Er   

CD122 TU27   144Nd   

CD94 DX22 165Ho   

NKp44 P44-8 160Gd   

NKp46 195314 155Gd   

TCRVD2 

KIR3DL1 

B6 

DX9 

152Sm 

163Dy 

  

     

 



Supplementary Table 4. P-values for PMA stimulation assays of dILC 
 

 Comparisons CD107a GM-CSF IFN-γ Ki-67 MIP1α MIP1β XCL1 

dNK1 vs. dNK2 0.001 0.0005 0.0244 0.0017 0.0089 0.0031 0.0005 

dNK1 vs. dNK3 < 0.0001 0.0002 0.0038 0.0033 0.0013 0.0036 0.0007 

dNK1 vs. dNKp 0.0005 0.0048 0.1957 0.0002 0.0098 0.0009 0.0034 

dNK1 vs. dILC3 0.1348 0.3046 > 0.9999 0.0038 0.0645 0.004 0.9702 

dNK1 vs. pb-like 0.0481 > 0.9999 0.0498 0.0021 0.9974 0.9922 0.9973 

dNK2 vs. dNK3 0.0003 0.0504 0.0149 0.9891 0.7233 0.3647 0.331 

dNK2 vs. dNKp < 0.0001 0.0001 0.037 0.0001 0.0018 < 0.0001 < 0.0001 

dNK2 vs. dILC3 0.0043 0.0036 0.0454 0.2571 0.0055 < 0.0001 0.0003 

dNK2 vs. pb-like 0.0177 0.0009 0.677 0.0203 0.0011 0.0053 0.0032 

dNK3 vs. dNKp < 0.0001 < 0.0001 0.0052 0.0001 0.0003 < 0.0001 < 0.0001 

dNK3 vs. dILC3 0.0002 0.0016 0.0044 0.0943 0.0013 < 0.0001 0.0001 

dNK3 vs. pb-like 0.0002 0.0003 0.5641 0.1004 0.0002 0.0006 0.0004 

dNKp vs. dILC3 0.9438 < 0.0001 0.3757 < 0.0001 0.3213 0.4419 0.0591 

dNKp vs. pb-like 0.0008 0.2225 0.0551 0.0001 0.0418 0.0249 0.2362 

dILC3 vs. pb-like 0.0546 0.7047 0.0886 0.9671 0.256 0.0317 > 0.9999 

 

Two-tailed One-Way ANOVA of matched data points with Tukey’s correction were performed 

 

Supplementary Table 5. P-values for ‘missing self’ stimulation assays of dILC 
 

 Comparisons CD107a GM-CSF IFN-γ Ki- 67 MIP1α MIP1β XCL1 

dNK1 vs. dNK2 0.0037 0.0015 0.0127 0.0034 0.0083 < 0.0001 < 0.0001 

dNK1 vs. dNK3 0.0293 0.3862 0.012 0.0445 0.0465 0.0061 0.004 

dNK1 vs. dNKp 0.0002 < 0.0001 0.0008 < 0.0001 0.0069 < 0.0001 0.0001 

dNK1 vs. dILC3 0.0056 0.9634 0.0327 0.0189 0.2145 < 0.0001 0.0095 

dNK1 vs. pb-like 0.0279 0.1531 0.018 0.0011 0.9832 0.5911 0.5223 

dNK2 vs. dNK3 0.8357 0.0049 0.999 0.0684 0.3384 0.0157 0.0068 

dNK2 vs. dNKp 0.0001 0.0001 0.001 < 0.0001 0.0014 < 0.0001 < 0.0001 

dNK2 vs. dILC3 0.0008 0.0182 0.0033 0.8345 0.0087 < 0.0001 < 0.0001 

dNK2 vs. pb-like 0.0877 0.0006 0.8148 0.1085 0.1697 0.036 < 0.0001 

dNK3 vs. dNKp 0.0001 < 0.0001 0.0016 < 0.0001 0.0015 < 0.0001 < 0.0001 

dNK3 vs. dILC3 0.0019 0.6416 0.0071 0.9603 0.0667 < 0.0001 < 0.0001 

dNK3 vs. pb-like 0.5838 0.0095 0.6081 0.0107 0.8851 0.4944 < 0.0001 

dNKp vs. dILC3 0.9208 0.2301 0.8849 < 0.0001 0.9997 > 0.9999 0.1244 

dNKp vs. pb-like 0.0001 0.0055 0.0013 < 0.0001 0.2461 0.001 0.0075 

dILC3 vs. pb-like < 0.0001 0.9987 0.0015 0.2431 0.3585 0.0004 0.0688 

 

 Two-tailed One-Way ANOVA of matched data points with Tukey’s correction were performed 
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Supplementary Figure 3 (Huhn and Ivarsson et al.)
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Supplementary Figure 4 (Huhn and Ivarsson et al.)
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Supplementary Figure 5a (Huhn and Ivarsson et al.)
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Supplementary Figure 5b (Huhn and Ivarsson et al.)
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Supplementary Figure 6 (Huhn and Ivarsson et al.)
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Supplementary Figure 7 (Huhn and Ivarsson et al.)
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Supplementary Figure 8 (Huhn and Ivarsson et al.)
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Supplementary Figure 9 (Huhn and Ivarsson et al.)
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Supplementary Figure 10 (Huhn and Ivarsson et al.)
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