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SUMMARY	

Heart	 transplantation	 is	 a	widely	 accepted	 and	 successful	 therapy	 for	 end-stage	 heart	 failure	 in	

children.	 Transplanted	 patients	 receive	 strong	 immunosuppressive	 treatments	 to	 avoid	 immune	

allograft	rejection;	however,	the	lack	of	specificity	of	these	drugs	produces	pleiotropic	effects	over	

the	 immune	 system	 and	 potentially	 could	 affect	 cell	 subsets	 implicated	 in	 peripheral	 tolerance,	

such	 as	 regulatory	 T	 cells	 (Treg).	Additionally,	 heart-transplanted	 children	 are	 thymectomized	 in	

order	to	gain	perioperative	access	to	the	retrosternal	field,	which	may	cause	profound	alterations	

in	the	T-cell	compartment	that	could	compromise	the	correct	immune	homeostasis.	Despite	that	

the	immune	system	has	been	extensively	studied	in	adult	transplantation,	little	is	known	about	the	

overall	 impact	 that	 immunosuppression,	 thymectomization	 and	 transplantation	 may	 over	 the	

immune	 system	 in	heart-transplanted	 children.	 Therefore,	 our	main	objective	was	 to	determine	

whether	 interventions	 derived	 from	 the	 heart	 transplantation	 procedure	 may	 induce	 a	

dysregulation	 in	 the	 immunological	 status	 of	 transplanted	 children,	 which	 could	 predispose	 to	

graft	rejection	and	associated	comorbidities,	such	as	atopic	diseases.		

By	using	multi-parametric	flow	cytometry,	we	analysed	more	than	200	immunological	variables	in	

heart-transplanted	and	non-transplanted	children.	We	have	shown	that	these	patients	presented	

a	profound	immune	dysregulation	early	after	transplantation,	hallmarked	by	a	Treg	deficit	and	T-

cell	differentiation	 into	effector	phenotypes.	The	 immune	status	 in	 the	 first-year	post-transplant	

provide	 a	 pro-inflammatory	 environment	 that	 could	 predispose	 to	 the	 onset	 of	 acute	 rejection.	

Immune	 dysregulation	 and	 the	 consequent	 Treg/Teffector	 cell	 imbalance	 will	 be	 a	 direct	

consequence	of	thymectomy	and	also	due	to	the	effect	of	some	immunosuppressive	drugs	such	as	

Basiliximab,	causing	dramatic	effects	on	the	Treg	values.	

Treg	 and	 effector	 T-cell	 subset	 alterations	 together	 with	 other	 dysregulated	 immune	 variables	

lasted	in	time	and	were	present	in	patients	that	have	suffered	acute	rejection	episodes	and	atopic	

diseases.	Patients	with	atopic	diseases	showed	an	imbalance	towards	Th2	responses	that	could	be	

associated	to	Treg	failure	in	controlling	helper	T-cell	expansion.	Once	studying	the	immunological	

status	of	transplanted	children	in	the	long	term,	those	who	have	had	signs	of	rejection	presented	

augmented	 expression	 of	 chronic	 activation	 markers	 and	 high	 TemRA	 T-cell	 levels	 that	 could	

predispose	to	additional	chronic	rejection.	Finally,	after	the	evidence	of	the	crucial	role	of	Treg	in	

the	 immune	 homeostasis	 and	 their	 degradation	 in	 heart-transplanted	 children,	 we	 propose	 a	

novel	strategy	to	implement	an	immunotherapy	with	autologous	Tregs	to	prevent	graft	rejection	

in	these	patients.	
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RESUMEN	

El	 trasplante	 de	 corazón	 es	 una	 opción	 terapéutica	 aceptada	 y	 con	 buenos	 resultados	 en	 fallo	

cardiaco	 terminal	en	niños,	que	a	 su	vez	 reciben	altas	dosis	de	 inmunosupresores	para	evitar	el	

rechazo	al	órgano	trasplantado.	Sin	embargo,	la	baja	especificidad	de	la	inmunosupresión	produce	

efectos	pleiotrópicos	sobre	el	sistema	inmune,	potencialmente	afectando	a	poblaciones	celulares	

implicadas	 en	 el	mantenimiento	de	 la	 tolerancia	 inmune,	 como	 las	 células	 T	 reguladoras	 (Treg).	

Adicionalmente,	los	pacientes	pediátricos	son	timectomizados	en	el	momento	del	trasplante	para	

facilitar	 el	 acceso	 quirúrgico	 a	 la	 zona	 retrosternal.	 Dicha	 timectomización	 podría	 causar	

alteraciones	marcadas	 en	 la	 población	 de	 células	 T,	 poniendo	 en	 juego	 la	 correcta	 homeostasis	

inmune.	A	pesar	de	que	el	sistema	inmune	ha	sido	extensivamente	estudiado	en	trasplante	adulto,	

poco	 se	 conoce	 sobre	 el	 impacto	 global	 de	 la	 inmunosupresión,	 timectomización	 y	 el	 propio	

trasplante	 sobre	 el	 sistema	 inmune	 en	 niños	 trasplantados	 de	 corazón.	 Nuestro	 objetivo	 era	

determinar	 si	 aquellas	 intervenciones	 derivadas	 del	 trasplante	 cardiaco	 podrían	 inducir	 la	

desregulación	del	estado	inmunológico	y	por	ende	predisponer	a	comorbilidades	como	el	rechazo	

agudo	y	enfermedades	atópicas	en	niños	trasplantados.	

Mediante	 citometría	 de	 flujo	 multiparamétrica,	 hemos	 analizando	 más	 de	 200	 variables	

inmunológicas	en	niños	trasplantados	y	no	trasplantados	de	corazón.	Hemos	demostrado	que	los	

niños	 trasplantados	 presentan	 una	 marcada	 desregulación	 inmune	 en	 etapas	 tempranas	 post-

trasplante,	donde	destaca	el	déficit	de	Treg	y	la	diferenciación	de	linfocitos	T	a	fenotipos	efectores.	

El	estado	inmune	durante	el	primer	año	post-trasplante	promueve	un	ambiente	pro-inflamatorio	

que	podría	predisponer	a	rechazo	agudo.	Además,	la	desregulación	inmune	y	el	desequilibrio	entre	

Treg	y	células	T	efectoras	son	consecuencia	directa	del	conjunto	entre	timectomización	y	el	uso	de	

fármacos	inmunosupresores	como	el	Basiliximab,	el	cual	afecta	gravemente	a	los	valores	de	Treg.	

	Alteraciones	 en	 Treg	 y	 células	 T	 efectoras	 junto	 a	 otras	 variables	 desreguladas	 perduran	 en	 el	

tiempo	 y	 estaban	 presentes	 en	 pacientes	 que	 han	 padecido	 episodios	 de	 rechazo	 agudo	 y	

enfermedades	 atópicas.	 Además,	 los	 pacientes	 con	 enfermedades	 atópicas	 mostraron	 un	

desbalance	hacia	respuestas	tipo	Th2	que	podrían	estar	asociadas	con	 la	 incapacidad	de	 las	Treg	

para	controlar	la	expansión	de	células	T	helper.	En	el	estudio	inmune	a	largo	plazo,	demostramos	

que	 los	niños	que	padecieron	síntomas	de	rechazo	presentaban	niveles	elevados	de	marcadores	

de	activación	crónica	y	 células	T	TemRA	que	podrían	predisponer	a	 rechazo	crónico.	Por	último,	

después	de	 la	 evidente	 contribución	de	 las	 Treg	en	 la	homeostasis	 inmune	y	 su	degradación	en	

niños	 trasplantados	 de	 corazón,	 proponemos	 una	 nueva	 estrategia	 de	 inmunoterapia	 con	 Treg	

autólogas	para	prevenir	el	rechazo	al	injerto	en	estos	pacientes.	
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1 Introduction	
In	 2016,	 a	 new	 record	 of	 transplantations	 was	 achieved	 in	 Spain	 with	 4818	 interventions	 as	

described	 by	 the	 National	 Organization	 for	 Transplants	 (ONT).	 From	 those	 interventions,	 2994	

were	 renal,	 1159	 liver,	 307	 lung,	 281	 cardiac,	 73	 pancreatic,	 and	 4	 intestinal	 transplants.	 Those	

interventions	were	possible	due	to	the	high	rate	of	donations	(2018	people	donated	at	least	one	

organ	during	2016,	this	means	a	rate	of	43,4	donors	per	million	of	people).	All	this,	situates	Spain	

as	 the	 leading	country	 in	 this	modality	of	 interventions.	 Specifically,	 in	paediatric	patients	 (<	18	

years),	the	number	of	heart	transplants	is	greater	than	15	per	year,	and	there	are	also	more	than	

60	liver	and	70	kidney	transplants	annually.	A	good	example	is	the	Paediatric	cardiac	surgery	unit	

of	the	Gregorio	Marañón	Hospital,	which	is	the	main	collaborator	of	this	Thesis	and	responsible	of	

all	 the	 clinical	 management	 of	 the	 patients	 enrolled	 in	 the	 study.	 This	 unit	 is	 the	 reference	

institution	 in	Spain	 for	paediatric	heart	 transplantation,	 it	has	performed	more	 than	170	cardiac	

transplant	 interventions	 to	 date,	 and	 as	 a	 representative	 example,	 in	 2013	 they	 performed	 13	

paediatric	cardiac	transplantations	in	the	Unit.	

1.1 CARDIAC	TRANSPLANTATION	IN	CHILDREN	

Paediatric	heart	 transplantation	has	evolved	dramatically	since	the	 first	 failed	attempt	by	Adrian	

Kantrowitz	 in	1967,	which	 transplanted	a	19-day-old	baby	 that	 survived	6	hours.	 It	would	be	16	

years	 later	 that	 paediatric	 transplantation	 was	 again	 attempted.	 This	 time,	 it	 was	 a	 team	 from	

Columbia	University,	that	transplanted	a	4-year-old	boy	which	required	retransplantation	in	1989	

(1).	Since	then,	10-year	graft	survival	has	evolved	from	55%	in	the	80s-90s	up	to	85%	in	the	current	

era	thanks	to	new	immunosuppressor	drugs	and	improved	clinical	practice	(2).	

Nowadays,	 heart	 transplantation	 in	 children	 is	 an	 accepted	 therapy	 for	 end-stage	 heart	 failure.	

According	 to	 the	 ISHT	 registry,	 approximately	 500-600	 paediatric	 heart	 transplantations	 are	

performed	 annually	 worldwide,	 which	 represents	 12%	 of	 the	 total	 volume	 of	 heart	

transplantations	 (3,4).	 In	 the	 paediatric	 context,	 children	 less	 than	 2	 years	 of	 age	 is	 the	 most	

frequently	 transplanted	 age	 group.	 In	 children,	 congenital	 heart	 malformations	 and	 dilated	

cardiomyopathy	 are	 the	 most	 common	 indications	 for	 transplantation	 (5),	 and	 there	 are	 other	

anomalies	such	as	transposition	of	arteries,	aortic	stenosis,	tetralogy	of	Fallot	that	are	also	subject	

to	 transplantation.	 Congenital	 heart	 malformations	 can	 affect	 the	 heart´s	 walls,	 valves	 or	

arteries/veins,	 and	 such	 defects	 affect	 normal	 flow	 of	 blood	 through	 the	 heart.	 Dilated	

cardiomyopathy	 refers	 to	a	diseased	state	of	 the	heart,	 involving	abnormalities	 in	muscle	 fibres,	
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which	 affect	 contraction	 capacity.	 The	 number	 of	 children	 undergoing	 palliative	 surgeries	 for	

congenital	 heart	 malformations	 that	 will	 end	 requiring	 transplantation	 is	 growing	 (6),	 which	

accompanied	 by	 the	 shortage	 of	 donors,	 further	 lengthens	 the	 transplantation	 waiting	 lists.	

Mortality	still	rises	up	to	8%	of	children	awaiting	a	heart	transplant	worldwide	(7),	reaching	30%	in	

European	countries	such	as	UK	(5).	This	highlights	not	only	the	necessity	to	increase	general	public	

support	 of	 organ	 donation	 but	 also	 efforts	 to	 guarantee	 the	 graft	 survival	 of	 those	 already	

transplanted.	

 Outcomes	and	comorbidities	after	cardiac	transplantation		

The	 overall	 prognosis	 in	 paediatric	 cardiac	 transplantation	 has	 dramatically	 improved	 in	 recent	

years	thanks	to	medical	knowledge,	intensive	care	and	immunosuppression	regimen.	Based	on	the	

ISHT	registry,	nowadays	the	overall	median	survival	of	heart-transplanted	children	is	20.7	years	

for	babies	aged	up	to	1	year,	18.2	years	for	children	between	1-5	years,	14	years	for	children	aged	

6-10	years	and	12.7	years	for	those	between	11-17	year-old	at	transplantation.		However,	it	is	far	

from	guaranteeing	the	mean	life	expectancy	(83.2	years	in	Spain)	and	there	is	still	a	long	way	to	

achieve	 indefinite	 graft	 survival.	 The	major	 causes	of	 death	 in	 transplanted	 children	have	been	

extensively	studied,	and	they	vary	depending	on	the	time	post-transplant	(3)	(Figure	1).	

Primary	 graft	 failure	 (PFG):	 This	 complication	 is	 presented	 as	 a	 severe	 cardiac	 dysfunction	 that	

occurs	 in	 the	 immediate	post-operative	period,	 and	 it	 is	 considered	a	 syndrome	where	 the	new	

heart	fails	to	meet	the	requirements	of	the	recipient	(8).		PFG	is	still	the	leading	cause	of	mortality	

during	the	first	30	days	post-transplantation.	Moreover,	graft	failure	still	accounts	from	21%	-	40%	

of	all	deaths	at	any	post-transplant	point	(3).	

Infections	excluding	CMV	account	for	more	than	10%	of	total	deaths	(Figure	1).	A	probable	cause	

is	 the	 presence	 of	 an	 impaired	 immune	 system	 due	 to	 immunosuppression	 that	 will	 have	

increased	difficulties	to	fight	against	common	and	opportunistic	pathogens	(5).	

Cardiac	acute	rejection	 is	an	immune	response	where	the	donor´s	HLA	are	recognised	as	foreign	

by	the	host.		It	is	an	important	source	of	morbility	and	mortality,	accounting	for	10	-	20%	of	total	

deaths	during	the	first	3	years	post-transplantation	(3).		

Cardiac	allograft	vasculopathy	(CAV)	 is	one	of	the	main	causes	of	chronic	rejection,	consists	 in	a	

diffuse	 intimal	 thickening	 leading	 to	 progressive	 narrowing	 of	 the	 coronary	 arteries.	 Its	

pathogenesis	is	linked	to	humoral	and	cellular	rejection.	CAV	rarely	appears	on	the	first	year	post-

transplant,	but	accounts	for	24%	of	deaths	from	10	years	post-transplant	and	onwards	(3).	
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Malignancies	 constitute	a	 long-term	complication	associated	to	chronic	 immunosuppression	and	

to	 Epstein-Barr	 virus	 (EBV)	 and	 human	 papillomavirus	 (HPV)	 infections.	 In	 fact,	 post-transplant	

lymphoproliferative	disease	 (PTLD)	associated	 to	EBV	 is	 the	most	 common	malignancy,	affecting	

5%	of	heart-transplanted	children		(5).		

Severe	cardiac	dysfunction	is	common	after	heart	transplant	and	affects	survival.	This	dysfunction,	

is	 associated	 to	 a	 poor	 cardiac	 output	 before	 transplant	 but	 also	 to	 immunosuppressor	

nephrotoxicity.	However,	rarely	patients	require	a	renal	transplant	(3,5).	

Summing	up,	if	we	put	together	cardiac	allograft	acute	rejection	and	vasculopathy,	both	types	of	

immune	rejection	account	for	more	than	30-40%	of	deaths	in	paediatric	cardiac	transplantation.	

This	underlines	the	necessity	to	foster	research	in	transplant	immunology	in	order	to	gain	insight	

in	the	pathogenesis	of	both	types	of	rejection.	

	

Figure	1. Relative	incidence	of	leading	causes	of	death	after	cardiac	transplantation	in	children.	Deaths	from	
2004	to	2015.	CAV:	Cardiac	allograft	vasculopathy.	CMV:	Cytomegalovirus.	Figure	from	(3).	

	

1.2 GENERAL	ASPECTS	OF	THE	IMMUNE	SYSTEM	

The	 physiological	 function	 of	 the	 immune	 system	 is	 directed	 to	 preserve	 the	 organism	 integrity	

against	 pathogens.	 However,	 the	 immune	 system	 can	 also	 react	 against	molecules	 that	 are	 not	

related	 with	 pathogens,	 such	 as	 allergens,	 alloantigens	 and	 even	 self-antigens.	 Therefore,	 the	

same	 immune	 mechanisms	 that	 protect	 individuals	 against	 pathogens	 will	 also	 react	 against	

foreign	 molecules	 from	 the	 transplanted	 organ	 and	 provoke	 graft	 rejection	 in	 the	 context	 of	

transplantation.	Thus,	a	better	definition	of	 immune	response	would	be;	 immune	reaction	either	
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against	microorganisms	or	macromolecules	recognised	as	foreign	independently	of	the	pathologic	

and	physiologic	 consequences	 that	 such	 reaction	may	have.	 Thus,	 the	main	 role	of	 the	 immune	

system	resides	in	the	capability	to	distinguish	and	fight	pathogens	while	recognizing	self-antigens,	

avoiding	autoreactive	or	autoimmune	reactions.		

The	 immune	system	has	mechanisms	 to	guarantee	 that	 responses	against	 self-antigens	are	kept	

tight	 under	 control,	 such	 mechanisms	 are	 known	 as	 peripheral	 tolerance.	Moreover,	 immune	

reactions	 initially	 directed	 against	 pathogens	may	 result	 harmful	 if	 they	 become	excessive,	 thus	

the	immune	system	also	has	mechanisms	to	keep	responses	under	control.		This	gives	rise	to	the	

term	immune	homeostasis,	which	is	the	steady	balance	between	the	immune	populations	and	the	

response	mechanisms	that	conform	the	immune	system.	The	mechanisms	involved	in	homeostasis	

will	be	either	involved	in	assuring	that	the	immune	system	returns	to	a	basal	state	after	a	response	

and	will	also	guarantee	that	each	immune	population	is	maintained	at	physiological	 levels.	There	

are	a	wide	array	of	immune	populations	and	mechanisms	involved	in	either	immune	responses	or	

homeostasis	which	will	be	further	addressed	in	following	chapters.	

 Innate	immunity	

The	 innate	 immunity	 is	 constituted	 by	 structural,	 cellular	 and	 biochemical	 mechanisms	 and	

conforms	 the	 first	 barrier	 of	 defence	 against	 infections.	 Capable	 of	 mounting	 a	 response	 early	

after	 infection,	 the	 innate	 immune	 cellular	 components	 are	 phagocytic	 cells	 (granulocytes	 and	

macrophages)	and	natural	killer	lymphocytes	(NK)	(9).	

 Phagocytic	cells	

Phagocytic	 cells	 include	monocytes,	macrophages	 and	 granulocytes.	 These	 cells	 are	 attracted	 to	

the	 infection	 site	 by	 chemotactic	 factors	 and	 mediate	 the	 killing	 of	 pathogens	 (10).	 Their	

mechanisms	 to	 detect	 pathogens	 are	 non-specific	 allowing	 the	 recognition	 of	multiple	 patterns	

associated	to	different	pathogens	(9).	

Mononuclear	phagocytic	system	

This	 system	 comprises	 the	 most	 important	 group	 of	 long-lived	 phagocytic	 cells,	 which	 are	

characterised	by	their	phagocytic	capacity	and	will	uptake	any	particle	or	infectious	agent	in	their	

surroundings.	 The	 mononuclear	 phagocytes	 that	 circulate	 in	 peripheral	 blood	 are	 called	

monocytes.	 Once	 these	 cells	 migrate	 to	 tissues,	 they	 differentiate	 into	 tissue	 resident	

macrophages.	These	cells	are	capable	of	presenting	antigens	to	T	cells,	reason	why	they	are	also	

called	 antigen	 presenting	 cell	 (APC).	 However,	 there	 is	 another	 mononuclear	 phagocyte	 much	
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more	efficient	as	APC	compared	 to	macrophages,	 known	as	dendritic	 cells.	Dendritic	 cells	 (DCs)	

play	an	important	role	in	the	early	innate	responses	against	infections.	They	are	divided	in	myeloid	

and	plasmacytoid	DCs.	Plasmacytoid	DCs	are	specialized	in	early	responses	against	viral	infections,	

they	 will	 endocyte	 viruses	 and	 produce	 type-1	 interferon,	 which	 possesses	 antiviral	 activity.	

Myeloid	DCs	will	 also	 capture	antigens	 in	periphery,	migrate	and	will	 present	 them	 to	T	 cells	 in	

secondary	lymph	nodes.	Thus,	DC	represent	the	bridge	between	innate	and	adaptive	immunity.	

Granulocytes	or	polymorphonuclear	cells	

Neutrophils	are	the	most	abundant	 leukocyte	population	 in	human	peripheral	blood,	accounting	

for	45-75%	of	total	 leukocytes.	Neutrophils	play	a	crucial	 role	 in	phagocytosis	and	destruction	of	

bacterial	 and	 fungal	 pathogens.	 They	 circulate	 through	 the	 blood	 system	 and	 once	 they	 are	

attracted	 to	 a	 local	 infection	 through	 interleukins	 (IL-8,	 IFN-y),	 they	 rapidly	 extravasate	 and	

constitute	 the	 first	 cell	 subset	 in	 reaching	 the	 inflammation	 site.	 Neutrophil	 extravasation	 is	

conditioned	by	conformational	changes	in	the	endothelial	vessels	upon	signals	such	as	histamine	

and	TNF-α	released	by	mast	cells	and	macrophages	respectively.	

Eosinophils	account	for	2	-	4%	of	total	 leukocytes	in	the	peripheral	blood.	These	phagocytic	cells	

play	an	important	role	in	the	defence	and	destruction	of	extracellular	parasitic	infections	but	also	

in	allergy	and	asthma	pathogenesis.	 In	 fact,	blood	and	tissue	eosinophilia	 (increase	 in	eosinophil	

number)	 is	 closely	 associated	 with	 helminthic	 parasite	 infections	 and	 atopic	 diseases	 such	 as	

asthma	and	allergy	 (11).	Activated	eosinophils	will	migrate	 from	bloodstream	 into	 tissues	where	

they	 will	 release	 cytokines,	 chemokines,	 cytotoxic	 granules	 and	 other	 newly	 synthesised	 and	

preformed	molecules	causing	tissue	damage	and	dysfunction.	

Basophils	 are	 the	 less	 represented	 leukocyte	 population	 in	 peripheral	 blood	 (0.5%	 of	 total	

leukocytes).	They	play	an	important	role	in	inflammatory	responses	through	histamine,	serotonin	

and	another	chemical	compounds	release.	They	express	receptors	for	the	Fc	region	of	IgE,	which	is	

crucial	in	allergic	processes.	In	fact,	basophils	are	considered	the	inducers	of	allergic	responses.	

 NK	cells		

Natural	killer	(NK)	cells	are	a	lymphocyte	population	that	accounts	for	5	-	20%	of	peripheral	blood	

mononuclear	 cells	 (PBMCs)	 (9).	 These	 cells	 are	 capable	 of	 recognizing	 virus-infected	 cells	 and	

tumour	cells,	inducing	their	membrane	lysis	and	death.	NK	cells	are	either	capable	of	detecting	the	

presence	of	MHC-I	(type	1	major	histocompatibility	complex)	on	the	membrane	of	damaged	cells	

but	also	 inhibitory	 receptors	 in	healthy	ones,	 avoiding	 their	destruction.	 In	 fact,	NK	activation	 is	

mediated	by	a	fine-tuned	balance	between	activator	and	recognition	of	inhibitor	receptors	in	the	



Introduction	

	

	10	

membrane	of	either	damaged	or	healthy	cells.	However,	NK	cell	activation	can	also	be	induced	by	

IL-15	and	IL-12	cytokines.	

 Adaptive	immunity	

Adaptive	 immunity	 is	 stimulated	 by	 the	 exposure	 to	 pathogens	 or	 foreign	 bodies,	 and	 the	

magnitude	of	the	response	and	defensive	capacity	increase	with	each	consecutive	exposition	to	a	

specific	 target.	 Therefore,	 the	 term	 “immune	 memory”	 is	 used	 since	 the	 adaptive	 response	

inducing	 immunity	 against	 a	 specific	 target	 will	 last	 for	 years	 or	 even	 a	 life-time.	 Adaptive	

immunity	can	specifically	 recognise	microbial	and	non-microbial	molecules,	 reason	why	 it	 is	also	

called	“specific	immunity”.	The	main	components	of	adaptive	immunity	are	the	lymphocytes	and	

their	 secretion	 products,	 such	 as	 antibodies.	 The	 substances	 that	 elicit	 the	 specific	 immune	

response	are	called	antigens.	

 B	cells	

B	 cells	 constitute	 the	 5	 -	 15%	 of	 total	 blood	 lymphocytes,	 they	 are	 the	 sole	 producers	 of	

antibodies,	 thus	being	responsible	 for	humoral	responses	(9).	Humoral	 immunity	 is	 the	principal	

defence	mechanism	against	extracellular	pathogens.	Antibodies	will	bind	and	neutralise	microbes,	

thus	 labeling	them	as	a	 target	 for	destruction.	B	cells	encounter	antigens	 in	secondary	 lymphoid	

tissue	and	commonly	require	T	cell	help	for	activation	and	antibody	production	(12,13).	Following	

activation,	B	cells	will	proliferate,	and	differentiate	 into	plasmablasts	(short	 lived	effector	cells	 in	

the	 early	 antibody	 response),	 where	 a	 small	 fraction	 will	 survive	 and	 further	 differentiate	 into	

plasma	cells	(long	lived	mediators	of	lasting	humoral	immunity)	but	also	into	long-lived	memory	B	

cells	 (Figure	2)	 (14).	 There	are	 five	antibody	 isotypes,	being	 IgG	one	of	 the	most	 known	 since	 it	

recognises	 and	 covers	 (opsonize)	 specific	 microorganisms,	 inducing	 their	 phagocytation	 by	

neutrophils	and	macrophages,	which	recognise	the	Fc	region	of	IgG	through	Fc	receptors	(FcR).		

 T	cells	

T	cells	are	responsible	for	the	cellular	immunity.	They	have	restricted	specificity	towards	antigens,	

which	can	only	be	recognised	in	a	MHC-dependent	context	in	APC´s	surface.	T	cell	precursors	are	

generated	in	the	bone	marrow	and	maturate	in	the	thymus,	where	they	acquire	the	T	cell	receptor	

(TCR)	and	 thus	 the	capacity	 to	 recognise	antigens.	There	are	 two	 types	of	TCR,	 the	heterodimer	

composed	 by	 the	 αß	 or	 γδ	 polipeptides,	 both	 form	 a	 complex	 with	 CD3	 (TCR-CD3	 complex).	

Approximately,	90-95%	of	T	cells	are	αß	and	the	rest	5-10%	are	γδ.	T	cells	are	divided	in	different	

subpopulations	according	to	their	functionality;	The	best	characterised	ones	are	the	helper	T	cells	

(Th)	and	cytotoxic	T	lymphocytes	(CTL).	
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Helper	T	cells	

Helper	 T	 cells	 (Th)	 recognise	 antigens	 in	 MHCII	 restricted	 complexes	 and	 are	 defined	 by	 CD4	

expression,	 reason	 why	 they	 are	 also	 called	 CD4+	 T	 cells.	 Following	 antigen	 recognition	 and	

activation	 in	 secondary	 lymph	nodes,	CD4+	T	 cells	will	 proliferate	and	differentiate	 into	effector	

cells	 (Figure	 2).	 Helper	 T	 cells	 are	 classified	 attending	 to	 their	 functionality	 in	 3	 main	 subsets:	

helper	type	1	(Th1,	secrete	IFN-y,	TNF-α	and	play	a	role	in	phagocyte-mediated	host	defence),	helper	

type	2	 (Th2,	secrete	 IL-4,	 IL-5	and	 IL-13	and	mediate	defence	against	extracellular	parasites)	and	

helper	type	17	(Th17,	secrete	IL-17	and	IL-22	inducing	neutrophil-rich	inflammation	in	response	to	

infections).	 Additionally,	 effector	 cells	 will	 secrete	 IL-2,	 growth	 factor	 that	 favours	 the	 clonal	

expansion	of	those	T	cells	that	have	already	been	exposed	to	antigen.	Afterwards,	these	effector	

cells	will	migrate	into	the	site	of	infection	or	local	inflammation,	where	they	will	re-encounter	their	

specific	antigen.	This	challenge	will	trigger	the	release	of	cytokines	that	will	vary	attending	to	the	

type	of	pathogen	encountered.	For	example,	in	helminthic	infections,	IL-4	will	be	secreted	by	Th2	

cells,	 that	 in	 turn	 induce	 IgE	 production	 which	 activates	 eosinophils	 and	 mast	 cells	 capable	 of	

destroying	extracellular	parasites.	Additionally,	it	has	been	identified	a	CD4+	T-cell	subpopulation	

capable	 of	 supressing	 immune	 responses.	 These	 regulatory	 T	 cells	 (Treg)	 play	 a	 pivotal	 role	 in	

preserving	the	immune	homeostasis,	and	their	role	will	be	further	discussed	in	following	chapters.	

Cytotoxic	T	cells	

Cytotoxic	T	lymphocytes	recognise	antigens	in	MHCI	restricted	complexes	and	are	defined	by	CD8	

expression,	 reason	 why	 they	 are	 also	 called	 CD8+	 T	 cells.	 CD8+	 T	 cells	 will	 get	 activated,	 and	

subsequently	 they	will	 proliferate	 and	 differentiate	 into	 cytotoxic	 cells.	 At	 the	 site	 of	 infection,	

these	 cells	 are	 capable	 of	 destroying	 cells	 infected	 by	 intracellular	 pathogens	 such	 as	 virus	 or	

bacteria	thus	 limiting	the	propagation	of	the	 infection.	CD8+	T	cells	are	also	capable	of	secreting	

cytokines;	however,	such	secretion	is	restricted	to	fewer	cytokines	compared	to	CD4+	T	cells.	

There	 are	 different	 CD4+	 and	 CD8+	 T-cell	 subpopulations	 attending	 to	 their	 phenotype	 and	

functional	 status.	 Those	 T	 cells	 that	 have	 just	 migrated	 from	 the	 thymus	 and	 have	 never	

encountered	 antigen	 are	 defined	 as	 naïve.	 These	 cells	 have	 low	 effector	 function.	 Once	 they	

encounter	antigen,	naïve	T	cells	will	express	activation	markers	and	become	effector	cells,	which	

will	exert	their	function	in	periphery.	Afterwards,	homeostasis	of	adaptive	immunity	is	restored	by	

programmed	death	of	most	effector	 cells	 and	 just	 a	 few	of	 them	will	 survive	and	become	 long-

lasting	memory	T	cells	(Figure	2).	These	cells	may	last	years	after	infection	and	are	highly	effective	

in	generating	effector	 immune	responses	upon	rechallenge	(15).	This	will	be	further	discussed	 in	

the	context	of	transplantation	in	following	chapters.	
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Figure	2. Immune	adaptive	response	phases.	Figure	from	(9)	

	

1.3 IMMUNE	REJECTION	AND	TOLERANCE	IN	TRANSPLANTATION	

Rejection	may	occur	during	the	first	or	second	year	post-transplant	as	acute	rejection	or	 later	 in	

time	 as	 chronic	 rejection	 or	 cardiac	 allograft	 vasculopathy	 (CAV).	 Both	 types	 of	 rejection	 can	

compromise	cardiac	function	and	are	leading	causes	of	death	in	heart	transplantation.	

Acute	 immune	 rejection	 occurs	when	 the	 transplanted	 tissue	 is	 recognised	 as	 foreign	 and	 thus	

rejected	 by	 the	 recipient	 immune	 system.	 In	 such	 response,	 adaptive	 and	 innate	 immunity	will	

mediate	 both,	 cellular	 rejection	 (mediated	 by	 cytotoxic	 cells)	 or	 humoral	 rejection	 (antibody-

mediated	rejection),	thus	resulting	in	symptoms	such	as	fast	or	irregular	heart-beat,	drop	in	blood	

pressure	etc.	The	gold	standard	 in	acute	rejection	diagnosis	 is	 the	graft	biopsy,	 in	spite	of	being	

invasive	and	that	comprises	the	risk	of	cardiac	puncture	in	neonates	and	babies.	There	are	many	

parameters	 such	 as	 myocardial	 hypertrophy,	 pericardial	 effusion,	 aortic	 valve	 insufficiency	 and	

systolic	 dysfunction	 that	 can	 be	 detected	 through	 echocardiography	 thus	 also	 determining	

rejection,	being	the	first	approach	in	diagnosis	and	the	sole	option	in	small	babies.	Acute	rejection	

has	 been	 shown	 to	 predispose	 to	 chronic	 rejection	 or	 CAV,	which	 consists	 on	 an	 alloimmune	

response	leading	to	diffuse	concentric	proliferation	of	the	intima,	leading	to	occlusive	narrowing	of	
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coronary	arteries.	CAV	 symptoms	are	a	progressive	 cardiac	 insufficiency	and	 sudden	death.	 This	

disease	can	be	diagnosed	through	coronary	angiography	(4).	

The	 immune	 system	 protects	 us	 from	 pathogens	 or	 any	 foreign	 body	 containing	 any	 protein	

recognised	as	an	antigen.	In	the	case	of	transplants	(allografts),	the	alloantigens	displayed	by	the	

graft	 that	 stimulate	 the	 adaptive	 immune	 responses,	 are	 the	 proteins	 encoded	 by	 polymorphic	

genes,	highly	variable	and	thus	differing	among	 individuals.	These	polymorphic	genes	are	mainly	

the	major	 histocompatibility	 complex	 (MHC)	 or	 human	 leukocyte	 antigen	 (HLA)	 but	 also	 the	

minor	histocompatibility	complex	(miH),	expressed	in	graft	tissue.	

The	graft	allogeneic	MHC	molecules	can	be	presented	for	recognition	by	recipient	T	cells	through	

the	direct	and	 indirect	pathways.	 In	 the	direct	pathway,	 intact	MHC	molecules	present	 in	donor	

leukocytes	 that	 migrate	 to	 host	 lymph	 nodes	 are	 recognised	 by	 naïve	 T	 cells	 getting	 activated	

without	 the	 intervention	 of	 the	 recipient	 antigen	 presenting	 cells	 (APC)	 (16).	 This	 is	 a	 transient	

pathway	 since	 donor	 APC	 will	 tend	 to	 disappear.	 In	 the	 indirect	 pathway,	 allogeneic	 MHC	

molecules	are	processed	and	presented	by	self-MHCII	molecules	 in	recipient	APCs,	triggering	the	

activation	of	CD4+	T	cells	(17).	Another	form	of	indirect	allorecognition	is	the	cross-presentation,	

where	allogeneic	MHC	molecules	are	ingested	and	processed	by	APCs,	then	instead	of	mediating	

MHCII	presentation,	the	processed	peptides	are	presented	to	cytotoxic	CD8+	T	cells	by	APCs	in	a	

MHCI	restricted	context	(18).	

 Rejection	of	vascularized	solid	organs	in	transplanted	patients	

Acute	 cardiac	 rejection	 is	 initiated	 by	 CD4+	 T	 cells	 that	 recognise	 donor	MHCII	 through	 either	

direct	 and	 indirect	 pathway	 (19,20).	 Once	 activated,	 alloantigen-specific	 CD4+	 T	 cells	 (mainly	 T	

helper	 type	 1	 cells)	 will	 contribute	 to	 the	 effector	 phase	 of	 rejection	 through	 a	 non-specific	

mechanism	named	delayed	type	hypersensitivity	response	(DTH)	(21).	

DTH	reactions	are	characterised	by	the	release	of	pro-inflammatory	cytokines	such	as	IFN-y,	TNF-α	

and	 IL-1	 inducing	 the	 infiltration	 of	 activated	 leukocytes	 in	 the	 graft.	 These	 innate	 cells	 (mainly	

macrophages	and	eosinophils)	together	with	the	release	of	non-specific	mediators	such	as	reactive	

oxygen	 species,	 nitric	 oxide	 and	 inflammatory	 arachidonic	 acid	 derivatives	 will	 result	 in	 graft	

damage	 (21).	DTH	reactions	are	not	only	 involved	 in	acute	but	also	 in	chronic	allograft	 rejection	

(22).	

Naïve	MHCI	restricted	CD8+	cytotoxic	T	cell	(CTL)	are	also	activated	as	a	result	of	the	simultaneous	

interaction	with	both,	CD4+	T	cells	and	APCs.	Activated	CTL	will	migrate	 to	 the	graft	 site,	where	

they	 will	 recognise	 the	 allogeneic	 targets	 in	 a	 MHCI	 restricted	 context,	 releasing	 perforin	 and	
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granzyme	B,	upregulating	FasL	and	secreting	TNF-α	(21).	All	this	contributes	to	tissue	destruction	

and	consequently	the	organ	dysfunction.	

Chronic	rejection	development	has	been	associated	to	the	indirect	pathway	of	allorecognition	by	

CD4+	T	cells	and	with	the	development	of	anti-HLA	and	anti-endothelial	antibodies.	CD8+	T	cells	

will	become	activated	by	previously	activated	CD4+	T	cells,	both	T-cell	populations	will	secrete	pro-

inflammatory	 cytokines	 that	 will	 activate	 macrophages	 and	 other	 innate	 cells,	 leading	 to	 CAV.	

However,	 CAV	 is	 a	 multifactorial	 disease	 where	 previous	 rejection,	 autoimmunity,	 CMV	

seropositivity,	hyperglycaemia	and	other	factors	have	shown	to	contribute	to	the	disease	(23).	

 Humoral	rejection	and	antibody	production	by	B	cells	

The	 antigenic	 targets	 of	 alloantibodies	 are	 mismatched	 donor	 MHC	 molecules.	 However,	 the	

recognition	 of	 endothelial	 cells,	 blood	 group	 antigens,	miH	 and	 autoantigens	 also	 contribute	 to	

antibody-mediated	 (humoral)	 rejection	 (24).	 Humoral	 rejection	 is	 not	 only	 involved	 in	 acute	

rejection	 but	 is	 also	 considered	 the	 leading	 cause	 of	 chronic	 graft	 failure	 (25).	 The	 main	

mechanism	 of	 antibody-mediated	 damage	 is	 the	 complement	 activation,	 but	 it	 can	 also	 elicit	

damage	through	different	pathways.	Indeed,	macrophages	and	NK	cells	have	receptors	for	the	Fc	

region	 of	 alloantibodies,	 inducing	 them	 to	 kill	 their	 targets	 through	 antibody-dependent	

cytotoxicity.	 Consequently,	 both	 cell	 types	 have	 shown	 to	 play	 a	 role	 in	 acute	 and	 chronic	

rejection	(26-28).	

 Contribution	of	innate	immunity	to	graft	rejection	

The	 innate	 immunity	 has	 its	 own	 mechanisms	 to	 inflict	 graft	 damage.	 However	 they	 are	 not	

sufficient	 to	elicit	 rejection	without	 the	adaptive	alloresponse	 (21).	 In	 the	 rejection	process,	 the	

innate	cells	have	the	ability	to	act	as	APC,	inducing	T-cell	activation,	binding	alloantibodies	through	

Fc	receptors	and	thus	mediate	cellular	killing.	Innate	cells	can	also	recognise	complement-coated	

cells	(opsonized	cells)	through	complement	receptors,	resulting	in	the	phagocytosis	and	clearance	

of	the	cells.	As	mentioned	previously,	most	of	the	innate	cells	are	regulated	or	influenced	by	the	

adaptive	 immune	 response	 and	 therefore	 will	 also	 participate	 in	 the	 rejection	 process.	 Briefly,	

neutrophils	 will	 also	 be	 recruited	 to	 the	 graft	 after	 T-cell	 activation,	 in	 response	 to	 IL-17	

production	 (29).	 They	 will	 contribute	 to	 graft	 damage	 through	 the	 release	 of	 tissue-digesting	

enzymes	and	the	generation	of	reactive	oxygen	species	(ROS)	that	induce	vascular	leakage	(30).	
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 Graft	tolerance	and	regulatory	immune	subsets	in	transplantation	

Allograft	 tolerance,	 defined	 as	 the	 survival	 of	 allogeneic	 transplants	 in	 the	 absence	 of	

immunosupressor	 regimen,	 can	occur	 via	depletion	or	 inhibition	of	 allospecific	 effector	 T	 cells.	

This	may	happen	naturally,	as	occurs	with	the	tolerance	of	parental	alloantigens	expressed	by	the	

foetus	 during	 pregnancy	 (31),	 and	 there	 are	many	 innate	 and	 adaptive	 cell	 types	 implicated	 in	

preserving	tolerance	(32).	Among	these	cells,	regulatory	T	cells	and	regulatory	B	cells	have	proven	

to	play	an	important	role	in	preserving	graft	tolerance.	

 Regulatory	T	cells	(Treg)	

Regulatory	T	cells	(Treg)	are	a	CD4+	T-cell	subpopulation	that	is	crucial	for	the	establishment	and	

maintenance	of	immune	homeostasis	(33).	They	are	characterised	by	the	expression	of	the	master	

regulator	 Fork-head	 box	 p3	 (Foxp3),	 an	 intracellular	 transcription	 factor	 that	 is	 critical	 for	 the	

maintenance	 of	 Treg	 function	 and	 phenotype	 (34).	 Treg	 are	 also	 characterised	 by	 the	 high	 and	

stable	 expression	 of	 IL-2	 receptor	 alpha	 chain	 (IL2-Ra	 or	 CD25)	 (35).	 In	 the	 context	 of	

transplantation,	 Treg	 cells	 play	 a	 crucial	 role	 in	 the	 fine-tune	 regulation	 of	 immune	 processes	

intrinsic	 to	 graft	 acceptance	 (36,37).	 Moreover,	 it	 has	 been	 shown	 that	 Treg	 can	 promote	

transplantation	tolerance	and	the	indefinite	allograft	survival	in	pre-clinical	models	by	suppressing	

immune	 responses	 to	 allograft-specific	 antigens	 (38,39).	 These	 cells	 prevent	 the	 activation	 and	

expansion	of	 effector	 T	 cells	 implicated	 in	 cellular	 rejection,	 and	 can	also	 induce	 the	death	of	B	

cells	 preventing	 humoral	 rejection	 processes	 as	 yet	 proven	 in	 a	 rat-to-mouse	 model	 of	 heart	

xenotransplantation	 (40).	 In	 fact,	 it	 has	 been	 shown	 that	 Treg/Teff	 (effector	 T	 cell)	 balance	 is	

crucial	in	the	development	of	the	graft	rejection	response	or	the	allograft	tolerance	(37).		

In	 the	paediatric	context,	 the	role	of	 the	Treg	subset	could	be	notably	 relevant.	The	plasticity	of	

the	paediatric	immune	system	and	the	preserved	thymic	production	of	Treg	could	provide	a	better	

capacity	 to	develop	 intrinsic	 tolerance	 in	children.	 In	 fact,	Tregs	have	been	proven	crucial	 in	 the	

development	 of	 operational	 tolerance	 in	 children	 (41,42)	 and	 decreased	 Treg	 levels	 have	 been	

related	to	acute	rejection	in	paediatric	and	adult	liver	allograft	recipients	(43,44).	Preserved	thymic	

function	and	increased	Treg	values	in	children	could	be	a	key	factor	for	the	low	rates	of	rejection	

and	increased	survival	in	transplanted	infants	(45).	

Treg	immunosuppressor	mechanisms		

Treg	cells	are	capable	of	suppressing	the	effector	function	of	a	wide	range	of	cells,	including	CD4+	

and	 CD8+	 differentiated	 T	 cells,	 NK	 cells,	 B	 cells,	 macrophages,	 osteoclasts	 and	 dendritic	 cells	

(reviewed	in	(46)).		
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The	 basic	 Treg	 inhibitory	 mechanisms	 have	 been	 extensively	 described	 (47,48),	 and	 can	 be	

classified	in	4	modes	of	action.	A)	Secretion	of	 inhibitory	cytokines	(IL-10,	 IL-35,	TGF-ß)	 inhibiting	

effector	T	cells.	B)	Cytolysis	dependent	of	granzyme	A	and	B	release,	but	also	perforin-dependent	

apoptosis.	 C)	 Metabolic	 disruptors	 including	 CD25-dependent	 deprivation	 of	 IL-2,	 cytokine	

necessary	 for	T	effector	expansion	and	survival.	D)	Suppression	of	dendritic	cell	 (DC)	maturation	

and	induction	of	a	suppressive	DC	phenotype	with	the	capacity	to	secrete	the	immunosuppressive	

molecule	indoleamine	2,3-dioxygenase	(IDO).	

 Other	regulatory	cellular	subsets	

Besides	the	Treg	subset,	it	has	been	described	other	populations	that	also	have	regulatory	role	and	

hence	 may	 help	 to	 preserve	 peripheral	 tolerance,	 such	 as	 different	 subsets	 of	 B	 cells	 with	

regulatory	 function,	 called	 regulatory	 B	 cells	 (Breg).	 It	 was	 believed	 that	 B	 cells	 just	 had	 a	

pathogenic	 implication	 in	 allogeneic	 transplantation	 by	 producing	 graft-specific	 antibodies.	

However,	 it	 is	 currently	 thought	 that	 the	 B-cell	 function	 in	 the	 transplant	 context	 should	 be	

revaluated.	In	fact,	it	has	been	shown	the	tolerogenic	role	of	B	cells	in	an	animal	kidney	transplant	

model	 (49).	 Furthermore,	 it	 has	 been	 demonstrated	 that	 there	 is	 an	 IL-10+CD24hiCD38hi	

transitional	 B-cell	 subpopulation	 that	 may	 contribute	 to	 tolerance	 in	 human	 kidney	 transplant	

(50,51).	Despite	of	the	risen	evidence,	the	phenotype	and	role	of	Breg	is	still	unclear	and	there	is	

current	controversy	about	it	(52,53),	being	the	IL-10	expression	the	unique	clear	marker	defining	a	

suppressive	 B-cell	 population	 in	 mice	 and	 humans	 (54,55).	 Therefore,	 additional	 studies	 are	

needed	in	order	to	unveil	the	function	of	Breg	subsets	and	their	potential	tolerogenic	role	in	the	

context	of	transplantation.	There	are	other	subsets	such	as	tolerogenic	dendritic	cells,	tolerogenic	

monocytes,	mesenchymal	 stem	 cells	 and	 even	 tolerogenic	 NKs	 that	may	 play	 a	 role	 in	 immune	

regulation	and	homeostasis	(56-59).	

1.4 IMMUNOSUPRESSION	IN	TRANSPLANTED	PATIENTS	

Medical	 breakthroughs	 such	 as	 tissue	 typing	 and	 immunosuppressive	 drugs	 have	 reduced	 the	

incidence	 of	 rejection	 and	 increased	 the	 graft	 survival.	 Immunosuppressive	 treatment	 of	

transplanted	patients	begins	in	the	perioperative	period	and	continues	after	transplantation	with	

high	 levels	 of	 immunosuppression.	 Afterwards,	 the	 doses	 can	 be	 reduced	 to	 a	 maintenance	

therapy	that	is	administered	along	the	patient´s	life.	The	variety	of	available	immunosuppressants	

allows	 for	many	 combinations	 of	 therapies	 that	 vary	 depending	 on	 the	 transplanted	 organ,	 the	

patient,	 the	 perceived	 risk	 of	 rejection,	 and	 also	 between	 countries	 and	 institutions	 (60).	 Drugs	

employed	in	transplanted	children	are	practically	the	same	than	in	adults	with	adapted	doses.	
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 Induction	immunosupression	

To	 prevent	 the	 graft	 rejection,	 most	 of	 the	 transplant	 programs	 employ	 induction	

immunosuppression,	an	intense	prophylactic	therapy	used	at	the	time	of	transplantation	based	on	

the	empiric	observation	that	more	potent	 immunosuppression	is	required	to	prevent	early	acute	

rejection	 (61).	Nowadays,	 the	most	 implemented	 induction	 therapies	 include	 interleukin	2	 (IL-2)	

receptor	antagonists	or	lymphocyte	depletion	agents	such	as	rabbit	anti-thymocyte	globulin	(ATB).	

The	 induction	 therapy	 can	 reduce	 the	 risk	 of	 acute	 rejection	 (61,62)	 and	 enables	 the	 delay	 of	

administering	high	doses	of	calcineurin	inhibitors,	which	have	nephrotoxic	effects	(63).	Even	if	the	

employment	 of	 specialised	 induction	 agents	 is	 extended	 in	 most	 countries,	 it	 has	 not	 been	

established	 whether	 the	 use	 of	 these	 agents	 is	 inevitable	 to	 meet	 this	 need	 nor	 is	 it	 clear	

whether	 their	 use	 optimises	 the	 risk/	 benefit	 ratio	 (61).	Moreover,	 the	 knowledge	 in	 immune	

mechanisms	 has	 experienced	 an	 important	 development	 in	 the	 last	 decade,	 and	 new	 immune	

populations	 have	 been	 identified.	 However,	 little	 is	 known	 about	 the	 specific	 effects	 of	

immunosuppressive	drugs	on	these	new	described	subsets,	and	their	consequences	in	the	revised	

knowledge	of	the	immune	responses.		

 Basiliximab	

Between	 the	 induction	 drugs,	 the	 IL-2	 receptor	 antagonist	 currently	 utilized	 in	 the	 clinics	 is	

Basiliximab	 (BXM),	 a	 humanised	monoclonal	 antibody	 that	 targets	 the	 IL-2	 receptor	 alpha	 chain	

(IL-2Ra	or	CD25).	The	CD25	amino	acids	involved	in	IL-2	interaction	overlap	with	the	BXM	epitope	

and	therefore	the	antibody	can	completely	block	the	interactions	between	IL-2	and	CD25	(64,65).	

The	targets	of	BXM	are	activated	effector	T	cells	that	compromise	the	allograft	survival.	Effector	T	

cells	 naturally	 upregulate	 CD25	 upon	 activation,	 and	 undergo	 IL-2	mediated	 T-cell	 proliferation	

(66).	However,	 regulatory	 T	 cells	 (Treg)	 also	 express	 high	 levels	 of	 CD25	 constitutively	 (67),	 and	

they	rely	on	CD25	not	only	for	their	proliferation	and	survival	but	also	for	detection	of	excessive	

proliferation	of	effector	cells	by	sensing	the	IL-2	produciton	(33,68).	Therefore,	even	though	BXM	

may	 be	 able	 to	 prevent	 acute	 rejection	 by	 hindering	 IL-2	mediated	 effector	 T-cell	 expansion,	 it	

could	also	compromise	the	onset	of	tolerance	by	affecting	Treg	proliferation	and	function.	

 Rabbit	anti-thymocyte	globulin		

One	of	the	most	widely	used	induction	drugs	together	with	BXM	is	rabbit	anti-thymocyte	globulin	

(Thymoglobulin,	ATG).	ATG	is	a		polyclonal	antibody	that	depletes	T	and	B	cells	and	inhibits	T	and	B	

cell	cooperation	(69,70).	However,	there	is	controversy	about	its	effect	over	Treg	cells.	It	has	been	

shown	that	ATG	dramatically	decreases	Treg	number	while	 increasing	 its	 frequency	over	CD4+	T	
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cells	 in	kidney	 transplanted	patients	compared	 to	no	 induction	or	even	healthy	controls	 (71,72).	

The	 same	 authors	 showed	 that	 Treg	 reconstitution	 is	more	 robust	 compared	 to	 effector	 T	 cells	

after	depletion	(71).	However,	K.	Levings	et	al.	showed	that	such	better	Treg	reconstitution	may	be	

the	result	of	effector	T-cell	activation	and	a	subsequent	 transient	Foxp3	expression,	but	without	

acquiring	suppressive	capacities	(73).	There	are	no	studies	evaluating	the	effect	of	ATG	over	the	

T-cell	 compartment	 in	 heart-transplanted	 children.	 Therefore,	 is	 necessary	 to	 re-evaluate	 ATG	

effect	over	T	cells	and	Treg	in	the	paediatric	context.	

 Maintenance	immunosupression	

Heart-transplanted	 children	 receive	 a	 combination	 of	 different	 drugs	 to	 enhance	 their	

immunosuppressive	potential,	which	allows	the	suppression	of	steroids	after	6	-	12	months	post-

transplant.	This	combination	includes	steroids,	mycophenolate	mofetil	and	tacrolimus,	reason	why	

the	individual	effect	of	each	drug	is	difficult	to	dissect	in	patients.	

 Short-term	steroids	

They	play	an	 important	role	preventing	rejection	 in	 transplant	recipients.	However,	 they	act	 in	a	

non-specific	manner,	 affecting	 the	 immune	 system	 in	multiple	ways.	 Steroids	 can	prevent	 T-cell	

activation	and	upregulation	of	multiple	genes	involved	in	the	immune	response.	Aditionally,	they	

can	 also	 inhibit	 the	 cytokine	 production	 and	 leukocyte	 adhesion	 molecules	 (74).	 In	 humans	

steroids	 have	 been	 shown	 to	 produce	 T-cell	 lymphocytosis,	 however,	 it	 does	 not	 change	 the	

frequency	of	circulating	Treg	in	a	significant	manner	(75).	

 Mycophenolate	mofetil	

Mycophenolate	mofetil	(MMF)	is	an	inhibitor	of	inosine	monophosphate	dehydrogenase	(IMPDH),	

an	enzyme	involved	in	guanosine	triphosphate	(GTP)	synthesis	expressed	in	T	and	B	lymphocytes,	

which	is	upregulated	upon	cell	activation	(76).	IMPDH	inhibition	results	in	guanosine	depletion	in	

lymphocytes,	 thus	 inhibiting	T	and	B-cell	differentiation	and	activation	of	alloreactive	T	cells	and	

humoral	responses	(76).	MMF	may	also	affect	dendritic	cell	maturation	and	APC	functions	(77).		

 Tacrolimus	

Calcineurin	 inhibitors	 such	 as	 tacrolimus	 (TAC)	 have	 become	 a	 keystone	 in	 maintenance	

immunosupression	 since	 the	 beggining	 of	 this	 century.	 Tacrolimus	 is	 a	macrolide	 that	 prevents	

NFAT	dephosphorilation,	 thus	NFAT	will	not	be	able	to	bind	to	promoter	regions	and	 induce	the	

transcription	 of	 cytokine	 genes,	 including	 IL-2	 (78).	 TAC	 has	 proven	 to	 be	 quite	 effective	 in	

preventing	acute	 rejection	and	allows	earlier	weaning	of	 steroids	 compared	 to	other	 calcineurin	
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inhibitors.	 However,	 long-term	 use	 of	 TAC	 at	 high	 doses	 impairs	 Treg	 number,	 function	 and	

phenotype	 when	 given	 as	 maintenance	 therapy	 in	 solid	 organ	 transplantation	 (79).	 This	 has	

motivated	that	some	authors	suggest	the	use	of	rapamycin,	which	has	similar	immunesuppressive	

function	and	not	only	preserves	but	also	has	beneficial	effects	over	the	Treg	subset	(79).		

1.5 IMMUNOLOGIC	CONTEXT	IN	PAEDIATRIC	HEART	TRANSPLANTATION	

 T-cell	compartment	and	thymectomy	in	paediatric	cardiac	surgery	

The	thymus	constitutes	the	principal	source	of	naïve	T	cells	early	 in	 life.	However,	after	the	first	

year	 of	 life,	 the	 thymic	 production	 starts	 to	 decline,	 until	 reaching	 a	 residual	 rate	 in	 adulthood	

(80,81).	Such	declination	is	accompanied	by	thymic	cortex	and	medulla	involution,	areas	where	T	

cells	maturate,	which	in	turn	are	replaced	by	non-functional	adipose	tissue	as	individuals	grow	old.	

Even	 though	 there	 is	 still	 some	 naïve	 T-cell	 thymic	 production	 during	 adulthood,	 the	 remaining	

naïve	T-cell	 population	 in	periphery	 is	mainly	preserved	 through	homeostatic	proliferation	 (82).	

This	is	reflected	in	the	differential	expression	of	the	recent	thymic	emigrant	(RTE)	marker,	CD31,	

in	 the	 naïve	 T-cell	 subset.	 The	 frequency	 of	 CD31+	 naïve	 T	 cells	 is	 indicative	 of	 the	 thymic	

production,	while	 the	CD31–	naïve	T	 cells	 are	 likely	 to	derive	 from	homeostatic	proliferation.	 In	

fact,	the	percentage	of	CD31+	naïve	T	cells	decreases	in	favour	of	the	CD31	negative	subset,	which	

increases	during	ageing	(83,84),	gradually	acquiring	an	effector/memory	phenotype.	

Thymectomy	 is	 routinely	 performed	 in	 paediatric	 cardiac	 corrective	 surgery	 since	 the	 thymus	

hinders	 the	 surgeon	 access	 to	 the	 retrosternal	 field.	 Therefore,	 in	 practically	 all	 heart-

transplanted	 children	 the	 thymus	 has	 been	 completely	 removed,	 either	 in	 the	 transplantation	

procedure	 or	 in	 previous	 cardiac	 corrective	 surgeries.	 It	 has	 been	 recently	 shown	 that	 thymus	

removal	 is	 not	 trivial	 for	 the	 homeostasis	 of	 the	 T-cell	 compartment.	 Neonates	 undergoing	

corrective	 cardiac	 surgery	 present	 T-cell	 lymphopenia	 as	 a	 result	 of	 thymectomization,	

characterised	 by	 decreased	 frequencies	 of	 naïve	 T	 cells	 and	 the	 subsequent	 increase	 in	 the	

memory	 population,	 leading	 to	 a	 premature	 immunologic	 ageing	 phenotype	 (85-87).	 After	

thymectomy,	 there	 is	 an	 increase	 in	 peripheral	 proliferation	 of	 naïve	 T	 cells	 as	 a	 regulatory	

mechanism	 to	 compensate	 the	 diminished	 thymic	 output,	 which	 further	 skews	 the	 T-cell	 pool	

towards	 a	 memory	 phenotype	 (85-87).	 Thymectomization	 also	 affects	 to	 the	 Treg	 population,	

whose	 absolute	 numbers	 are	 decreased,	 albeit	 the	 Treg	 frequency	 increased,	 however	 these	

results	may	differ	between	 studies	 (86,88).	 Interestingly,	 even	 though	 these	 children	acquire	 an	

immune	 phenotype	 resembling	 senescence,	 there	 is	 great	 controversy	 regarding	 the	
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immunological	 and	 clinical	 consequences	 that	 thymectomy	 may	 have	 in	 the	 long	 term.	 Some	

authors	 defend	 that	 thymectomy	 is	well	 tolerated	without	 clinical	 consequences	 such	 as	 higher	

infection	rates,	and	this	is	probably	related	to	the	thymic	tissue	regrowth	and	restoration	of	T-cell	

compartments	 5	 to	 10	 years	 after	 neonatal	 thymectomy	 (85,87,89).	 However,	 Gudmundsdottir	

and	colleagues	showed	that	there	is	severe	and	persistent	immunologic	dysfunction	even	18	years	

after	 thymectomy,	 which	 could	 correlate	 with	 the	 higher	 rates	 of	 respiratory	 infections	 and	

allergies	reported	in	their	thymectomized	patients.	

Even	 though	 thymectomy	 could	 be	 innocuous	 in	 the	 long	 term,	 its	 effect	 in	 conjunction	 with	

immunosuppression	 may	 have	 profound	 consequences	 on	 the	 immune	 homeostasis.	 In	 heart-

transplanted	 children,	 the	 T-cell	 compartment	 could	 be	 seriously	 compromised.	 Most	 of	

immunosuppressors	are	addressed	to	specifically	deplete	the	T-cell	compartment,	due	to	 its	role	

triggering	 the	 rejection	process.	 Interestingly,	 it	has	been	 reported	 that	 thymectomized	patients	

could	remain	healthy	at	long-term	and	enjoy	a	relatively	normal	life.	Therefore,	it	is	believed	that	

there	 should	 be	 some	 immune	 adaptations	 or	 compensations	 for	 the	 profound	

modification/depletion	on	the	T	cell	compartment	occurring	after	thymectomy.	However,	 little	is	

known	 about	 the	 phenotype,	 functionality	 and	 status	 of	 T	 cells	 and	 other	 immune	

compartments	 in	 paediatric	 heart	 transplantation.	 Therefore,	 is	 of	 paramount	 importance	 to	

investigate	how	the	combined	thymectomy	and	immunosuppressive	regimen	could	affect	to	the	

immune	homeostasis	of	heart-transplanted	children,	not	only	regarding	the	T-cell	compartment	

but	also	the	rest	of	leukocyte	populations.	

1.6 IMMUNE-RELATED	DISEASES	IN	TRANSPLANTED	CHILDREN	

Immunosuppressive	drugs	reduce	the	risk	of	rejection,	but	their	association	to	comorbidities,	their	

toxicity	and	adverse	effects	keenly	affect	both	patient	and	graft	survival.	Because	the	majority	of	

immunosuppressants	act	non-selectively,	the	immune	system	is	normally	oversuppressed,	and	is	

less	able	to	defend	the	host	against	infection	or	the	spread	of	tumour	cells	(90).	Additionally,	long-

term	immunosuppression	is	burdened	by	chronic	toxicity,	which	may	significantly	influence	patient	

life	quality,	compliance	to	treatment,	overall	success	rate,	and	patient	and	graft	survival.	Moreover,	

in	 the	 case	 of	 children,	 constant	 administration	 of	 immunosuppressors	 can	 interfere	 with	 the	

normal	development	and	maturation	of	their	immune	system.	In	fact,	heart-transplanted	children	

develop	autoimmune	diseases	including	inflammatory	bowel	disease,	immune	cytopenias,	chronic	

bullous	 disease	 and	 autoimmune	 hepatitis	 (90,91).	 Furthermore,	 chronic	 immunosuppression	

leads	to	increased	incidence	of	Epstein-Barr	virus	(EBV),	leading	to	EBV-associated	post-transplant	
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lymphoproliferative	 disease	 (PTLD),	 being	 lymphomas	 its	 most	 common	 manifestation	 (4,5).	

Finally,	allergies	and	atopic	diseases,	such	as	atopic	dermatitis	and	cheilitis	also	appear	as	chronic	

complications	in	these	patients	and	constitute	important	comorbidities	in	heart	transplantation.	

 Atopic	dermatitis	and	allergies	in	heart-transplanted	children	

Atopic	 dermatitis	 is	 a	 chronic	 inflammatory	 skin	 disease	 whose	 incidence	 among	 children	

transplanted	at	early	age	is	14	-	32%	(92,93),	which	is	2	-	3	times	higher	than	the	incidence	in	the	

Spanish	 non-transplanted	 paediatric	 population	 (94).	 Atopic	 dermatitis	 is	 considered	 a	 T-cell	

driven	disease,	mainly	dominated	by	Th2	cytokines	(IL-4	and	IL-13),	which	contribute	to	a	defective	

skin	 barrier	 (95).	 However,	 even	 though	 atopic	 dermatitis	 mechanisms	 are	 well	 described	 (96),	

little	 is	 known	 about	 the	 immune	 alterations	 implicated	 in	 the	 onset	 and	 development	 of	 the	

disease.	Some	studies	have	shown	that	Treg	deficit	or	impairment	in	its	suppressive	capacity	may	

be	 behind	 atopic	 dermatitis	 dysregulation,	 however	 there	 is	 a	 controversy	 regarding	 Treg	

implication	in	preventing	the	disease.	Furthermore,	the	field	is	vaguer	in	the	context	of	paediatric	

heart	 transplantation,	 where	 atopic	 dermatitis	 coexists	 with	 induced	 immune	 alterations	

secondary	to	the	thymectomy	and	immunosuppression.	

To	date,	due	to	the	intrinsic	peculiarities	of	paediatric	heart	transplantation,	it	is	believed	that	the	

development	 and	 the	 insufficient	 control	 of	 allergies	 and	 atopic	 dermatitis	 seem	 to	 have	 a	

multifactorial	origin:	

a) Immunosuppression	 in	organ	 transplantation	has	proven	to	be	more	effective	 in	 limiting	

Th1	rather	than	Th2	responses.	This	could	 induce	a	relative	 imbalance	that	may	result	 in	

insufficient	 suppression	 of	 Th2	 responses,	 as	 reflected	 by	 the	 association	 of	 tacrolimus,	

allergies	and	atopic	dermatitis	(97-99).	

b) Maintenance	 drugs	 such	 as	 calcineurin	 inhibitors	 downregulate	 the	 frequency	 and	

function	of	 regulatory	T	cells.	As	we	and	other	authors	have	shown	 in	previous	works,	a	

deficit	or	potential	dysregulation	of	Treg	may	result	in	insufficient	control	of	Th2	responses	

leading	to	the	development	of	allergic	diseases	or	atopic	dermatitis	(100-104).	

c) Total	 resection	 of	 the	 thymus	 is	 routinely	 performed	 in	 children	 undergoing	 heart	

transplantation.	 The	 early	 thymectomization	 leads	 to	 premature	 immune	 ageing,	

associated	to	lower	Treg	numbers	and	a	tendency	to	higher	incidence	of	allergies	(86,88)	

and	therefore	could	potentially	increase	atopic	dermatitis	incidence.	

Therefore,	 the	 early	 age	 at	 transplantation	 and	 thus	 thymectomization,	 plus	 the	 use	 of	

immunosuppressors	are	critical	factors	that	will	further	modify	the	immune	system,	which	is	highly	
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susceptible	due	to	its	immaturity	in	the	paediatric	context.	This	fact	may	be	associated	to	a	severe	

dysregulation	affecting	the	T-cell	functional	compartment	and	thus	the	onset	of	atopic	dermatitis	

and	allergies	(87,93,105,106).	

Although	 there	 are	 evidences	 of	 the	 role	 of	 the	 Th1/Th2/Treg	 triangle	 in	 atopic	 dermatitis	

(107,108),	 little	 is	 known	 about	 the	 interplay	 between	 Th1,	 Th2,	 Treg	 and	 other	 potential	

mechanisms	underlying	atopic	dermatitis	in	heart-transplanted	children	(90,93,109).	We	believe	

that	 a	 potential	 Treg	 deficit	 or	 dysregulation	may	 be	 associated	 to	 ongoing	 atopic	 dermatitis	 in	

paediatric	heart	transplantation.	

Secondary	 complications	 as	 atopic	dermatitis	 highlight	 the	need	 to	 investigate	new	 therapeutic	

approaches	to	diminish	graft	rejection	while	preserving	the	patient´s	quality	of	life.	

1.7 NEW	STRATEGIES	TO	PROVIDE	INDEFINITE	GRAFT	SURVIVAL	

Even	 if	 the	patient´s	quality	of	 life	and	 lifespan	 improve	dramatically	after	transplantation,	there	

are	still	several	complications	that	are	a	critical	risk	for	the	viability	of	a	transplanted	organ	and	the	

patient´s	 life.	 As	 explained	 in	 previous	 sections,	 most	 of	 these	 complications	 have	 an	

immunological-dependent	 origin,	 reason	 why	 the	 paediatric	 patients	 are	 treated	 with	 potent	

immunosuppressors	prior	and	after	transplantation.	The	suppressor	effect	of	these	drugs	reduces	

the	risk	of	transplant	rejection.	However,	increases	the	risk	of	opportunistic	infections	and	cancer	

development	 in	 the	 immunosuppressed	 patients.	 Moreover,	 constant	 administration	 of	

immunosuppressors	can	interfere	with	the	normal	development	and	homeostasis	of	the	immune	

system.	 Furthermore,	 it	 has	 been	 shown	 that	 such	 treatment	 is	 unable	 to	 prevent	 the	 graft	

vascular-dependent	disease,	one	of	the	main	causes	of	graft	lost	after	3	years	post-transplant	(5)	

(Figure	 1).	 All	 this	 makes	 necessary	 to	 research	 new	 avenues	 to	 prevent	 graft	 rejection	 while	

minimizing	 immunosupressor-associated	comorbidities.	 In	 this	 context,	all	efforts	are	 shifting	 to	

the	development	of	new	immunomodulatory	approaches	and	cellular	immunotherapies,	such	as	

harnessing	 autologous	 tolerogenic	 dendritic	 cells	 (58),	 tolerogenic	 macrophages	 (110),	

mesenchymal	stem	cells	(MSCs)	(59,111)	and	especially	Treg	cell	therapies.	

The	current	paradigm	hypothesizes	that	immune	tolerance	in	transplantation	is	determined	by	a	

balance	 of	 Tregs	 over	 effector	 T	 cells.	 Therefore,	 it	 is	 expected	 that	 an	 increased	 number	 of	

circulating	Tregs	will	be	able	to	prevent	the	activation	and	proliferation	of	the	effector	cells	 that	

trigger	graft	rejection.	The	ability	of	Treg	to	control	autoimmunity	and	to	induce	tolerance	opened	

the	 path	 to	 explore	 Treg-based	 therapies	 for	 treatment	 of	 autoimmune	 disorders,	 graft-versus-

host	diseases	(GvHD)	and	transplant	rejection	(112).		
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Additionally,	animal	models	have	shown	the	promising	effectiveness	of	a	therapy	with	autologous	

Tregs	 to	 prevent	 rejection	 (113,114).	 Concretely	 in	 cardiac	 transplantation,	 Tsang	 et	 al.	

demonstrated	 that	 ex	 vivo	 expanded	 Tregs	 with	 a	 short	 rapamycin	 treatment	 induced	 the	

indefinite	graft	survival	in	a	model	of	heart	transplant	(115).	These	pre-clinical	models	highlight	the	

potential	 efficacy	 of	 a	 therapy	 based	 in	 the	 ex	 vivo	 expansion	 and	 posterior	 re-infusion	 of	

autologous	Tregs	to	achieve	an	indefinite	graft	survival	in	transplanted	patients.		

 Adoptive	transfer	of	autologous	Treg	

After	animal	models,	first	clinical	trials	in	human	showed	that	Tregs	have	an	enormous	potential	as	

immunotherapeutic	cells.	In	fact,	Treg-based	therapy	has	demonstrated	to	be	safe	and	efficient	in	

various	 immune	disorders	 such	 as	GvHD	or	 type	1	 diabetes	 (116-120).	 The	adoptive	 transfer	 of	

Treg	cells	in	transplanted	patients	consists	in:	a)	blood	extraction	from	the	patient;	b)	purification	

of	 the	 Tregs	present	 in	 the	peripheral	 blood;	 c)	 Treg	 expansion	ex	 vivo	 to	 obtain	 an	 appropriate	

number;	 and	 d)	 infusion	 of	 the	 expanded	 autologous	 Treg	 cells	 into	 the	 patient.	 However,	

difficulties	in	Treg	harvesting,	cellular	expansion	and	functional	stability	are	still	barriers	to	break	

through	 in	 the	 aim	 to	 develop	 an	 accessible	 therapy.	 Treg	 frequency	 in	 peripheral	 blood	 just	

accounts	for	approximately	10%	of	the	total	CD4+	T	lymphocytes.	Additionally,	selection	of	these	

cells	under	good	manufacturing	practice	(GMP)	is	done	via	the	expression	of	CD25	at	the	surface	

of	 Tregs,	which	 constitutes	 a	potential	 source	of	 contamination	by	CD25+	effector	 T	 cells	 (121).	

Thus,	the	use	of	other	related	Treg	markers,	such	as	CD127	was	essential	to	increase	purity	during	

Treg	isolation	(122,123).	In	other	hand,	previous	depletion	of	monocytes	before	CD4+	and	CD25+	

selection	increases	dramatically	the	Treg	yield	and	purity,	but	limits	the	amount	of	Treg	recovery	

and	might	 be	 hardly	 feasible	 under	GMP	 conditions	 (124).	 Another	 drawback	 of	 this	 strategy	 is	

that	 due	 to	 the	 limited	 number	 of	 Treg	 that	 can	 be	 recovered	 from	 peripheral	 blood,	 Treg	

purification	 must	 be	 followed	 by	 an	 ex	 vivo	 expansion	 (125-127).	 Expansion	 of	 Treg	 is	 highly	

effective	 and	 allows	 obtaining	 high	 amount	 of	 these	 cells	 for	 therapy.	 However,	 expansion	

procedures	have	proven	to	induce	loss	of	the	suppressive	phenotype	of	Tregs	and	the	switch	to	a	

pro-inflammatory	 phenotype	 that	may	 potentially	 restrict	 their	 clinical	 use	 (128).	 Actually,	 Treg	

compartment	is	heterologous	and	it	was	demonstrated	that	only	the	expansion	of	CD45RA+	Treg	

subset	within	CD4+CD25high	 T	 cells	maintains	 the	 Treg-cell	 phenotype	 and	 function	 throughout	

the	culture	(123).	Since	frequency	of	naïve	(CD45RA+)	Tregs	decline	with	age,	expansion	of	Tregs	

with	stable	function	will	be	challenging	for	older	individuals.	Therefore,	the	need	to	find	a	source	

of	 Treg	 with	 a	 predominant	 naïve	 status	 is	 crucial	 for	 cellular	 expansion	 and	 for	 Treg	 use	 in	

immunotherapy.	
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2 Hypothesis	and	Objectives	

2.1 Hypothesis	

We	 hypothesise	 that	 interventions	 derived	 from	 the	 heart	 transplantation	 procedure	

(thymectomy,	administration	of	immunosuppressive	drugs)	may	induce	a	marked	dysregulation	in	

the	 immunological	 status	 of	 transplanted	 children,	 which	 could	 predispose	 to	 graft	 rejection,	

infections	and	associated	comorbidities.	Treg	cells	may	play	a	crucial	role	 in	the	development	of	

such	 episodes	 associated	 with	 immune	 dysregulation,	 due	 to	 its	 implication	 in	 preserving	 the	

immune	homeostasis.	Additionally,	 the	 immunological	 status	will	 vary	between	patients	and	will	

be	influenced	by	the	immunosuppressive	regimen.	The	specific	hypotheses	in	this	thesis	are:	

1. The	development	of	acute	 rejection	will	be	preceded	by	 immune	alterations	which	could	be	

associated	 to	 increased	 effector	 cells	 and	 decreased	 Treg	 or	 Breg.	 Such	 alterations	 could	

constitute	prediction	markers	of	rejection	risk.	

2. The	values	of	specific	immune	subsets,	especially	Treg	counts	after	immunosuppression,	may	

tip	 the	 balance	 between	 tolerance	 or	 rejection	within	 the	 first-months	 post-transplant.	 The	

degree	of	 immune	dysregulation	 in	heart-transplanted	children	could	be	also	determinant	 in	

the	incidence	of	other	comorbidities	such	as	infections,	allergies	and	autoimmune	episodes.	

2.2 Objectives	

The	main	objective	 is	 to	perform	an	observational	study	to	analyse	the	 immunological	status	 in	

heart-transplanted	 children	 and	 to	 evaluate	 the	 effect	 of	 thymectomy	 and	 immunosuppressive	

treatments	 in	 the	 immune	 system.	 Then,	 we	 will	 investigate	 how	 the	 potential	 immune	

dysregulation	 present	 in	 these	 patients	 could	 determine	 the	 incidence	 of	 rejection	 and	 other	

comorbidities	such	as	atopic	disease.	Immunological	alterations	compared	to	healthy	subjects	will	

be	studied,	especially	any	changes	associated	to	the	Treg	population.	Additionally,	we	propose	the	

following	secondary	objectives:	

1. Study	whether	the	different	immunosuppressive	drugs	have	differential	impact	over	the	Treg	

values.	

2. Determine	 whether	 any	 of	 the	 analysed	 immune	 parameters	 could	 constitute	 a	 reliable	

predictive	marker	of	rejection	risk	or	could	be	useful	 in	the	clinical	follow-up	of	transplanted	

patients.	
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3 Methods	

This	project	was	done	 in	the	Laboratory	of	 Immune-Regulation	 (LIR)	at	the	“Gregorio	Marañón”	

Health	Research	Institute	(IISGM)	of	Madrid,	prior	approval	by	the	hospital´s	ethic	committee.	The	

study	was	conducted	according	to	the	principles	expressed	in	the	Declaration	of	Helsinki.	Written	

consents	from	the	legal	guardians	were	obtained	before	patient´s	enrolment.		

3.1 	STUDY	POPULATIONS	AND	ENROLLED	PARTICIPANTS	

All	 the	 enrolled	 participants	 were	 paediatric	 patients	 distributed	 in	 three	 different	 cohorts:	 i)	

already	 heart-transplanted	 children,	 ii)	 patients	 in	 the	 waiting	 list	 for	 heart	 transplantation,	 iii)	

paediatric	patients	undergoing	cardiothoracic	surgery	and	thymectomy.	Depending	on	the	patient	

condition,	blood	samples	and/or	thymic	tissue	were	obtained.	These	patients	were	included	in	at	

least	one	of	the	following	studies	described	below.	

All	the	heart-transplanted	children	received	maintenance	immunosuppression	following	the	next	

dosages:	

§ Tacrolimus	is	administered	initially	at	0.2-0.5	mg/8-12h.	The	objective	is	to	achieve	10	ng/ml	

blood	 levels	 during	 the	 first	 3	 months	 post-transplant.	 After	 the	 3rd	 month,	 dosages	 are	

reduced	to	achieve	blood	levels	of	5-7	ng/ml.	

§ Mycophenolate	mofetil	 is	 administered	 at	 600	mg/m2/12h.	 Dosages	 are	 reduced	 10-fold	

after	the	2nd	day	post-transplant.	Blood	levels	are	not	reliable	in	children.	

§ Prednisone/methylprednisolone:	 	Administered	at	1mg/kg/24h,	dosages	are	progressively	

reduced	until	reaching	0.1mg/kg/24h.	Steroids	will	be	withdrawn	during	the	initial	6	months	

post-transplant.	

 Heart-transplanted	children	transversal	study	

An	exhaustive	analysis	of	the	immune	system	was	performed	in	children	that	had	received	a	heart	

transplant.	 The	 study	was	done	under	 the	 collaboration	with	 the	Paediatric	 Cardiology	Unit	 (Dr	

Manuela	 Camino,	 Dr	 Nuria	 Gil,	 Dr	 Esther	 Panadero	 and	 Dr	 Constancio	 Medrano),	 the	

Immunopaediatrics	 Section	 (Dr	 Elena	 Seoane),	 the	 Paediatric	 Allergology	 Section	 (Dr	 Sonsoles	

Infante)	 and	 the	 Paediatric	 Dermatology	 Section	 (Dr	 Minia	 Campos)	 at	 the	 “Hospital	 Materno	

Infantil	 Gregorio	Marañón”.	 The	 inclusion	 criteria	 were	 paediatric	 patients	 (<18	 years-old)	 that	

have	 been	 transplanted	more	 than	 1	 year	 ago.	 31	 heart-transplanted	 children	 (27	males	 and	 4	

females)	under	18	years	of	age	were	enrolled	 in	 the	study.	The	mean	age	 (±	SEM)	at	enrolment	
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point	was	 9.23	 ±	 0.75	 years.	All	 patients	were	 clinically	 stable	 and	did	 not	 present	 infections	 at	

sampling.	Information	regarding	patient´s	current	immunosuppression	is	provided	(Table	2,	group	

demographics).	 11	 children	 (5	males	 and	 6	 females)	with	 9.91	 ±	 1.25	 years	 age	 included	 in	 the	

waiting	 list	 for	 cardiothoracic	 surgery	were	 enrolled	 as	 control	 group	 before	 of	 being	 operated.	

Children	with	previous	surgeries	 involving	 thymectomization	or	with	any	 immune	related	clinical	

symptoms	at	sampling	were	discarded	from	the	control	group.	A	single	EDTA	tube	containing	3	ml	

of	blood	was	obtained	by	venepuncture	from	each	patient.	

Data	 collected	 from	 hospital	 charts	 included	 demographics,	 transplantation,	 thymectomization,	

immunosuppressive	regimen	at	sampling,	 rejection	episodes,	development	of	atopic	disease	and	

other	immune	mediated	disorders.	Per	routine,	all	patients	that	undergone	cardiothoracic	surgery	

at	 our	 institution	 were	 totally	 thymectomized	 at	 the	 time	 of	 transplantation	 or	 during	 prior	

surgeries	for	congenital	heart	disease.		

From	 the	 6	 patients	 that	 developed	 or	 were	 suspicious	 of	 having	 suffered	 1	 rejection	 episode,	

samples	were	obtained	at	least	8	weeks	after	rejection	treatment.	All	samples	were	analysed	in	a	

blinded	basis	to	avoid	potential	analysis’	bias.	

 Atopic	dermatitis	and/or	cheilitis	study	group	

In	 the	 group	 of	 heart-transplanted	 children,	 we	 investigated	 the	 immunological	 mechanisms	

underlying	atopic	dermatitis	and	cheilitis	(atopic	dermatitis	restricted	to	the	lips),	from	now	on	we	

will	 refer	 to	 the	 conjunction	 of	 both	 diseases	 as	 atopic	 diseases	 (AD).	 From	 the	 31	 children	

enrolled	 in	 the	 transversal	 study,	 eleven	heart-transplanted	 children	 (6.18	±	1.03	 years	 (mean	±	

SEM),	 all	 males)	 with	 a	 confirmed	 clinical	 diagnosis	 of	 atopic	 dermatitis	 and/or	 cheilitis	 were	

studied.	 As	 control	 group,	 eleven	 age-matched	 heart-transplanted	 children	 with	 no	 record	 of	

atopic	diseases	and	allergies	were	studied	(7.97	±	0.61	years,	8	males	and	3	females).	Both	groups	

were	 on	 similar	 maintenance	 immunosuppression	 therapy	 (Table	 9,	 group	 demographics)	 and	

those	 non-atopic	 patients	 that	 were	 not	 under	 tacrolimus	 immunosuppression	 were	 excluded,	

because	atopic	patients	were	all	treated	with	tacrolimus.	

 Rejection	study	group	

We	were	interested	in	studying	if	the	signs	of	rejection	episodes	in	heart-transplanted	children	led	

to	chronic	immune	system	changes	that	could	help	to	predict	the	fate	of	the	heart	survival.	From	

the	 31	 heart-transplanted	 children,	 6	 children	 have	 had	 signs	 of	 rejection	 during	 the	 first	 year	

post-transplant	(Table	15,	group	demographics),	all	of	them	were	diagnosed	by	alterations	in	the	

electrocardiography	and	echocardiography	monitoring.	3	of	 them	had	rejection	grade	1R-2R	and	
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C4d	positive	staining	confirmed	in	graft	biopsy,	and	were	classified	as	humoral	rejection.	1	patient	

had	 rejection	 grade	 2R	 and	 C4d	 negative	 staining	 confirmed	 in	 graft	 biopsy.	 The	 remaining	 2	

patients	had	 rejection	grade	1R	and	C4d	negative	 staining	and	 therefore	were	 classified	as	mild	

rejection.	 As	 control	 group,	we	 selected	 those	 heart-transplanted	 children	 that	 did	 not	 present	

rejection	 episodes	 and	 we	 excluded	 the	 atopic	 patients	 since	 their	 immune	 system	 presents	

dyseregulation	 that	 could	 influence	 the	 outcomes.	 There	 were	 no	 differences	 in	 age	 (rejection	

group	10.37	±	1.35	years;	non-rejection	10.88	±	0.96	years)	and	gender	(rejection	group	4	males,	2	

females;	non-rejection	13	males,	4	females)	between	both	groups.	

 Heart-transplanted	children	follow-up	cohort	

An	 extensive	 follow	 up	 of	 the	 immune	 system	 was	 performed	 in	 those	 children	 transplanted	

during	the	project,	in	which	we	also	had	access	to	samples	for	studying	the	immune	status	before	

the	 transplantation.	 The	 study	 was	 performed	 under	 the	 same	 collaboration	 as	 the	 transversal	

study,	 including	 Dr	 Lori	 West	 (Alberta	 Transplant	 Institute,	 Edmonton,	 Canada)	 and	 Dr.	 Simon	

Urschel	 (Stollery	 Children´s	 Hospital,	 Paediatric	 Cardiac	 Transplantation,	 Edmonton,	 Canada).	 16	

children	were	enrolled	in	the	study,	5	children	died	on	the	first	weeks	post-transplantation	due	to	

complications	 non-related	 to	 immune	 rejection.	 Peripheral	 blood	 samples	 (<3	 ml)	 were	 drawn	

before	 transplantation	 (Tx)	and	at	10,	15,	30,	45,	60,	90,	120,	180,	270,	360	days	post-Tx.	Day-0	

corresponds	to	the	day	of	transplantation,	and	the	sample	from	Day-0	(baseline	sample,	BL)	was	

collected	 before	 the	 transplantation	 procedure	 and	 the	 administration	 of	 immunosuppressive	

drugs.	Blood	samples	were	obtained	 from	heart-transplanted	paediatric	patients	 treated	with:	 i)	

rabbit	 anti-thymocyte	 globulin	 induction	 (ATG,	 n=	 2)	 (Thymoglobulin®,	 Genzyme	 Corporation,	

Massachusetts,	USA)	in	a	dose	of	1.5	mg/kg	for	5	consecutive	days,	starting	at	Day	0;	ii)	Basiliximab	

induction	(BXM,	n=	2)	(Simulect®,	Novartis	Pharma,	Switzerland)	in	a	dose	of	10	mg/m2	on	Days	0	

and	 4	 after	 transplantation	 (Tx);	 iii)	 without	 induction	 therapy	 (n=	 7).	 All	 patients	 received	 the	

same	maintenance	therapy	consisting	of	short-term	steroids	(prednisone),	mycophenolate	mofetil	

(MMF,	CellCept®,	Hoffmann-La	Roche	Ltd,	Switzerland)	and	tacrolimus	(Prograf®,	Astellas	Pharma	

Inc.,	Japan).		

1) ATG-treated	 patients	 were	 followed	 for	 120	 days.	 These	 patients	 were	 compared	 to	 those	

patients	without	induction	that	at	least	have	also	completed	120	days	post-transplant	follow-

up	(n=	7).	There	were	no	differences	 in	patient´s	age	and	gender	between	both	groups	(ATG	

group:	2	males,	age:	4.64	±	3.82	years	at	Tx	(mean	±	SEM);	ATG	untreated	group:	5	males,	2	

females,	age:	6.2	±	1.77	years	at	Tx),	(Table	20	group	demographics).	
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2) BXM-treated	patients	were	followed	up	for	1	year.	This	group	was	compared	to	those	patients	

without	induction	therapy	that	at	least	have	also	completed	1	year	post-transplant	follow-up	

(n=	4).	There	were	differences	in	patient´s	age	and	gender	between	both	groups	(BXM	group:	

2	 females,	age:	10.67	±	3.69	years	at	Tx	 (mean	±	SEM);	BXM	untreated	group:	4	males,	age:	

3.42	±	2.06	years	at	Tx),	(Table	21	group	demographics).	

 Treg	harvest	from	thymic	tissue	samples	

We	investigated	three	different	sources	to	obtain	high	quality	Treg.	i)	Peripheral	blood	from	adults	

ii)	peripheral	blood	from	children	and	 iii)	 thymic	tissue	from	paediatric	patients.	Thymuses	 (n=5)	

were	collected	during	infant	cardiac	surgery	at	the	“Hospital	Materno	Infantil	Gregorio	Marañón”	

(Madrid,	 Spain)	 and	 processed	 within	 2	 hours	 from	 extraction.	 This	 study	 was	 done	 under	 the	

collaboration	 of	 the	 Paediatric	 Cardilogy	 Section,	 Paediatric	 Cardiac	 Surgery	 Section	 (Dr	 Gil	

Jaurena)	 and	 our	 Canadian	 Collaborators.	 	 Thymuses	 from	patients	 under	 12	 years	 of	 age	were	

included	in	the	study.	

3.2 	SAMPLE	PROCESSING	AND	IMMUNE	SUBPOPULATIONS	ANALYSIS	

 Peripheral	blood	and	sample	processing	

The	blood	samples	obtained	in	EDTA	tubes	were	processed	within	2	hours	from	extraction.	Plasma	

samples	 were	 obtained	 by	 centrifugation	 and	 stored	 at	 –80ºC	 for	 future	 plasmatic	 cytokine	

quantification.	 A	 small	 blood	 volume	 was	 used	 to	 analyse	 immune	 subpopulations	 by	 flow	

cytometry	directly	on	total	blood.	Absolute	numbers	of	immune	subtypes	were	determined	using	

Flow-Count	Fluorospheres	(Beckman-Coulter).	

The	blood	remaining	was	used	to	separate	peripheral	blood	mononuclear	cells	(PBMCs)	to	be	used	

in	intracellular	staining	procedures.	Briefly,	the	blood	was	diluted	1:1	in	sterile	phosphate-buffered	

saline	(PBS)	(Corning).	Afterwards,	the	diluted	blood	was	centrifuged	for	30	minutes	at	1800	rpm	

employing	a	Ficoll-Hypaque	density	gradient	(Rafer)	and	the	interphase	containing	the	PBMCs	was	

retrieved.	 Then,	 the	 PBMCs	were	washed	 twice	with	 PBS	 by	 centrifugation	 at	 1500	 rpm	 for	 10	

minutes.	 Afterwards,	 the	 cells	 were	 counted	 and	 1	million	 PBMCs	 were	 permeabilised,	 stained	

with	 Foxp3	 antibodies	 and	 analysed	 immediately	 by	 flow	 cytometry.	 The	 rest	 of	 the	 cells	 were	

used	 to	 analyse	 cytokine	 production	 in	 CD4+,	 CD8+	 T	 cells,	 CD4+CD25+Foxp3+	 T	 cells.	 The	

remaining	cells	were	dried	and	pelleted	for	storage	(1	million	PBMCs)	at	 -80ºC	for	future	nucleic	

acid	(DNA/RNA)	isolation	and	gene	expression	analysis.	
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We	analysed	a	high	number	of	immune	subsets	and	variables	taking	advantage	of	the	differential	

expression	of	 surface	markers	 in	 these	 cells.	 These	 cell	markers	were	detected	 through	 staining	

with	specific	monoclonal	antibodies	and	measured	by	flow	cytometry.	The	flow	cytometry	analysis	

was	performed	using	a	flow	cytometer	Gallios	with	10	fluoresecence	detectors	(Beckman	Coulter)	

in	the	Platform	of	Flow	Cytometry	and	Sorter	of	the	IISGM,	with	the	collaboration	of	Laura	Díaz.	

 Phenotype	of	cell	populations	by	cell	surface	labeling	

The	 frequency	 and	 absolute	 number	 of	 the	 different	 immune	 populations	 were	 quantified	 in	

whole	 blood	 samples.	 100µl	 of	 whole	 blood	 was	 added	 to	 cytometry	 tubes,	 then	 the	 different	

monoclonal	antibodies	constituting	each	panel	were	added	and	the	tubes	incubated	30	minutes	at	

room	temperature	(RT),	keeping	them	away	from	light.	Afterwards,	the	tubes	were	processed	in	a	

Coulter	 TQ-Prep	 (Beckman	 Coulter,	 Marseille,	 France),	 an	 automated	 system	 that	 lyses	

erythrocytes.	 Then,	 100	 µl	 of	 Flow-count	 Fluorospheres	 (Beckman	 Coulter)	 was	 added	 to	 each	

tube,	allowing	the	absolute	cell	number	quantification.	The	tubes	were	then	acquired	in	a	Gallios	

cytometer	(Beckman	Coulter)	acquiring	at	 least	100,000	events	per	tube.	Data	analysis	was	done	

using	 the	 Kaluza	 software	 (Beckman	 Coulter).	 Table	 1	 gathers	 all	 the	 surface	 markers	 used	 to	

identify	the	different	immune	subpopulations.	The	different	antibody	combinations	shown	in	the	

table	are	based	on	the	One	Study	panel	design	(129).	We	made	periodic	compensations	for	the	10	

cytometer	detectors	in	each	of	the	panels	and	used	FMO	controls	when	necessary.	

Population	 Markers	

Monocytes	 CD45++CD3-CD14+/++	
Classic	 CD14++CD16–	
CD14++CD16+	 CD14++CD16+	
CD14+CD16++	 CD14+CD16++	

Dendritic	cells	 CD45+LIN–HLA-DR+	
Myeloid	(mDC)	 CD11c+	

mDC1	 CD16–BDCA3–	
mDC2	 BDCA3+	
mDC	16+	 CD16+BDCA3–	

Plasmacytoid	 CD11c–CD123+BDCA2+	
Basophils	 CD45+CD123+HLA-DR–	

Activated	 CD63+	
Granulocytes	 SShighCD45+	

Neutrophils	 CD45+CD16+	
Eosinophils	 CD45+CD16–	

Lymphocytes	 SSlowCD45++	/	SSlowFSlow	
NK	cells	 CD3–CD16+	

NK	56++	 CD56++	
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NK	56+	 CD56+	
NK	56–	 CD56–	

NK	T	cells	 CD3+CD16+CD56+	
B	cells	 CD3–CD19+	

Naïve		 IgD+CD27–	
Memory	Non-switch	 IgD+CD27+	
Memory	Switch	 IgD–CD27+	
Memory	IgD–CD27–	 IgD–CD27–	
Plasmablast	 CD24–CD38++	
Br1	 CD25+CD71+CD73–	
BregI	 CD24++CD27+	
BregII	 CD24++CD38++	

T	cells	 CD3+	
Follicular	helper	(Tfh)	 CD4+CXCR5+PD-1+	
CD4+	T	cells	 CD4+	

Naïve		 CD45RA+CD27+	
Central	Memory	 CD45RA-CD27+	
Effector	Memory		 CD45RA-CD27–	
TemRA	 CD45RA+CD27–	
Activated	 CD45RA–HLA-DR+	
RTEs	 CD45RA+CD31+	
γδ	 TCRγδ+	

CD8+	T	cells	 CD8+	
Naïve		 CD45RA+CD27+	
Central	Memory	 CD45RA–CD27+	
Effector	Memory		 CD45RA–CD27–	
TemRA	 CD45RA+CD27–	
Activated	 CD45RA–HLA-DR+	
γδ	 TCRγδ+	

Table	1. Surface	markers	used	to	 identify	different	 immune	subpopulations.	–:	no	expression,	 low:	 low	

expression,	+:	expression,	++	or	high:	high	expression.	

 Treg-cell	analysis	

Treg	cells	 in	whole	blood	were	 identified	as	SSlowFSlowCD3+CD4+CD25+CD127–	as	described	by	

Liu	et	al	(122).	Since	Foxp3	is	the	marker	that	better	defines	the	Treg	population,	Treg	were	also	

analysed	 in	 isolated	 PBMCs	 by	 Foxp3	 intracellular	 staining	 (SSlowFSlowCD4+CD25+Foxp3+).	 The	

results	of	 this	 thesis	and	also	 from	other	projects	developed	by	 the	group	demonstrated	 that	 in	

children	 the	 Treg	 population	 analysed	 through	 surface	 markers	 (SSlowFSlow	

CD3+CD4+CD25+CD127–)	correlates	in	>90%	with	the	Foxp3+	population	(Foxp3+Treg).		
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Foxp3	 labeling	was	done	over	PBMCs	after	surface	 labeling	as	described	 in	 the	previous	section.	

Briefly,	cells	were	added	to	a	tube	prior	to	cell	surface	antibody	staining,	followed	by	a	30-minute	

incubation	at	4ºC	away	from	light.	Afterwards,	cell	membrane	permeabilization	was	done	by	using	

the	 Human	 Regulatory	 T	 cell	 Staining	 Kit	 (eBiosciences,	 San	 Diego,	 CA,	 EEUU)	 following	 the	

manufacturer´s	instructions.	For	intracellular	staining,	anti-Foxp3,	anti-CTLA-4	and	anti-Ki-67	were	

incubated	 for	30	minutes	at	4ºC	away	 from	 light.	 Samples	were	acquired	 in	a	Gallios	 cytometer	

(Beckman	Coulter).	 At	 least	 100,000	 events	were	 acquired	 and	 the	 analysis	was	 done	 using	 the	

Kaluza	software.		

For	 Foxp3+Treg	 analysis,	 CD4+	 T	 cells	 (SSlowFSlowCD4+)	 were	 selected	 and	 the	 Foxp3+Treg	

population	 was	 defined	 by	 SSlowFSlowCD4+CD25+Foxp3+	 labeling.	 Other	 antibodies	 (CD45RA,	

CD27,	HLA-DR,	CD39),	were	added	in	order	to	enable	the	analysis	of	the	naïve	(CD45RA+CD27+),	

central	memory	 (CD45RA–CD27+),	 effector	memory	 (CD45RA–CD27–),	 TemRA	 (CD45RA+CD27–),	

activated	(CD45RA–HLA-DR+)	and	CD39+	phenotypes	gated	in	Foxp3+Treg	cells.	

 Analysis	of	cytokine-secreting	T	cells	

In	order	to	have	a	picture	of	the	cytokine	secretion	profile	of	CD4+	and	CD8+	T	cells,	PBMCs	

were	 cultured	 in	 RPMI	 1640	 medium	 (Biochrome)	 supplemented	 with	 10%	 AB	 human	 serum	

(Sigma-Aldrich),	 glutamine	 (Lonza)	 and	 a	 mix	 of	 antibiotics	 (125	 µg/mL	 cloxacillin,	 125	 µg/mL	

ampicillin	and	40	µg/mL	gentamicin;	 Sigma-Aldrich).	These	cells	were	 then	activated	 for	5	hours	

with	 phorbol	 12-myristate	 13-acetate	 (PMA,	 50	 ng/ml)	 and	 Ionomycin	 (IO,	 1	 µg/ml)	 (both	 from	

Sigma-Aldrich),	 including	 the	 addition	 of	 Golgi-stop	 (Beckton	 Dickinson)	 for	 the	 last	 4	 hours.	

Afterwards,	 the	 cells	 were	 washed,	 stained	 with	 surface	 antibodies	 (CD3,	 CD4,	 CD8,	 CD69)	

followed	 by	 Viability	 Dye	 eFluor	 780	 staining	 (eBioscience).	 Permeabilization	 and	 intracellular	

staining	 of	 IL-2,	 IL-4,	 IFN-γ,	 TNF-α	 and	 IL-17	 were	 done	 following	 the	 instructions	 of	 the	

Cytofix/Cytoperm	 Kit	 (Beckton	 Dickinson).	 The	 frequency	 for	 each	 cytokine-producing	 CD4+	 or	

CD8+	 T-cell	 populations	 was	 then	 analysed.	 Samples	 were	 acquired	 in	 a	 Gallios	 cytometer	

(Beckman	Coulter).	 At	 least	 100.000	 events	were	 acquired	 and	 the	 analysis	was	 done	 using	 the	

Kaluza	software.	

 Analysis	of	cytokine-secreting	Foxp3+Treg	

In	 order	 to	 better	 understand	 Treg	 functionality,	 analysis	 of	 cytokine-secreting	 Foxp3+Treg	

cells	 was	 done	 in	 a	 similar	 fashion	 that	 cytokine-secreting	 T	 cells	 with	 minor	 changes.	 Briefly,	

PBMCs	were	 activated	 for	 5.5	 hours	 with	 PMA	 (50	 ng/ml)	 and	 IO	 (1	 µg/ml)	 (both	 from	 Sigma-

Aldrich),	including	the	addition	of	Brefeldin	A	(Sigma-Aldrich)	for	the	last	2	hours.	Afterwards,	the	
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cells	were	washed,	 stained	 for	 surface	 antibodies,	 followed	 by	 Viability	 Dye	 eFluor	 450	 staining	

(eBioscience).	Permeabilization	and	intracellular	staining	of	Foxp3,	 IL-10,	 IL-17	and	IL-4	was	done	

following	the	 instructions	of	the	Anti-Human	Foxp3	Staining	Set	 (eBiosciences).	The	frequency	of	

cytokine-secreting	cells	was	calculated	in	total	CD4+Foxp3+	population.	Samples	were	acquired	in	

a	Gallios	 cytometer	 (Beckman	 Coulter).	 At	 least	 100.000	 events	were	 acquired	 and	 the	 analysis	

was	done	using	the	Kaluza	software.	

3.3 IN	VITRO	ANALYSIS	OF	BASILIXIMAB	EFFECT	OVER	TREG	AND	T	CELLS	

In	 the	 aim	 to	 analyse	 the	 impact	 of	 Basiliximab	 (BXM)	 over	 human	 primary	 immune	 cells,	 we	

developed	an	in	vitro	model.	PBMCs	from	buffy	coats	were	treated	with	BXM	(Simulect®,	Novartis	

Pharma)	to	analyse	its	effect	on	CD4+,	CD8+	T	cell	and	on	Foxp3+Treg	viability,	proliferation,	Foxp3	

expression	and	cytokine	secretion.	Briefly,	CFSE-labeled	PBMCs	(CFSE	from	Life	Technologies)	were	

cultured	with	RPMI	1640	medium	(Biochrome)	supplemented	with	glutamine	 (Lonza),	10%	heat-

inactivated	 FBS	 (Biowest),	 500	 U/mL	 IL-2	 (ImmunoTools,	 Friesoythe,	 Germany)	 and	 a	 mix	 of	

antibiotics	(125	µg/mL	cloxacillin,	125	µg/mL	ampicillin	and	40	µg/mL	gentamicin;	Sigma-Aldrich).	

PBMCs	 were	 then	 stimulated	 with	 anti-CD3/anti-CD28	 magnetic	 beads	 (Dynabeads,	 Gibco,	 Life	

Technologies)	at	0.5:1	or	1:1	 ratio	 (bead:PBMC).	Cells	were	 treated	with	or	without	10	µg/ml	of	

BXM	 and	 cultured	 for	 72	 hours.	 This	 concentration	 was	 chosen	 considering	 the	 serum	

concentration	which	 is	reached	 in	paediatric	patients	treated	with	Basiliximab	(130),	and	 looking	

for	 maximal	 suppressive	 effect	 (131).	 After	 culture,	 the	 samples	 were	 processed	 following	 the	

procedure	 described	 in	 the	 sections	 of	 “Treg	 cells	 analysis”	 and	 “Analysis	 of	 cytokine-secreting	

Foxp3+Treg”	with	minor	modifications.	Briefly,	Treg	were	surface	stained,	followed	by	viability	dye	

eFluor	450	or	780	staining	(ebiosciences)	and	intracellular	stained	including	Foxp3,	CTLA-4	and	Ki-

67.	In	case	of	cytokine-secretion	analysis,	PBMCs	were	cultured	for	5.5	hours	in	presence	of	PMA	+	

IO,	 followed	 by	 Brefeldin	 A.	 Then,	 cells	were	 permeabilised	 and	 stained	 following	 3.2.5	 chapter	

and	acquired	in	a	Gallios	cytometer	(Beckman	Coulter).	At	least	100.000	events	were	acquired	and	

the	analysis	was	done	using	the	Kaluza	software.	

 Analysis	of	cell	proliferation	

PBMCs	were	resuspended	in	PBS	and	incubated	with	1µM	CFSE	for	20	minutes	at	37ºc.	Then,	the	

cells	were	washed	and	resuspended	in	ice	cold	RPMI	1640	medium	for	3	minutes.	Afterwards,	the	

cells	were	washed	and	last	step	was	repeated	two	times	more	before	setting	the	cells	into	culture.		
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CFSE	 labeling	 will	 get	 diluted	 each	 time	 that	 there	 is	 a	 single	 cell	 division.	 Therefore,	 cell	

proliferation	together	with	the	number	of	cell	divisions	can	be	tracked	by	analysing	CFSE	dilution	

by	flow	cytometry.	In	contrast	to	CFSE,	Ki-67	is	a	nuclear	and	nucleolar	protein	antigen	present	in	

all	proliferating	cells	during	the	active	part	of	the	cell	cycle.	Ki-67-positive	cells	represent	actively	

dividing	 cells,	 and	 Ki-67-negative	 likely	 represent	 cells	 that	 have	 subsequently	 stopped	 dividing	

and	 entered	 into	 quiescence	 (132).	 Therefore,	 Ki-67	 will	 reflect	 the	 proportion	 of	 proliferating	

cells.	

3.4 ANALYSIS	OF	CYTOKINES	IN	PLASMA	

Levels	of	different	cytokines	were	measured	by	flow	cytometry	 in	50µl	plasma	samples	obtained	

from	 peripheral	 blood	 of	 heart-transplanted	 patients.	 Plasma	 was	 centrifuged	 to	 eliminate	

remaining	blood	cells	and	debris	followed	by	cryopreservation	(–80ºC)	until	analysis.	The	DIAplex	

Human	Th1	/Th2	/	Inflammation	Complete	kit	(Diaclone)	was	used	and	its	instructions	followed	to	

quantify	the	plasma	levels	of:	IFN-γ	(0.8pg/ml),	IL-2	(12.4pg/ml),	IL-10	(1.7pg/ml),	IL-8	(1.3pg/ml),	

IL-6	(1.4pg/ml),	IL-4	(4.3pg/ml),	IL-17a	(8.7pg/ml),	IL-1ß	(3.5pg/ml),	TNF-α	(9.8pg/ml)	and	IL-12p70	

(3.4pg/ml)	(the	kit	detection	sensitivity	for	each	cytokine	is	indicated	in	brackets).		

3.5 TREG	ISOLATION	FROM	THYMIC	TISSUE	

Thymuses	 were	 collected	 in	 0.9%	 Sodium	 Chloride	 (B.	 Braun)	 plus	 1x	 Antibiotic/antimycotic	

solution	 (Sigma-Aldrich).	Afterwards,	 they	were	weighed	and	 thymic	 tissue	was	dissociated	 in	X-

vivo	 15	medium	 (Lonza,	 Basel,	 Switzerland)	with	 5%	AB	human	 serum	 (Sigma-Aldrich)	 using	 the	

GentleMACS	Dissociator	(Miltenyi	Biotec,	Bergisch	Gladbach,	Germany).	Thymocytes	were	filtered,	

washed	with	autoMACs	running	buffer	(Miltenyi	Biotech),	and	then	Tregs	were	isolated	using	anti-

CD25	MicroBeads-II	(Miltenyi	Biotec)	following	manufacturer’s	 instructions.	Such	isolation	results	

in	two	fractions:	The	CD25+	positive	fraction,	mainly	comprised	by	Treg	(called	Treg	fraction)	and	

the	CD25-negative	fraction,	mainly	comprised	by	conventional	(non-Treg)	T	cells,	called	Tconv.		

Thymocytes	and	thymic	Treg	obtained	after	purification	were	analysed	following	the	 instructions	

on	 “Treg	 cell	 analysis”	with	minor	modifications.	 Briefly,	 cells	were	washed	 and	 surface	 stained	

with	anti-CD39,	CD45RA,	CD25,	HLADR,	CD8,	CD4	and	CD3.	Afterwards,	fixable	viability	dye	eFluor	

450	 (eBioscience,	 San	Diego,	CA)	was	used	 to	exclude	death	 cells.	 Lastly,	 the	 instructions	of	 the	

Anti-Human	Foxp3	Staining	Set	(eBiosciences)	were	followed	for	the	permeabilization	step	and	the	

cells	were	intracellularly	stained	with	Foxp3	and	CTLA-4.	
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3.6 STATISTICAL	METHODS	

Data	distribution	was	 tested	 for	 normality	 by	 using	 the	 Shapiro-Wilk	 test.	Qualitative	 covariates	

were	compared	by	Fisher's	exact	test.	The	comparison	of	mean-absolute	numbers	from	different	

cell	 populations	was	 carried	 out	 using	 the	 non-parametric	Wilcoxon-Mann-Whitney	 test,	 results	

are	 shown	 as	 mean	 ±	 Standard	 Error	 of	 the	Mean	 (SEM),	 an	 overall	 5%	 significance	 level	 was	

applied.	

The	 comparison	of	weighted	means	of	proportions	of	 the	different	 cell	 type	 frequencies	 among	

transplanted/non-transplanted,	atopic/non-atopic	and	rejection/non-rejection	groups,	was	carried	

out	using	 the	design-based	Kruskal	Wallis	 test,	applied	as	an	extension	 for	weighted	data	of	 the	

non-parametric	Mann-Whitney	test	(133).	Results	are	shown	as	weighted	mean	±	Standard	Error	

of	the	Mean	(SEM),	and	an	overall	5%	significance	level	was	applied.	Correlations	were	tested	by	

using	 the	 Spearman	 coefficient.	 For	 all	 analyses,	 2-tailed	 contrast	 was	 used.	 In	 the	 case	 of	

transplanted/non-transplanted	 group,	 an	 overall	 5%	 significance	 level	was	 adjusted	 for	multiple	

comparisons	by	using	the	Benhamini	&	Hochberg	correction	method.		

To	improve	the	accuracy	when	analysing	cellular	frequencies,	we	implemented	weighted	means	of	

proportions.	 This	 is	 an	 usual	 kind	 of	 average	 when	 studying	 populations.	 It	 is	 based	 on	 the	

statement	 that	 some	 individual	 cell	 values	 contribute	 more	 weight	 than	 others,	 having	 into	

account	 that	 variance	 of	 a	 percentage	 is	 inversely	 proportional	 to	 the	 number	 of	 cells	 in	 the	

denominator.	 The	 weighted	 analysis	 meets	 well	 the	 assumptions	 of	 statistical	 tests	 for	 mean	

comparisons	and	produces	a	worthwhile	reduction	in	the	size	of	confidence	intervals	(134).		

The	 statistical	 test	used	 to	 compare	groups	 in	 “In	 vitro	 analysis	of	Basiliximab	effect	over	CD4+,	

CD8+	T	cells	and	Treg”	was	the	Non-parametric	Wilcoxon	paired	test.	Results	are	shown	as	mean	±	

Standard	Error	of	the	Mean	(SEM),	an	overall	5%	significance	level	was	applied.	
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4 Results	
The	 main	 goal	 of	 this	 thesis	 was	 to	 evaluate	 the	 impact	 that	 heart	 transplantation,	

thymectomization	 and	 the	 treatment	 with	 immunosuppressive	 drugs	 may	 have	 over	 the	

paediatric	immune	system	 in	heart-transplanted	patients.	A	better	knowledge	about	the	specific	

immune	alterations	in	these	patients	could	help	to	improve	the	clinical	follow-up	of	the	patients,	

the	 election	 of	 immunosuppressive	 regimen	 and	 to	 identify	 immune	 markers	 useful	 in	 the	

prevention	of	rejection	episodes.		

To	 achieve	 this	 aim,	we	 performed	 exhaustive	 analyses	 of	 immune	 subsets	 in	 a	 large	 cohort	 of	

heart-transplanted	 children	 employing	 several	 approaches.	 Firstly,	 we	 performed	 a	 transversal	

study	analysing	which	is	the	immune	status	of	children	that	have	already	been	transplanted	for	1-

year	 minimum.	 Afterwards,	 we	 focused	 on	 the	 implications	 that	 a	 potential	 immune	

dysregulation	may	 have	 over	 the	 incidence	 of	 immune	 comorbidities	 appearing	 in	 transplanted	

patients,	 such	 as	 atopic	 dermatitis	 and/or	 cheilitis,	 and	 also	 the	 relationship	 of	 this	 immune	

deregulation	with	 the	 incidence	 of	 rejection	 episodes.	 In	 order	 to	 better	understand	 the	 time-

course	 of	 the	 immune	 alterations	 leading	 to	 the	 impairment	 of	 immune	 homeostasis	 after	

transplantation,	 we	 followed	 up	 periodically	 a	 cohort	 of	 patients	 from	 some	 weeks	 prior	 to	

transplantation	 up	 to	 1	 year	 post-transplant.	 Additionally,	 this	 cohort	 of	 patients	 enabled	 us	 to	

study	 the	 impact	 that	 induction	 immunosupressors	 individually	 may	 have	 over	 the	 immune	

system.	Lastly,	at	the	light	of	the	results	obtained	in	the	project	regarding	the	crucial	role	of	Treg	

in	 the	 immune	 homeostasis	 of	 these	 patients,	 we	 explored	 whether	 it	 could	 be	 possible	 to	

produce	 Treg	 cells	 appropriated	 for	 their	 use	 as	 cellular	 immunotherapy	 to	 prevent	 rejection	

employing	an	alternative	source	of	Tregs	besides	peripheral	blood.	
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4.1 IMPACT	 OF	 HEART	 TRANSPLANTATION,	 THYMECTOMY	 AND	

IMMUNOSUPPRESSOR	 DRUGS	 OVER	 THE	 IMMUNE	 SYSTEM	 OF	

PAEDIATRIC	PATIENTS	

The	immune	system	of	transplanted	patients	is	exposed	to	multifactorial	stimulus	and	aggressions	

that	could	seriously	affect	its	correct	homeostasis	such	as:	(i)	alloantigens	present	on	the	graft	will	

constitute	 a	 chronic	 insult	 to	 the	 recipient´s	 immune	 system,	 hence	will	 contribute	 to	 potential	

immune	alterations;	(ii)	in	the	context	of	paediatric	heart	transplantation,	the	thymus	is	removed	

per	routine,	which	will	have	profound	consequences	on	the	generation	and	preservation	of	the	T-

cell	 population;	 (iii)	 the	use	of	 strong	 immunosupressors	 in	 order	 to	 avoid	 graft	 rejection,	 have	

pleiotropic	effects	and	produce	oversuppression	of	 the	 immune	system,	also	affecting	 immune	

subsets	 that	 may	 be	 necessary	 to	 preserve	 immune	 tolerance.	 In	 order	 to	 evaluate	 how	 these	

factors	 influence	 the	 paediatric	 immune	 system,	 we	 analysed	 peripheral	 blood	 samples	 from	

heart-transplanted	children	that	have	already	been	transplanted	for	at	least	one	year.		

Extensive	research	has	been	conducted	on	the	effect	of	thymectomy	over	the	immune	system	in	

non-transplanted	 patients	 (135-137).	 However,	 very	 little	 is	 known	 about	 the	 effect	 of	 the	

multifactorial	 combination	constituted	by	 transplantation	along	with	 thymectomy	and	the	use	

of	immunosuppressive	drugs	over	the	immune	system.	The	exhaustive	immune	analysis	that	we	

performed	allowed	us	to	identify	which	are	the	immune	parameters	disturbed	in	paediatric	heart	

transplantation,	giving	us	a	detailed	scope	of	the	alterations	that	could	potentially	be	contributing	

to	either	graft	rejection	and	to	other	transplant-associated	comorbidities.	

 Clinical	characteristics	of	the	paediatric	heart-transplanted	patients	

Immune	analysis	was	performed	in	31	heart-transplanted	children	(27	males	and	4	females,	age	at	

enrolment	 9.23	 ±	 0.75	 years	 (mean	 ±	 SEM)).	 As	 control	 group,	 11	 non-transplanted	 children	 (5	

males	 and	6	 females,	 age	 at	 enrolment	9.91	±	 1.25	 years	 (mean	±	 SEM))	 that	were	 going	 to	be	

subjected	 to	 cardiac	 surgery	 were	 enrolled	 in	 the	 study.	 Those	 children	 that	 were	 previously	

thymectomized	or	had	immune	related	disorders	were	excluded	from	the	control	group	(Table	2).	

Data	 collected	 from	 hospital	 charts	 included	 information	 about	 demographics,	 transplantation,	

thymectomy,	immunosuppressive	regimen	at	sampling,	rejection,	development	of	atopic	disease,	

infections	 and	other	 immune	mediated	disorders	 (Table	2).	 There	were	no	differences	 in	 age	at	

sampling	 between	 groups.	However,	 the	 presence	 of	 female	 children	was	 significantly	 higher	 in	

the	non-transplanted	group	(p=	0.018).	In	all	the	cases,	more	than	1	year	has	passed	between	the	
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moment	 of	 transplantation	 and	 the	 sampling	 date.	 Therefore,	 we	 can	 discard	 the	 presence	 of	

immune	alterations	related	to	the	inflammation	associated	to	the	surgical	procedure	or	the	initial	

reaction	to	the	graft.		

		 		 		
			 Non-Transplanted	 Transplanted	

			 (n	=	11)	 (n=31)	 p-value	

Sex	(%)	
	 	

0.018	§	
Female	 6/11	(54.5%)	 4/31	(12.9%)	

	Male	 5/11	(45.5%)	 27/31	(87.1%)	
	Age	at	sampling	(years,	mean	±	SEM)	 9.91	±	1.25	 9.23	±	0.75	 0.61	†	

Age	at	Transplant	(years,	mean	±	SEM)	
	

2.01	±	0.46	
	Years	Transplanted	(mean	±	SEM)	

	
7.23	±	0.77	

	Patients	receiving	immunosuppressors	(%)	
	 	 	Corticoids	
	

3/31	(9.68%)	
	Mycophenolate	mofetil	

	
18/31	(58.06%)	

	Tacrolimus	
	

27/31	(87.1%)	
	Ciclosporine	

	
3/31	(9.68%)	

	Azatioprine	
	

2/31	(6.45%)	
	Everolimus	

	
4/31	(12.9%)	

	Atopic	disease	incidence	
	

11/31	(35.48%)	
	Thymectomy	(%)	

	
31/31	(100%)	

	Age	at	Thymectomy	(years,	mean	±	SEM)	 1.05	±	0.3	
	Signs	of	rejection	(%)	

	
6/31	(19.35%)	

	§	Fisher	exact	test	
†	Mann-Whitney	test	 		 		

		

Table	2. Clinical	 characteristics	 of	 heart-transplanted	 children	 and	 non-transplanted	 children	 at	 the	

moment	 of	 sample	 extraction.	 Atopic	 diseases	 include	 atopic	 dermatitis	 and/or	 cheilitis.	
Rejection	 includes	 cellular	 and	 humoral	 rejection.	 Fisher	 exact	 test	 and	 Mann-Whitney	 test	
were	used	for	qualitative	and	quantitative	variables	respectively.	p-value<0.05	was	considered	
significant.	

	

 Alterations	 of	 the	 innate	 immune	 system	 in	 heart-transplanted	

children	

In	 order	 to	 detect	 potential	 differences	 between	 the	 transplanted	 and	 non-transplanted	 group	

that	could	be	indicative	of	immune	dysfunction,	an	exhaustive	analysis	of	the	immune	system	was	

done	by	 flow	cytometry.	 The	 cell	 frequency	and	absolute	 cell	 count	 (cells	 per	µl	 of	blood)	were	

analysed.	
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We	 firstly	 analysed	 immune	 subsets	 of	 the	 innate	 immunity.	 Transplanted	 children	 presented	

higher	 frequency	and	numbers	of	natural	killer	 (NK)	cells	 (Tables	3	and	4).	We	also	observed	an	

increase	 in	 the	 frequency	 of	 dendritic	 cells	 (DCs)	 and	 in	 the	 frequency	 and	 cell	 numbers	 of	

activated	basophils	 in	 transplanted	patients.	 There	were	no	differences	 in	monocyte,	 eosinophil	

and	neutrophil	populations.	

	

	

Table	3. Frequency	of	 innate	 immune	populations	 found	 in	peripheral	blood.	#	Frequency	given	over	
total	 lymphocytes.	§	Frequency	given	over	total	 leukocytes.	†	Frequency	given	over	basophils.	
p-value<0.05	was	considered	significant.	

	

	

Table	4. Absolute	cell	counts	(cells	per	µl	of	blood)	of	innate	immune	populations	found	in	peripheral	

blood.	p-value<0.05	was	considered	significant.	

	

p-value
Total	Lymphocytes
NK	# 7.53 ± 1.96 15.85 ± 1.53 0.000

Monocytes	§ 8.02 ± 1.20 10.28 ± 0.83 0.178
Dendritic	cells	§ 1.23 ± 0.23 1.83 ± 0.16 0.028

Granulocytes	§ 53.06 ± 3.45 53.29 ± 2.83 0.958
Basophils	§ 0.35 ± 0.13 0.45 ± 0.06 0.495
Activated	† 3.61 ± 1.12 19.58 ± 4.05 0.000

Eosinophils	§ 5.23 ± 2.24 7.11 ± 1.10 0.523
Neutrophils	§ 47.22 ± 4.86 45.51 ± 3.12 0.818

Percentages	(weighted	mean	±	SEM)
Non-transplanted	(n=11) Transplanted	(n=31)

p-value
Total	Lymphocytes
NK 184.84 ± 56.33 343.39 ± 41.99 0.031

Monocytes 531.14 ± 69.01 639.22 ± 64.00 0.513
Dendritic	cells 80.57 ± 10.44 109.18 ± 8.77 0.208

Granulocytes 3514.71 ± 570.26 3315.48 ± 365.83 0.759
Basophils 22.64 ± 8.32 27.03 ± 3.30 0.440
Activated 0.82 ± 0.27 5.29 ± 1.32 0.012

Eosinophils 346.33 ± 146.58 442.07 ± 83.27 0.502
Neutrophils 3127.70 ± 609.82 2831.08 ± 348.71 0.759

Cells/µl	(mean	±	SEM)
Non-transplanted	(n=11) Transplanted	(n=31)
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NK	and	dendritic	cells,	which	appeared	increased	in	transplanted	children,	may	play	a	dual	role	in	

promoting	 tolerance	or	 rejection	 (138,139).	 Therefore,	we	decided	 to	go	deeper	 in	 the	 study	of	

these	cell	populations.		

NK	cells	(CD3–CD16+)	can	be	divided	according	to	their	cytotoxic	capacity	in	3	subsets;	NK	CD56–,	

CD56+	and	CD56++	(being	the	CD56++	subset	the	less	cytotoxic	phenotype	but	the	most	efficient	

INF-γ	and	TNF-α	producer)	 (140,141).	Transplanted	children	had	significantly	higher	 frequency	of	

NK	 CD56–	 (p=	 0.000)	 compared	 to	 non-transplanted	 children	 (Figure	 3.a).	 Regarding	 absolute	

counts	of	NK	subsets,	higher	NK	CD56–	cell	 counts	were	detected	 in	 the	 transplanted	group	 (p=	

0.004)(Figure	 3.b),	 which	 were	 reported	 to	 be	 dysfunctional	 for	 their	 cytolytic	 capacity	 and	

cytokine	 production	 in	 several	 pathological	 conditions	 such	 as	 HIV	 and	 autoimmune	 disorders	

(141).	

Figure	3. Frequency	and	cell	counts	of	NK	cell	subpopulations.	a)	Frequency	of	NK	CD56–,	NK	CD56+	and	NK	
CD56++	 cells.	 Grey	 bars:	 Non-transplanted	 patients,	 blue	 bars:	 Transplanted	 patients.	Weighted	
mean	±	SEM	is	represented.	b)	NK	CD56–,	NK	CD56+	and	NK	CD56++	cells	per	µl	of	blood	in	non-
transplanted	(Non-Tx)	and	heart-transplanted	(Tx)	children.	Mean	is	represented.	***:	p<0.001,	**:	
p<0.01	

	

Within	dendritic	cells,	there	are	two	main	subpopulations;	plasmacytoid	DCs	(pDCs)	and	myeloid	

DCs	 (mDCs).	Transplanted	children	had	significantly	 lower	proportions	of	pDCs	 (characterized	by	

the	 production	 of	 protective	 type	 1	 interferons	 (IFN-α	 and	 IFN-ß)	 in	 response	 to	 infections)	 (p=	

0.004)	 and	 a	 concomitant	 increase	 in	 mDCs	 (p=	 0.004)	 compared	 to	 non-transplanted	 children	

(figure	4.a).	 In	 addition,	mDCs	 can	be	divided	 in	mDC1	 (secrete	 IL-6,	 TNF-α	and	 IL-12	promoting	

Th1	responses),	mDC2	(characterised	by	activation	of	Th2	cells	after	allergen	exposure)	and	mDC	

CD16+	(high	pro-inflammatory	activity,	secrete	large	amounts	of	TNF-α)	attending	to	their	surface	

markers	 and	 function	 (142).	We	 observed	 that	mDCs	 in	 transplanted	 children	were	 enriched	 in	

mDC	CD16+	subpopulation	 (p=	0.025)	while	non-transplanted	children	had	higher	 frequencies	of	

mDC1	(p=	0.01)	(Figure	4.b).	
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Figure	4. Distribution	of	dendritic	 cell	 subpopulations.	 a)	 Frequency	of	 plasmacytoid	dendritic	 cells	 (pDC)	
and	myeloid	dendritic	cells	(mDC).	Weighted	mean	±	SEM	is	represented.	b)	Frequency	of	mDC	type	
1	(mDC1),	type	2	(mDC2)	and	mDC	CD16+,	given	over	mDC.	Grey	bars:	Non-transplanted	patients,	
blue	bars:	Transplanted	patients.	Weighted	mean	is	represented.	**:	p<0.01,	*:	p<0.05.		

	

 Alterations	 of	 the	 adaptive	 immune	 system	 in	 heart-transplanted	

children	

The	adaptive	immunity	plays	a	key	role	in	the	clearance	of	pathogens	due	to	its	capacity	to	mount	

tailored	 immune	responses.	On	the	other	hand,	B	cells	and	T	cells	also	constitute	a	keystone	for	

the	 preservation	 of	 immune	 homeostasis	 via	 fine-tune	 regulation	 of	 immune	 responses.	 In	 the	

context	of	transplantation,	both	cell	types	are	essential	to	mount	cellular	and	humoral	responses	

towards	 the	graft	but	also	 to	preserve	graft	 tolerance,	being	of	paramount	 importance	 to	 study	

these	populations.		

In	the	context	of	 lymphocyte	populations,	transplanted	children	showed	a	significant	decrease	in	

CD4+	T-cell	 frequency	and	absolute	 counts	 compared	 to	 the	 non-transplanted	group	 (Figure	5.a	

and	5.b).	There	were	no	differences	in	CD8+	T	cells	neither	in	the	B-cell	population.		
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Figure	5. Frequency	and	absolute	cell	counts	(cells	per	µl	of	blood)	of	adaptive	immune	populations	found	

in	peripheral	blood.	a)	Frequencies	and	b)	absolute	counts	of	CD4+,	CD8+	T	cells	and	B	cells	in	non-
transplanted	 (grey	bars)	and	heart-transplanted	children	 (blue	bars).	Weighted	mean	±	SEM	and	
mean	±	SEM	are	represented	for	frequencies	and	absolute	numbers	respectively.	***:	p<0.001	

	

 Phenotype	of	B	lymphocytes	and	regulatory	B	cells		

B	cells	are	mainly	classified	attending	to	their	activation	and	differentiation	status	(naïve,	memory	

non-switch,	memory	 switch,	memory	 IgD–CD27–	and	plasmablasts).	 Even	 though	 there	were	no	

differences	 in	 the	 frequency	 and	 number	 of	 total	 B	 cells,	 we	 analysed	 the	 different	 B-cell	

subpopulations.	 We	 found	 that	 the	 frequency	 of	 memory	 IgD–CD27–	 phenotype	 (capable	 of	

secreting	antibodies	in	anti-viral	responses)	and	plasmablasts,	which	are	responsible	for	antibody	

production,	were	significantly	higher	in	transplanted	patients	(p=	0.028	and	p=	0.007	respectively)	

(Figure	6.a	and	6.b).	This	group	also	presented	a	concomitant	decrease	in	the	frequency	of	the	less	

differentiated	B-cell	 subsets	 such	as	naïve	and	memory	non-switch	B	 cell	 fractions	 compared	 to	

the	control	group	(p=	0.020	and	p=	0.007	respectively)	(Figure	6.a).	Regarding	to	absolute	counts,	

only	memory	 non-switch	 B-cell	 counts	were	 decreased	 in	 transplanted	 patients.	 There	were	 no	

differences	in	the	rest	of	subpopulations	(Table	5).	

a) b) 

CD4+
 T

CD8+
 T

B ce
ll

0

500

1000

1500

L
ym

p
h

o
cy

te
 c

o
u

n
t p

er
 µ

l 

***

CD4+
 T

CD8+
 T

B ce
ll

0

10

20

30

40

50
%

 L
ym

p
h

o
cy

te
***



Results	

	50	

	

Figure	6. Frequency	of	B-cell	 subpopulations.	 a)	 Frequency	of	naïve,	memory	non-switch,	memory	 switch	
and	memory	IgD-CD27-.	b)	Frequency	of	plasmablast	in	non-transplanted	(Non-Tx,	grey	bars)	and	
heart-transplanted	children	(Tx,	blue	bars).	Frequency	of	plasmablast	is	given	over	B	cells.	Weighted	
mean	±	SEM	is	represented.	**:	p<0.01,	*:	p<0.05	

	

	

Table	5. Absolute	counts	(cells	per	µl	of	blood)	of	B-cell	subpopulations.	Mean	±	SEM	is	represented.		
p<0.05	was	considered	significant	

	

Regarding	 the	 regulatory	 B-cell	 population	 (Breg),	 there	 is	 some	 controversy	 on	 their	

characterization.	 Therefore,	 we	 analysed	 different	 Breg	 subsets	 that	 have	 been	 related	 with	

regulatory	 phenotypes.	 We	 observed	 that	 transplanted	 patients	 had	 simultaneously	 lower	 and	

higher	 frequency	 of	 BregI	 and	 BregII	 respectively	 (p=	 0.025	 and	 p=	 0.004)	 (Figure	 7),	 being	 the	

decrease	of	BregI	also	detected	at	cell	counts	level	(Table	6).	
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Figure	7. Frequency	of	Breg	subpopulations.	Grey	bars:	Non-transplanted	patients,	blue	bars:	Transplanted	
patients.	Weighted	mean	±	SEM	is	represented.	**:	p<0.01,	*:	p<0.05	

	

Table	6. Absolute	counts	 (cells	per	µl	of	blood)	of	Breg	subpopulations.	p-value<0.05	was	considered	
significant	

	

 T-cell	population	exhaustion	and	senescence	in	heart-transplanted	children	

Depending	 on	 their	 activation/differentiation	 status,	 CD4	 and	 CD8+	 T	 cells	 can	 be	 classified	 in	

naïve,	 activated,	 central	memory	 (CM),	 effector	memory	 (EM)	 and	 effector	memory	 expressing	

CD45RA+	 (TemRA)	 (Figure	 8.a	 and	 8.b).	 Transplanted	 patients	 had	 higher	 frequency	 of	 CM	 (p=	

0.000),	 EM	 (p=	 0.000)	 and	 TemRA	 CD4+	 T	 cell	 (p=	 0.000)	 compared	 to	 non-transplanted	 ones	

(Figure	8.a	and	9).	A	similar	pattern	was	observed	when	we	measured	the	absolute	counts	of	these	

subsets	(Table	7).	The	only	CD4+	T-cell	subpopulation	that	decreased	in	transplanted	patients	was	

the	 naïve	 subset	 (p=	 0.000),	 most	 probably	 related	 to	 the	 decreased	 T-cell	 replenishment	

secondary	to	thymectomy	and	the	increased	cell	differentiation	due	to	alloantigen	presence.	The	

CD8+	T-cell	subset	described	a	similar	pattern,	with	decreased	frequency	(p=	0.000;	Figure	8.a	and	

9)	and	absolute	counts	of	naïve	cells	(Table	7),	and	increased	frequency	(p=	0.000;	Figure	8.a	and	

9)	and	numbers	of	the	TemRA	subset	(Table	7).	We	also	analysed	the	minority	population	of	γδ	T	

cells,	detecting	a	higher	 frequency	of	 γδ	CD8+	T	cells	 in	 transplanted	patients	 (data	not	 shown).	

Interestingly,	there	were	no	differences	in	the	frequency	or	absolute	counts	of	activated	CD4+	and	

CD8+	T	cells	(Figure	8.b,	9	and	Table	7).	
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Figure	8. Dot-plots	of	CD4+	and	CD8+	T-cell	 subpopulations.	 a)	Frequencies	of	4	different	 subpopulations	
are	 represented	 in	 the	 quadrants	 at	 each	 plot:	 Naïve	 (CD45RA+CD27+,	 upper	 right),	 central	
memory	(CD45RA–CD27+,	upper	 left),	effector	memory	(CD45RA–CD27–,	 lower	 left)	and	effector	
memory	 CD45RA+	 (CD45RA+CD27–,	 lower	 right).	 b)	 Frequency	 of	 activated	 cells	 (CD45RA–HLA-
DR+).	Representative	plots	from	a	single	transplanted	(Tx)	and	non-transplanted	patient	(Non-Tx)	
are	shown.	

	

	

Figure	9. Frequency	 of	 CD4+	 and	 CD8+	 T-cell	 subpopulations.	 Naïve,	 CM:	 Central	 memory.	 EM:	 Effector	
memory.	 TemRA:	 Effector	memory	CD45RA+.	Act:	Activated,	 CD45RA–HLA-DR+.	Grey	bars:	Non-
transplanted	patients,	blue	bars:	Transplanted	patients.	Weighted	mean	±	SEM	is	represented.	***:	
p<0.001	
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Table	7. Absolute	counts	(cells	per	µl	of	blood)	of	CD4+	and	CD8+	T-cell	subpopulations.	p-value<0.05	
was	considered	significant.	

	

 CD4+	 and	CD8+	 T	 cells	 from	heart-transplanted	 children	 showed	an	 altered	 and	pro-

inflammatory	cytokine	profile.	

CD4+	 T	 cells	 are	 commonly	 subdivided	 in	 helper	 type	 1	 (Th1),	 type	 2	 (Th2)	 or	 type	 17	 (Th17)	

attending	 to	 their	 profile	 of	 cytokine	 secretion.	 Th1	 cells	 are	 characterised	 by	 INF-γ	 and	 TNF-α	

secretion,	Th2	cells	by	secreting	IL-4	and	IL-5	and	Th17	cells	by	producing	IL-17.	Once	activated,	CD4+	

and	CD8+	T	cells	will	also	produce	IL-2,	cytokine	commonly	measured	as	a	landmark	of	T	cell	activation.	

Regarding	 CD8+	 T	 cells,	 they	 are	 known	 for	 producing	 large	 amounts	 of	 INF-γ	 and	 TNF-α	 when	

activated,	and	they	are	capable	of	producing	IL-4	and	IL-17	to	a	lower	extent.	All	these	cytokines	have	

shown	 implications	 in	 graft	 rejection	 and	 in	 some	 cases	 protective	 roles	 in	 alloimmunity	 (143).	

Interestingly,	the	frequency	of	both	CD4+	and	CD8+	T	cells	secreting	pro-inflammatory	cytokines	such	

as	IFN-γ	(p=	0.000	and	p=	0.000),	IL-4	(p=	0.000	and	p=	0.000)	and	IL-17	(p=	0.000	and	p=	0.044)	was	

higher	in	transplanted	children	compared	to	the	non-transplanted	group	(Figure	10.a,	10.b,	Figure	11.b,	

11.d	 and	 11.e).	 Regarding	 TNF-α,	 only	 higher	 secretion	 in	 the	 CD8+	 T-cell	 subset	 of	 transplanted	

children	was	detected	(p=	0.000),	and	no	differences	were	detected	for	CD4+	T	cells	(Figure	10.a,	10.b	

and	11.a).	Higher	IL-2+	frequency	was	observed	in	the	CD4+	T-cell	but	not	in	CD8+	T-cell	populations	of	

transplanted	children	(p=	0.000)	(Figure	10.a,	10.b	and	11.c).		

p-value

CD4+	T	cell

Naïve 708.91 ± 84.44 163.94 ± 25.41 0.000

Central	Memory	 253.48 ± 15.63 374.53 ± 33.98 0.019

Effector	Memory 37.09 ± 8.07 72.25 ± 6.78 0.016

TemRA 2.82 ± 1.58 11.32 ± 4.60 0.06
Activated 12.29 ± 3.70 12.54 ± 1.91 0.706

CD8+	T	cell

Naïve 385.91 ± 43.26 120.36. ± 11.54 0.000

Central	Memory 59.89 ± 9.70 65.29 ± 6.08 0.718
Effector	Memory 18.06 ± 7.55 23.91 ± 4.94 0.248
TemRA 42.2 ± 18.24 185.95 ± 33.44 0.019

Activated 6.76 ± 2.93 7.08 ± 1.28 0.708

Cells/µl	(mean	±	SEM)

Non-transplanted	(n=11) Transplanted	(n=31)
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Figure	10. Dot-plots	of	cytokine-secreting	CD4+	and	CD8+	T	cells.	Dot	plots	of	IFN-γ,	IL-4,	TNF-α,	IL-17	and	IL-2	
secreting	a)	CD4+	and	b)	CD8+	T	cells.	Single	non-transplanted	(Non-Tx)	and	transplanted	patients	
(Tx)	 are	 shown	 as	 a	 representative	 example.	 Numbers	 represent	 the	 percentage	 of	 the	 cell	
population	gated	on	CD4+	(a)	or	CD8+	T	cells	in	each	quadrant.	
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Figure	11. Frequency	of	cytokine-secreting	CD4+	and	CD8+	T	cells.	Percentage	of	a)	TNF-α,	b)	IFN-γ,	c)	IL-2,	d)	

IL-4	and	e)	IL-17-secreting	CD4+	and	CD8+	T	cells.	Grey	bars:	Non-transplanted	children	(n=	5).	Blue	
bars:	Transplanted	children	(n=	30).	Values	are	given	as	weighted	mean	±	SEM.	***:	p<0.001,	**:	
p<0.01,	*:	p<0.05	

	

 Increased	presence	of	detectable	cytokines	in	plasma	of	heart-transplanted	children	

Concentrations	 of	 IFN-γ,	 TNF-α,	 IL-1ß,	 IL-2,	 IL-4,	 IL-6,	 IL-8,	 IL-10,	 IL-12	 and	 IL-17A	were	 quantified	 in	

plasma	 from	 each	 patient.	 There	 were	 no	 statistical	 differences	 between	 transplanted	 and	 non-

transplanted	groups	due	to	the	high	rate	of	patient´s	with	undetectable	cytokine	values	in	plasma,	even	

though	a	general	increase	in	cytokine	expression	was	observed.	The	presence	of	detectable	IFN-γ,	IL-1ß,	

IL-8	and	IL-17A	was	considerably	higher	in	the	transplanted	group	(Figure	12),	and	transplanted	patients	

also	 presented	 a	 tendency	 to	 have	 higher	 TNF-α,	 IL-2,	 IL-4,	 IL-10	 and	 IL-12	 plasmatic	 concentration	

(Figure	12).	
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Figure	12. Cytokine	 concentration	 in	 plasma	 from	 heart-transplanted	 children.	 Graph	 showing	 the	
concentration	(pg/ml)	of	IFN-γ,	TNF-α,	IL-1ß,	IL-2,	IL-4,	IL-6,	IL-8,	IL-10,	IL-12	and	IL-17	in	plasma.	Grey	
circles:	Non-transplanted	children	(n=8).	Blue	triangles:	Transplanted	children	(n=31).	Mean	±	SEM	
is	represented.	

	

 Transplanted	children	show	a	deficit	in	the	values	of	regulatory	T	cells	

(Treg)	

Because	 regulatory	T	 cells	 (Treg)	 cells	 are	 the	main	mediators	of	peripheral	 tolerance	and	could	
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be	more	sensitive	to	transplantation,	thymectomy	or	immunosuppression	than	the	overall	CD4+	T-

cell	population.		

	

Figure	13. Frequency	and	absolute	counts	(cells	per	µl	of	blood)	of	Treg.	a)	CD4+CD25+CD127–	(Treg)	and	b)	
CD4+CD25+Foxp3+	(Foxp3+Treg)	frequency	gated	over	CD4+	T	cells	in	Transplanted	(Tx)	and	Non-
transplanted	 (Non-Tx)	 children.	 c)	 Treg	 absolute	 counts.	 d)	 Dot	 plots	 showing	 the	 frequency	 of	
CD4+CD25+CD127–	 and	 CD4+CD25+Foxp3+,	 gated	 over	 CD4+	 T	 cells.	 Dot-plots	 from	 a	
representative	 transplanted	 and	non-transplanted	 child	 are	 shown.	Grey	bars:	Non-Transplanted	
children	 (Non-Tx),	 blue	 bars:	 Transplanted	 children	 (Tx).	 Mean	 and	 weighted	 mean	 ±	 SEM	 are	
represented	for	absolute	number	and	frequency	respectively.		***:	p<0.001	
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 Treg	deficit	is	correlated	to	higher	effector	memory	CD4+	and	CD8+	T-cell	counts	

In	 order	 to	 know	 whether	 the	 higher	 values	 of	 effector	 memory	 (EM)	 CD4+	 and	 CD8+	 T	 cells	

observed	 in	 transplanted	 patients	 could	 be	 associated	 to	 the	 Treg	 deficit,	 we	 analysed	 their	

correlation	and	found	that	there	was	a	significant	negative	association	between	Treg	and	effector	

memory	T	cells	(Figure	14.a	and	14.b).	The	lower	the	Treg	number	in	peripheral	blood,	the	greater	

the	 EM	CD4+	 (p=	 0.001)	 and	 CD8+	 T-cell	 frequencies	 (p=	 0.03)	 in	 transplanted	 children.	 In	 fact,	

transplanted	 children	 had	 Treg/EM-CD4+	 (p=	 0.000)	 and	 Treg/EM-CD8+	 (p=	 0.018)	 T-cell	 ratios	

6.75	 and	 9.4	 times	 lower	 compared	 to	 non-transplanted	 patients	 (Figure	 14.c	 and	 14.d).	 Such	

imbalance	 between	 Treg	 and	 effector	 memory	 T	 cells	 may	 be	 determinant	 when	 tipping	 the	

balance	between	graft	rejection	and	tolerance.	

	

Figure	14. Treg	correlations	and	ratios	with	EM	T	cells.	Treg	absolute	counts	(cells	per	µl)	correlation	with	a)	
EM	CD4+	T-cell	frequency	b)	EM	CD8+	T-cell	frequency.	Ratios	between	Treg	absolute	counts	(cells	
per	µl)	and	c)	EM	CD4+	and	d)	EM	CD8+	T-cell	counts.	Grey	bars:	Non-Transplanted	children,	blue	
bars:	 Transplanted	 children.	 Mean	 ±	 SEM	 is	 represented.	 ***:	 p<0.001,	 *:	 p<0.05,	 ns:	 not	
significant.	
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 Phenotype,	cytokine	secretion	profile	and	functional	markers	of	Treg	cells	are	altered	

in	transplanted	children	

At	 the	 light	of	 the	Treg	deficit	and	 the	 imbalance	between	Treg	and	effector	T	cells	observed	 in	

transplanted	 children,	 we	 wanted	 to	 go	 deeper	 and	 analyse	 whether	 Treg	 differentiation	 and	

functionality	could	be	impaired.	Therefore,	we	analysed	the	phenotype,	cytokine	secretion	profile	

and	functional	markers	on	the	Treg	population.	We	found	decreased	frequencies	of	naïve	Treg	(p=	

0.000),	and	a	significant	increase	in	the	frequencies	of	CM	Treg	(p=	0.000)	and	EM	Treg	(p=	0.000)	

populations	 in	 transplanted	 children	 (Figure	 15).	 Regarding	 absolute	 counts,	 all	 Treg	 subsets	

excluding	the	EM	and	activated	Treg	were	significantly	decreased	in	the	transplanted	group	(Table	

8).	

	

Figure	15. Frequency	 of	 Treg	 subpopulations.	 Naïve,	 Central	 memory	 (CM),	 Effector	 memory	 (EM),	 and	
TemRA	(EM	CD45RA+)	 frequencies	 in	the	Treg	population.	Grey	bars:	Non-Transplanted	children,	
blue	bars:	Transplanted	children.	Weighted	mean	±	SEM	is	represented.	***:	p<0.001.	
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We	further	analysed	the	activation	status	and	the	frequency	of	functional	and	activation	markers	

CTLA-4,	CD39	and	HLA-DR	in	the	CD4+CD25+Foxp3+	(Foxp3+Treg)	population.	The	frequencies	of	

activated	 (CD45RA–HLA-DR+)	 Treg	 and	 CD39+Foxp3+Treg	 were	 significantly	 higher	 in	 the	

transplanted	group	(p=	0.000	in	both	cases)	(Figure	16.a	-	16.d).	There	were	no	differences	in	the	

frequency	of	CTLA-4+Foxp3+Treg	(Figure	16.c	and	16.d).	

	

Figure	16. Activation	 and	 functional	markers	 in	 Foxp3+Treg	 cells.	 a)	 Representative	 dot-plots	 showing	 the	
frequency	of	activated	(CD45RA–HLA-DR+)	Foxp3+Treg	 in	transplanted	(Tx)	and	non-transplanted	
(Non-Tx)	patients.	b)	Frequency	of	activated	Foxp3+Treg.	c)	Representative	histograms	showing	the	
expression	 of	 CTLA-4	 (upper	 plot)	 and	 CD39	 (lower	 plot)	 in	 Foxp3+Treg,	 broken	 line:	 Non-
Transplanted,	 solid	 line:	 Transplanted,	 Grey:	 FMO	 control.	 d)	 Frequency	 of	 CTLA-4+	 and	
CD39+Foxp3+Treg.	Weighted	mean	±	SEM	 is	 represented.	Grey	bars:	Non-Transplanted	children,	
blue	bars:	Transplanted	children.	***:	p<0.001.	
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We	 could	 observe	 that	 in	 the	 transplanted	 group,	 some	 of	 the	 patients	 had	 clearly	 lower	

frequencies	 of	 IL-10-producing	 Treg	 and	higher	 frequencies	of	 IL-4-producing	 Tregs	 than	 control	

subjects	 (Figure	 17).	 These	 differences	 were	 not	 significant,	 probably	 because	 we	 had	 data	 for	

these	 variables	 in	 only	 4	 control	 children.	 The	 differences	 in	 the	 frequency	 of	 IL-17-secreting	

Foxp3+Treg	were	more	evident,	being	higher	in	the	transplanted	group.	These	observations	must	

be	further	confirmed	in	larger	cohorts	of	patients,	but	these	findings	could	mean	that	these	Treg	

may	be	shifting	towards	a	more	activated	and	pro-inflammatory	phenotype.	

Figure	17. Cytokine	secretion	profile	of	Foxp3+Treg.	 Frequency	of	 IL-10	 (a),	 IL-4	 (b),	 and	 IL-17	 (c)	 secreting	
Foxp3+Treg	in	Transplanted	(Tx;	n=	13)	and	non-transplanted	children	(Non-Tx;	n=	4).	Mean	±	SEM	
is	represented.	
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 Role	 of	 thymic	 output	 and	 homeostatic	 proliferation	 in	 the	

deregulation	of	Treg	and	CD4+	T	cells	in	transplanted	children.		

T	 lymphocytes	 including	 Treg	 are	 produced	 in	 the	 thymus,	 notably	 in	 the	 infancy.	 Since	 heart-

transplanted	patients	are	 thymectomized,	 the	absence	of	 thymus	will	have	a	clear	 impact	 in	 the	

number	of	 T	 cells.	However,	 the	 immune	 system	has	 compensatory	mechanisms	 to	preserve	 its	

homeostasis,	 and	 in	 case	of	 an	 impaired	 thymic	output,	 it	 has	been	described	 that	 peripheral	 T	

cells	will	 increase	their	proliferation	 level	 in	periphery	to	compensate	such	deficit	and	guarantee	

that	 the	 T-cell	 pool	 is	 preserved	 (88).	 Therefore,	 we	 investigated	 the	 contribution	 of	 these	

mechanisms	to	the	total	CD4+	T	cell	and	Treg	deficit	observed	in	transplanted	children.	

Low	thymic	output	is	partially	responsible	for	CD4+	T	cell	and	Treg	deficit	

Transplanted	patients	were	thymectomized	with	an	average	age	of	1	year-old,	meaning	that	 the	

thymus	was	excised	when	still	preserved	its	function	as	the	principal	source	of	the	T-cell	pool.	To	

evaluate	whether	the	CD4+	T	cell	and	Treg	number	deficit	could	be	related	to	decreased/absence	

of	 thymic	 function	 in	 transplanted	 patients,	 first	 we	 measured	 the	 frequency	 of	 recent	 thymic	

emigrants	 (RTE,	 CD45RA+CD31+)	 CD4+	 T	 cells	 and	 Treg.	 Transplanted	 patients	 had	 significantly	

lower	 frequencies	 of	 CD4+	T	 cells	 (p=	 0.000)	 and	 Treg	RTEs	 (p=	0.000)	 compared	 to	 the	 control	

group	as	 expected	 (figure	18.a	 and	18.b).	Afterwards,	we	analysed	 the	 association	between	 the	

thymic	 output	 (measured	 as	 RTE	 frequency)	 and	 the	 absolute	 counts	 of	 naïve	 CD4+	 T	 cells	 and	

Treg.	Naïve	cells	have	never	encountered	an	antigen	and	the	vast	majority	come	from	the	thymus	

while	this	one	still	has	preserved	functionality	at	early	ages.	There	was	not	only	a	strong	positive	

correlation	between	naïve	Treg,	naïve	CD4+	T	cells	and	RTEs	(both	p=	0.000)	(figure	18.c	and	18.d),	

but	also	between	total	Treg	,	CD4+	T	cells	and	RTE	(data	not	shown).	This	means	that	the	deficit	in	

the	naïve	and	also	 in	the	overall	population	of	CD4+	and	Treg	cells	 is	clearly	associated	with	the	

low	thymic	output	in	thymectomized	transplanted	children.	 	
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Figure	18. Frequency	of	RTE	CD4+	T	cell,	RTE	Treg	and	correlations	with	Naïve	CD4+	T	cell	and	Naïve	Treg	

absolute	 counts	 (cells	 per	 µl	 of	 blood).	 a)	 Representative	 dot-plots	 showing	 the	 frequency	 of	
Recent	Thymic	Emigrants	(RTE,	CD45RA+CD31+)	in	CD4+	T	cells	(left	plots)	and	Treg	(right	plots)	in	
transplanted	(Tx)	and	non-transplanted	(Non-Tx)	patients.	b)	Frequency	of	RTEs	in	CD4+	T	cells	and	
Treg	cells.	Weighted	mean	±	SEM	is	represented.	c)	Naïve	CD4+	T-cell	counts	(cells	per	µl)	and	RTE	
CD4+	 T	 cells	 frequency	 correlation.	 d)	 Naïve	 Treg	 counts	 (cells	 per	 µl)	 and	 RTE	 Treg	 frequency	
correlation.	Grey	bars	and	circles:	Non-Transplanted	children,	blue	bars	and	triangles:	Transplanted	
children.	***:	p<0.001,	*:	p<0.05,	ns:	not	significant.	
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Peripheral	 homeostatic	 proliferation	 as	 a	 compensatory	mechanism	 for	 CD4+	 T	 cell	 and	 Treg	

deficit		

To	 check	 if	 such	 compensatory	mechanism	was	 active	 in	 thymectomized	 transplanted	 children,	

first	of	all,	we	analysed	CD4+	T	cell	and	Treg	division	capacity	by	measuring	the	frequency	of	Ki-67	

positive	cells.	Ki-67	 is	a	nuclear	and	nucleolar	antigen	present	 in	any	proliferative	cell	during	the	

active	part	of	the	cell	cycle	(132).	Interestingly,	the	frequencies	of	Ki-67	positive	CD4+	T	cells	and	

Foxp3+Treg	were	 significantly	higher	 in	 the	 transplanted	group	 (both	p=	0.000)	 (Figure	19.a	and	

19.b).	In	order	to	know	whether	such	higher	proliferation	had	any	association	with	thymic	output,	

we	did	a	correlation	between	the	frequency	of	RTE	CD4+	and	Ki-67+CD4+	T	cells,	and	between	RTE	

Treg	and	Ki-67+Foxp3+Treg.	Negative	significant	correlations	for	CD4+	T	cells	(p=	0.004)	and	Treg	

subpopulations	(p=	0.002)	were	observed	(Figure	19.c	and	19.d),	which	means	that	the	lower	the	

RTE	frequency,	the	higher	the	peripheral	proliferation.	
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Figure	19. Frequency	of	Ki-67+CD4+	T	cell,	Ki-67+Foxp3+Treg	and	their	correlation	with	RTE	CD4+	T	cell	and	

RTE	Treg.	a)	Representative	dot-plots	showing	the	frequency	of	Ki-67	in	CD4+	T	cells	(left	plots)	and	
Foxp3+Treg	(right	plots)	in	transplanted	(Tx)	and	non-transplanted	(Non-Tx)	patients.	b)	Frequency	
of	Ki-67+	in	CD4+	T	cells	and	Foxp3+Treg	cells.	c)	Ki-67+CD4+	T-cell	frequency	and	RTE	CD4+	T	cells	
frequency	correlation.	Weighted	mean	±	SEM	is	represented.	d)	Ki-67+Foxp3+Treg	frequency	and	
RTE	Treg	frequency	correlation.	Grey	bars	and	circles:	Non-Transplanted	children,	n=	10,	blue	bars	
and	triangles:	Transplanted	children,	n=	31.	***:	p<0.001,	**:	p<0.01,	ns:	not	significant.	
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To	sum	up,	transplanted	children	have	a	profound	immune	dysregulation,	where	the	B	cell	and	T-

cell	 compartments	 resemble	an	aged	phenotype,	 characterised	by	 the	high	presence	of	effector	

and	memory	cells	and	decreased	naïve	cells.	Transplanted	patients	have	a	clear	Treg	deficit,	more	

acute	than	the	one	observed	in	total	CD4+	T	cells.	As	a	consequence,	effector	T	cells	outnumber	

Treg	cells.	In	case	of	CD4+	T	cells	and	Tregs	we	have	shown	that	the	low	thymic	output	is	partially	

responsible	 for	 the	 low	 cell	 numbers	 detected.	 Even	 though	 transplanted	 patients	 are	 under	

maintenance	immunosuppression,	compensatory	mechanisms	as	peripheral	CD4+	T	cell	and	Treg	

proliferation	are	still	ongoing	in	a	failed	attempt	to	preserve	the	peripheral	T-cell	pool.	

4.2 IMMUNE	 STATUS	 AND	 THE	 INCIDENCE	 OF	 ATOPIC	 DISEASES	 (AD)	 IN	

HEART-TRANSPLANTED	PAEDIATRIC	PATIENTS	

It	 has	been	 shown	 that	 the	 immune	dysregulation	 could	be	associated	with	higher	 incidence	of	

atopic	 diseases	 such	 as	 atopic	 dermatitis	 and	 cheilitis	 (atopic	 dermatitis	 restricted	 to	 the	 lips).	

The	 incidence	of	 such	diseases	 in	 transplanted	paediatric	patients	has	 raised	dramatically	 in	 the	

last	 2	 decades	 as	 reported	 by	 others	 (144),	 and	 it	 could	 be	 a	 consequence	 of	 the	 immune	

alterations	that	we	observed	in	our	cohort	of	heart-transplanted	patients.	An	exhaustive	analysis	

of	 the	 immune	 system	 in	 heart-transplanted	 children	 suffering	 atopic	 diseases,	 could	 give	 a	

better	 insight	of	 the	mechanisms	driving	 the	disease	and	how	to	approach	 these	patients	 in	 the	

clinic.	In	order	to	study	the	immune	system	in	atopic	dermatitis	and	cheilitis	(from	now	on	referred	

as	atopic	disease,	AD)	 in	the	context	of	transplantation,	we	obtained	a	blood	sample	from	those	

heart-transplanted	children	that	had	atopic	dermatitis	and/or	cheilitis	clinical	symptoms	(n=11,	all	

males,	age	at	enrolment	6.18	±	1.03	years	(mean	±	SEM))	and	we	compared	them	with	a	group	of	

age-matched	heart-transplanted	children	(n=11,	8	males	and	3	females,	age	at	enrolment	7.97	±	

0.61	years	(mean	±	SEM))	that	did	not	present	atopy,	allergies	or	any	immune	related	disorder	at	

sampling	(Table	9).		

 Incidence	of	atopic	disease	in	heart-transplanted	children.		

Data	 collected	 from	 hospital	 charts	 included	 demographics,	 transplantation,	 thymectomization,	

immunosuppressive	 regimen	 at	 sampling,	 rejection	 episodes,	 development	 of	 atopic	 disease,	

infections	and	other	immune	mediated	disorders.	There	were	no	differences	in	age	at	the	moment	

of	sampling	and	immunosuppressive	drugs	regimen	between	groups	(Table	9).	However,	the	age	

at	 transplantation	 was	 significantly	 lower	 in	 the	 patients	 affected	 by	 atopy,	 and	 most	 of	 the	

children	in	this	group	were	transplanted	under	1	year	of	age.	Atopic	disease	was	restricted	to	male	
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children.	It	was	interesting	to	note	that	the	presence	of	rejection	seemed	higher	in	the	Non-atopic	

group	even	though	no	conclusions	could	be	drawn	due	to	sample	size.	

		 		 		 		

	
Non-atopic	 Atopic	

	
	

(n	=	11)	 (n	=	11)	 p-value	

Sex	(%)	
	 	 	Female	 3/11	(27.27%)	 0/11	(0%)	 0.214	§	

Male	 8/11	(72.72%)	 11/11	(100%)	
	Age	at	sampling	(years,	mean	±	SEM)	 7.97	±	0.61	 6.18	±	1.03	 0.242	†	

Age	at	Transplant	(years,	mean	±	SEM)	 3.29	±	0.8	 0.7	±	0.23	 0.019	†	

Age	groups	at	Transplant	
	 	 	≤	1	year	(%)	 3/11	(27.27%)	 9/11	(81.81%)	 0.030	†	

>	1	year	(%)	 8/11	(72.72%)	 2/11	(18.18%)	
	Years	Transplanted	(mean	±	SEM)	 4.67	±	0.96	 5.48	±	1.02	 0.645	†	

Patients	receiving	immunosuppressors	(%)	
	 	 	Corticoids	 2/11	(18.18%)	 1/11	(0.09%)	 1	§	

Mycophenolate	mofetil	 8/11	(72.72%)	 7/11	(63.63%)	 1	§	
Tacrolimus	 11/11	(100%)	 11/11	(100%)	 1	§	

Tacrolimus	level	(ng/ml)	 6.89	±	0.52	 6.05	±	0.48	 0.323	†	
Azatioprine	 0/11	(0%)	 1/11	(0.09%)	 1	§	
Everolimus	 1/11	(0.09%)	 0/11	(0%)	 1	§	

Thymectomy	(%)	 11/11	(100%)	 11/11	(100%)	 1	§	
Age	at	thymectomy	(years,	mean	±	SEM)	 2.06	±	0.76	 0.44	±	0.23	 0.236	†	

Signs	of	rejection	(%)	 4/11	(36.36%)	 0/11	(0%)	 0.090	§	
§	Fisher	exact	test	 		 		 		
†	Mann-Whitney	test	 		 		 		

Table	9. Clinical	characteristics	of	atopic	and	non-atopic	heart-transplanted	children.	Signs	of	rejection	
–	 Includes	cellular	and	humoral	rejection.	Fisher	exact	test	and	Mann-Whitney	test	were	used	
for	qualitative	and	quantitative	variables	respectively.	p-value<0.05	was	considered	significant	

	

To	determine	whether	the	 immune	deregulation	observed	in	transplanted	patients	 increases	the	

incidence	 of	 atopy,	 we	 decided	 to	 analyse	 whether	 atopic	 disease	 was	 more	 frequent	 in	

transplanted	 children	 compared	 to	 the	 general	 paediatric	 population.	 We	 studied	 the	 whole	

cohort	of	living	heart-transplanted	children	from	HGUGM	(1999	-	nowadays).	13	out	of	85	(15.3%)	

heart-transplanted	children	suffered	atopic	disease.	Therefore,	 the	 incidence	of	atopic	disease	 is	

higher	 in	 heart-transplanted	 children	 compared	 to	 the	 8.1%	 observed	 in	 the	 Spanish	 paediatric	

population	(94).		
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 Heart-transplanted	 children	 with	 AD	 have	 higher	 values	 of	

eosinophils,	plasmablasts	and	Br1	cells.	

To	 establish	 if	 the	 presence	 of	 atopic	 disease	 was	 related	 with	 alterations	 in	 some	 particular	

subset	 of	 immune	 cells,	we	 compared	 the	main	 leukocyte	 populations	 in	 atopic	 and	 non-atopic	

heart-transplanted	patients.	Samples	from	atopic	patients	were	collected	 in	a	period	where	they	

presented	clinical	symptoms	but	not	necessarily	during	an	acute	outbreak	of	atopic	skin	disease.	

There	were	no	differences	 in	CD4+,	 CD8+	T	 cells,	NKs,	monocytes,	 dendritic	 cells,	 basophils	 and	

neutrophils	frequencies	and	absolute	counts.	However,	there	were	significantly	higher	eosinophil	

frequencies	 and	 cell	 counts	 in	 atopic	 disease	 patients,	 which	 has	 already	 been	 described	 as	

predictive	of	atopic	dermatitis	in	children	(145)	(Table	10	and	11).	

	

Table	10. Frequencies	of	the	main	leukocyte	populations	found	in	peripheral	blood.	#	Frequency	given	
over	 total	 lymphocytes.	 §	 Frequency	 given	 over	 total	 leukocytes.	 †	 Frequency	 given	 over	
basophils.	p-value<0.05	was	considered	significant.	

	

	

	

	

	

	

p-value
Total	Lymphocytes
CD4+	T	cells	# 27.42 ± 3.20 32.70 ± 2.50 0.494
CD8+	T	cells	# 23.15 ± 3.84 15.65 ± 2.22 0.174
B	cells	# 15.52 ± 1.94 20.25 ± 2.28 0.174
NK	# 12.69 ± 1.24 16.82 ± 2.69 0.174

Monocytes	§ 9.07 ± 1.45 10.03 ± 1.49 0.871
Dendritic	cells	§ 1.83 ± 0.29 1.75 ± 0.27 0.922

Granulocytes	§ 51.08 ± 4.64 54.05 ± 4.20 0.626
Basophils	§ 0.32 ± 0.12 0.41 ± 0.09 0.101
Activated	† 21.69 ± 4.31 21.53 ± 8.40 0.494

Eosinophils	§ 3.37 ± 0.84 9.69 ± 2.29 0.011
Neutrophils	§ 47.17 ± 4.91 43.52 ± 4.98 0.580

Percentage	(weighted	mean	±	SEM)
Non-atopic	(n=11) Atopic		(n=11)
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Table	11. Absolute	counts	(cells	per	µl)	of	the	main	leukocyte	populations	found	in	peripheral	blood.	p-
value<0.05	was	considered	significant.	

	

Even	 though	 there	 were	 no	 differences	 in	 total	 B	 cells,	 we	 decided	 to	 study	 the	 B-cell	

subpopulations	since	it	has	been	shown	that	there	are	higher	frequencies	of	chronically	activated	

switched	and	non-switched	memory	B-cell	subsets	in	AD	patient´s	peripheral	blood	(146).	Higher	

frequency	 and	 absolute	 counts	 of	 plasmablasts	 (p=	 0.038	 and	 p=	 0.001	 respectively)	 were	

detected	in	AD	heart-transplanted	children,	reflecting	a	high	level	of	B-cell	differentiation	in	these	

patients	 (Figure	 20.a	 and	 20.b).	 More	 unexpectedly,	 we	 found	 that	 AD	 patients	 had	 higher	

absolute	counts	of	a	subset	of	regulatory	B	cells	named	Br1	(p=	0.017),	certainly	due	to	an	attempt	

of	the	regulatory	subset	to	control	the	activation	of	the	immune	system	(Figure	20.c).	There	were	

no	differences	in	the	rest	of	B	cell	and	Breg	phenotypes	(data	not	shown).	

	

	

	

	

p-value
Total	Lymphocytes
CD4+	T	cells 566.42 ± 66.10 789.85 ± 121.48 0.438
CD8+	T	cells 478.08 ± 79.54 378.00 ± 61.73 0.478
B	cells 317.73 ± 50.44 511.62 ± 108.82 0.171
NK 256.90 ± 41.02 400.58 ± 83.22 0.133

Monocytes 487.03 ± 83.53 698.33 ± 148.74 0.171
Dendritic	cells 96.57 ± 16.07 115.41 ± 18.89 0.652

Granulocytes 2742.30 ± 430.84 3764.78 ± 613.00 0.193
Basophils 16.84 ± 5.86 27.16 ± 5.13 0.101
Activated 3.65 ± 1.66 5.85 ± 2.43 0.270

Eosinophils 180.99 ± 48.68 674.95 ± 189.82 0.007
Neutrophils 2533.97 ± 429.35 3031.52 ± 584.67 0.519

Cells/µl	(mean	±	SEM)
Non-atopic	(n=11) Atopic		(n=11)



Results	

	70	

	

Figure	20. B-cell	 subpopulations	 in	 peripheral	 blood.	a)	 Frequency	 and	b)	 absolute	 counts	 (cells	 per	µl)	 of	
plasmablasts	and	c)	absolute	counts	of	Br1	cells.	Frequency	of	plasmablasts	 is	given	over	 total	B	
cell.	 Mean	 and	 weighted	 mean	 ±	 SEM	 are	 represented	 for	 absolute	 number	 and	 frequency	
respectively.	***:	p<0.001,	**:	p<0.01,	*:	p<0.05	

	

 Altered	phenotype	in	CD4+	and	CD8+	T	cells	and	Th1/Th2	imbalance	

in	AD	heart-transplanted	children	

Analysing	 the	phenotype	of	T	cells,	we	 found	a	higher	 frequency	of	 cells	with	a	central	memory	

phenotype	(CM)	in	both	CD4+	and	CD8+	T	cells	(p=	0.017,	p=	0.008	respectively)	(Figure	21)	in	AD	

transplanted	 children.	 Absolute	 counts	 of	 CM	 CD4+	 T	 cells	 were	 also	 significantly	 higher	 in	 AD	

transplanted	patients	(Table	12),	but	there	were	no	differences	in	the	rest	of	T-cell	phenotypes.		

	

Figure	21. Frequency	 of	 CD4+	 and	 CD8+	 T-cell	 subpopulations.	 Naïve,	 CM:	 Central	 memory,	 EM:	 Effector	
memory,	 TemRA:	 Effector	 memory	 CD45RA+,	 Act:	 Activated.	 Grey	 bars:	 Non-atopic	 heart-
transplanted	 children,	 blue	 bars:	 Atopic	 heart-transplanted	 children.	 Weighted	 mean	 ±	 SEM	 is	
represented.	**:	p<0.01,	*:	p<0.05	
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Table	12. Absolute	counts	(cells	per	µl	of	blood)	of	CD4+	and	CD8+	T-cell	subpopulations.	p-value<0.05	
was	considered	significant.	

	

AD	has	been	associated	to	the	activation	of	T-cell	subsets	(96),	and	it	has	been	considered	a	Th2-

driven	 disease	 for	 many	 years.	 However,	 it	 has	 been	 recently	 suggested	 that	 Th1	 and	 Th17	

responses	may	 also	 play	 a	 role	 in	 this	 disease	 (147).	We	 stimulated	 in	 vitro	 PBMCs	 from	heart-

transplanted	 infants	 and	 analysed	 the	 percentage	 of	 IL-4,	 IL-2,	 IL-17,	 IFN-γ	 and	 TNFα-secreting	

CD4+	and	CD8+	T	cells.	We	found	no	differences	 in	 IFN-γ,	TNF-α	and	IL-17-secreting	CD4+	T	cells	

when	 comparing	 the	 frequency	 of	 cytokine-producing	 cells	 between	 the	 AD	 and	 the	 non-AD	

groups	 (Figure	22.a,	22.d	and	22.e).	However,	 the	 frequency	of	 IL-4-secreting	CD4+	T	 cells	 (Th2)	

was	significantly	higher	in	AD	children	(p=	0.007)	(Figure	22.b).	This	increase	in	the	frequency	of	IL-

4	 secretion	was	 also	 observed	 in	 the	 CD8+	 T-cell	 subset	 (p=	 0.008).	We	 also	 observed	 a	 higher	

frequency	of	 IL-2-secreting	CD4+	T	cells	 in	AD	patients	 (p=	0.014)	 (Figure	22.c).	 Interestingly,	we	

detected	a	significant	decrease	in	the	IFN-γ/IL-4-ratio	(Th1/Th2	ratio)	in	the	CD4+	T	compartment	

in	AD	patients	in	comparison	to	the	non-AD,	confirming	the	Th2	profile	of	this	disease	(p=	0.019)	

(Figure	22.f).	 Regarding	 to	 the	 cytokine	production	 in	CD8+	T	 cells;	 IFN-γ,	 IL-17,	 TNF-α	and	 IL-2-

secreting	CD8+	T	cells	were	comparable	between	AD	and	non-AD	groups	(Figure	22.a,	22.c	-	22.e).		

	

	

p-value

CD4+T	cells
Naïve 201.21 ± 48.58 203.28 ± 54.19 0.898
Central	Memory	 280.99 ± 32.03 477.32 ± 74.38 0.034
Effector	Memory 53.43 ± 10.45 85.39 ± 13.59 0.101
TemRA 18.76 ± 11.71 5.51 ± 0.99 0.606
Activated 10.06 ± 1.60 17.99 ± 4.72 0.332

CD8+	T	cells	
Naïve 154.03 ± 26.06 126.12 ± 19.78 0.606
Central	Memory 51.81 ± 8.43 70.79 ± 11.41 0.438
Effector	Memory 25.84 ± 11.62 23.32 ± 6.99 0.699
TemRA 226.98 ± 66.34 132.83 ± 41.70 0.519
Activated 5.75 ± 1.79 9.44 ± 3.09 0.519

Non-atopic	(n=11) Atopic		(n=11)

Cells/µl	(mean	±	SEM)
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Figure	22. Frequency	of	cytokine-secreting	CD4+	and	CD8+	T	cells.	Percentage	of	a)	IFN-γ,	b)	IL-4,	c)	IL-2,	d)	
TNF-α	and	e)	 IL-17-secreting	CD4+	and	CD8+	T	cells.	 f)	 IFN-γ/IL-4-secreting	CD4+	and	CD8+	T-cell	
frequency	ratio.	Grey	bars:	Non-Atopic	group	(n=	11),	blue	bars:	Atopic	group	(n=	11).		For	IFN-γ+	
and	TNF-α+	conditions	n=	10	is	represented.	Values	are	given	as	weighted	mean	±	SEM.	**:	p<0,01,	
*:	p<0,05	

	

Interestingly,	 IL-4-secreting	 CD4+	 T	 cells	 showed	 a	 positive	 correlation	 with	 the	 number	 of	

eosinophils	in	atopic	(p=	0.018)	and	also	in	non-atopic	patients	(p=	0.016)	(Figure	23.a	and	23.b),	

and	it	may	be	related	to	the	Th2	capability	to	activate	or	induce	such	granulocyte	population.	
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Figure	23. Eosinophil	absolute	counts	(cells	per	µl	of	blood)	and	Th2	T-cell	frequency	correlation	in	a)	non-
atopic	and	b)	atopic	heart-transplanted	children	

	

 Differences	 in	 the	 Treg	 phenotype	 and	 correlation	 between	 Treg	

counts	and	effector	T	cells	in	AD	patients.	

The	decrease	in	the	Th1/Th2	ratio	in	the	AD	group	could	be	related	with	a	deficient	homeostatic	

control	by	Treg	cells.	However,	 the	frequency	of	Foxp3+Treg	was	comparable	 in	both	atopic	and	

non-atopic	 patients	 (Figure	 24.a).	 Regarding	 the	 expression	 of	 activation	 and	 function	markers,	

there	 were	 no	 differences	 in	 the	 frequency	 of	 activated	 Foxp3+Treg	 (Figure	 24.b)	 neither	 of	

CD39+Foxp3+Treg	 (Figure	 24.c).	 However,	 atopic	 patients	 had	 significantly	 higher	 frequency	 of	

CTLA-4+Foxp3+Treg	(p=	0.038)	(Figure	24.c).	Absolute	number	(cells/µl)	of	Treg	in	total	blood	was	

similar	 in	 both	 groups	 (Table	 13).	 Analysis	 of	 Treg	 phenotypes	 showed	 that	 there	 were	 higher	

number	 of	 central	 memory,	 effector	 memory	 and	 TemRA	 cells	 on	 the	 atopic	 group,	 which	

indicates	 that	 there	 is	 a	 higher	 Treg	 differentiation	 probably	 related	 to	 previous	 inflammatory	

periods	related	to	the	atopic	disease.	
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Figure	24. Foxp3+Treg	 frequency	 and	 expression	 of	 function	 markers.	 a)	 Frequency	 of	 Foxp3+Treg.	 b)	
Frequency	of	activated	 (CD45RA–HLA-DR+)	Foxp3+Treg.	C)	Frequency	of	CTLA-4+Foxp3+Treg	and	
CD39+Foxp3+Treg.	Grey	bars:	Non-atopic,	blue	bars:	Atopic	group.	Values	are	given	as	weighted	
mean	±	SEM.	*:	p<0,05	

	

Table	13. Absolute	 counts	 (cells	per	µl	of	blood)	of	Treg	 subpopulations.	p-value<0.05	was	 considered	
significant	

	

We	further	analysed	the	correlation	between	the	number	of	circulating	Treg	and	the	frequency	of	

EM	CD4+	and	CD8+	T	cells	but	also	the	association	between	Treg	and	TNF-α,	IFN-y,	IL-2,	IL-4	and	IL-

17-secreting	CD4+	T	and	CD8+	T	cells.	Interestingly,	non-atopic	patients	presented	a	clear	negative	

correlation	between	the	frequency	of	IL-4-secreting	CD4+	T	cells	and	Treg	cell	count	(Figure	25.a).	

Similar	 correlations	 were	 observed	 when	 comparing	 Treg	 cell	 counts	 and	 the	 frequency	 of	 EM	

CD4+	T	cells,	EM	CD8+	T	cells,	IFN-y	and	IL-17-secreting	CD4+	T	cells	(Table	14).	These	associations	

must	be	due	to	the	natural	suppressive	function	of	Treg,	where	Treg	are	capable	of	modulating	the	

activation	 and	 effector	 capabilities	 of	 T	 cells.	 However,	 in	 AD	 transplanted	 children	 all	 the	

mentioned	 associations	 were	 lost	 even	 though	 the	 patient´s	 samples	 were	 not	 collected	 in	 an	

atopic	outbreak	(Figure	25.b,	Table	14),	which	highlights	that	Treg	could	have	an	impaired	capacity	

to	control	these	effector	and	cytokine-secreting	T	cells	in	the	atopic	disease	context.		

p-value
Treg 21.65 ± 4.50 31.44 ± 4.96 0.243
Naïve 9.06 ± 3.47 6.84 ± 1.51 0.847
Central	Memory 11.06 ± 1.64 20.94 ± 3.53 0.023
Effector	Memory 1.02 ± 0.14 2.76 ± 0.65 0.007
TemRA 0.02 ± 0.01 0.05 ± 0.01 0.018
Activated 2.30 ± 0.39 3.82 ± 1.26 0.519

Cells/µl	(mean	±	SEM)
Non-atopic	(n=11) Atopic		(n	=11)
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Figure	25. Treg	number	(cells	per	µl)	and	IL-4-secreting	CD4+	T-cell	correlation	in	a)	Non-atopic	(circles)	and	
b)	atopic	heart-transplanted	children	(triangles).	***:	p<0.001,	ns:	Not	significant.	
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Table	14. Correlation	 coefficients	 between	 Treg	 absolute	 counts	 (cells	 per	 µl)	 and	 effector	

memory/cytokine-secreting	CD4+	and	CD8+	T-cell	 frequency	 in	atopic	and	non-atopic	heart-

transplanted	patients.	p-value<0.05	was	considered	significant.	

	

Summing	up,	our	results	showed	that	atopic	dermatitis	and/or	cheilitis	are	developed	notably	by	

male	children	that	were	heart-transplanted	at	early	age	(less	than	1-year	old).	Surprisingly,	these	

children	were	free	from	rejection	compared	to	their	non-atopic	counterparts.	Atopic	children	had	

an	imbalance	towards	a	Th2	phenotype,	characterised	by	high	frequencies	of	IL-4-expressing	CD4+	

and	CD8+	T	cells,	low	Th1/Th2	ratio,	high	frequency	and	number	of	eosinophils	and	plasmablasts.	

Even	 though	 Treg	 did	 present	 values	 comparable	 to	 the	 non-atopic	 group,	 all	 the	 negative	

correlations	 between	 Treg	 and	 effector	 T	 cells	 associated	 to	 immune	 regulation	 shown	 in	 non-

atopic	 patients	 were	 lost	 in	 the	 atopic	 group.	 These	 findings	 suggest	 that	 patients	 with	 atopic	

diseases	could	have	an	impaired	Treg	capacity	of	maintaining	homeostasis	that	has	lasted	in	time.	

However,	 further	 research	 is	 needed	 to	 understand	 if	 Treg	 impairment	 is	 responsible	 for	 atopic	

disease	dysregulation	in	heart-transplanted	children.		

	 	

Condition	1 Condition	2 Correlation p-value Correlation p-value
%	EM	CD4+	T	cell -0.436 0.183 -0.809 0.004

%	IFN-γ+	CD4+	T	cell -0.370	 0.296 -0.736 0.013
%	TNF-α+	CD4+	T	cell 0.091 0.811 -0.576 0.088
%	IL-2+	CD4+	T	cell 0.045	 0.903 	-0.373 0.261
%	IL-4+	CD4+	T	cell 0.273	 0.418 -0.873 0.001
%	IL-17+	CD4+	T	cell 0.336	 0.313 -0.791 0.006
%	EM	CD8+	T	cell -0.282	 0.4 -0.645 0.037

%	IFN-γ+	CD8+	T	cell 0.018 0.973 -0.255 0.451
%	TNF-α+	CD8+	T	cell 0.176 0.632 -0.103	 0.785
%	IL-2+	CD8+	T	cell 0.218	 0.521 0.036	 0.924
%	IL-4+	CD8+	T	cell -0.105 0.759 -0.327 0.327
%	IL-17+	CD8+	T	cell -0.207 0.541 -0.258 0.443

Atopic Non-atopic

Treg	cell/µl
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4.3 IMMUNE	 ANALYSIS	 OF	 PATIENTS	 WITH	 SIGNS	 OF	 ACUTE	 REJECTION	

DURING	THE	FIRST	YEAR	POST-TRANSPLANT		

Despite	the	strong	immunosuppressive	drugs	administered	to	transplanted	children,	there	is	still	a	

high	 incidence	 (18	 -	 20%)	 of	 acute	 rejection	 during	 the	 first	 year	 after	 paediatric	 heart	

transplantation	(3),	which	has	been	associated	to	reduced	survival	in	the	long	term.	Since	we	have	

shown	 that	 there	 is	 considerable	 immune	 dysregulation	 in	 heart-transplanted	 children,	 we	

decided	to	study	whether	such	dysregulation	was	more	dramatic	in	those	children	that	had	clear	

signs	of	acute	rejection	requiring	treatment	during	the	first	year	after	transplantation.	We	did	an	

exhaustive	 immune	analysis	 in	heart-transplanted	 children	 (n=	6,	 4	males	 and	2	 females,	 age	at	

enrolment	10.37	±	1.35	years	(mean	±	SEM))	that	had	at	least	1	episode	of	signs	of	rejection	in	the	

past	and	compared	 them	with	 those	age-matched	heart-transplanted	children	 that	did	not	have	

acute	 rejection	 (n=	 17,	 13	males	 and	 4	 females,	 age	 at	 enrolment	 10.88	 ±	 0.96	 years	 (mean	±	

SEM)).	 Patients	 suffering	 atopic	 disease	 were	 excluded	 from	 the	 non-rejection	 group	 to	 avoid	

potential	 confounders.	 Samples	 in	 the	 rejection	 group	 were	 obtained	 with	 an	 average	 of	 5.21	

years	after	the	rejection	episode	(Table	15).	

 Clinical	 characteristics	 of	 heart-transplanted	 children	 that	 suffered	

rejection	episodes		

Data	 collected	 from	 hospital	 charts	 included	 demographics,	 transplantation,	 thymectomization,	

immunosuppressive	 regimen	 at	 sampling,	 rejection	 episodes	 and	 other	 immune	 mediated	

disorders.	 There	were	no	differences	 in	 sex,	 age,	 age	at	 transplantation,	 years	 transplanted	and	

immunosuppressor	regimen	employed	between	groups	(Table	15).	
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Non-rejection	 Rejection	

	
	

(n	=	17)	 (n	=	6)	 p-value	

Sex	(%)	
	 	

0.632§	
Female	 4/17	(23.5%)	 2/6	(33%)	

	Male	 13/17	(76.5%)	 4/6	(66%)	
	Age	at	sampling	(years,	mean	±	SEM)	 10.88	±	0.96	 10.37	±	1.35	 0.864†	

Age	at	transplantation	(years,	mean	±	SEM)	 3.12	±	0.79	 4.28	±	2.05	 0.811†	
Years	transplanted	(mean	±	SEM)	 7.76	±	1.24	 6.08	±	1.45	 0.506†	
Patients	receiving	immunosuppression	(%)	

	 	Corticoids	 0/17	(0%)	 2/6	(33%)	 0.06§	
Mycophenolate	mofetil	 11/17	(64.7%)	 3/6	(50%)	 0.643§	
Tacrolimus	 13/17	(76.5%)	 6/6	(100%)	 0.539§	

Tacrolimus	level	(ng/ml)	 6.74	±	0.43	 6.02	±	0.53	 0.480†	
Cyclosporine	 3/17	(17.6%)	 0/6	(0%)	 0.539§	
Azatioprine	 1/17	(5.9%)	 0/6	(0%)	 1§	
Everolimus	 3/17	(17.6%)	 1/6	(16.6%)	 1§	

Thymectomy	(%)	 17/17	(100%)	 6/6	(100%)	 1§	
Age	at	thymectomy	(years,	mean	±	SEM)	 1.74	±	0.59	 3.72	±	2.14	 0.748†	

Signs	of	rejection	(%)	
	 	 	Cellular	
	

3/6	(50%)	
	Humoral	

	
3/6	(50%)	

	Number	of	rejection	episodes	
	

1.17	±	0.17	
	Years	transplanted	until	rejection	

	
0.87	±	0.28	

	(years,	mean	±	SEM)	
	 	 	Years	from	rejection	until	sampling	
	

5.21	±	1.43	
	(years,	mean	±	SEM)	

	 	 	§	Fisher	exact	test	 		 		 		
†	Mann-Whitney	test	 		 		 		

Table	15. Clinical	 characteristics	 of	 heart-transplanted	 children	 with	 and	 without	 rejection	 episodes.	
Fisher	exact	 test	 and	Mann-Whitney	 test	were	used	 for	qualitative	and	quantitative	 variables	
respectively.	p-value<0.05	was	considered	significant.	

	

 Heart-transplanted	 children	 suffering	 rejection	 in	 the	 past	 still	

maintain	alterations	in	the	adaptive	immune	system	

We	 analysed	 different	 immune	 populations	 comparing	 rejection	 and	 non-rejection	 groups.	 We	

found	 that	 transplanted	 children	 that	 have	 suffered	 rejection	 had	 higher	 CD8+	 T-cell	 absolute	

counts	and	lower	B-cell	counts	(Table	17,	Figure	27),	being	the	patients	with	humoral	rejection	the	

ones	with	the	lowest	B-cell	counts	within	the	rejection	group.	Furthermore,	the	frequency	of	CD8+	

T	cells	was	increased	and	CD4+	T-cell	frequency	was	decreased	in	the	rejection	group	(Table	16),	
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and	 thus	a	dramatic	decrease	 in	 the	CD4+	 to	CD8+	T-cell	 frequency	 ratio	 (p=	0.004)	 (Figure	26).	

Decreased	 B-cell	 frequency	was	 also	 detected	 in	 the	 rejection	 group	 (Table	 16).	 There	were	 no	

differences	in	frequency	and	cell	numbers	of	Treg	and	innate	immune	subsets	(Table,	16,	Table	17	

and	Figure	27.c).	

	

Table	16. Frequency	of	 the	main	 leukocyte	 populations	 found	 in	 peripheral	 blood.	 #	 Frequency	 given	
over	 total	 lymphocytes.	 ⑂	 Frequency	 given	 over	 CD4+	 T	 cells	 §	 Frequency	 given	 over	 total	
leukocytes.	†	Frequency	given	over	basophils.	p-value<0.05	was	considered	significant.	

	

Figure	26. CD4+	 T-cell	 and	 CD8+	 T-cell	 frequency	 ratio.	 Grey	 circles:	 Non-rejection	 group,	 blue	 triangles:	
cellular	rejection,	green	triangles:	humoral	rejection.	Values	are	given	as	mean	±	SEM.	**:	p<0.01	

p-value

Total	Lymphocytes
CD4+	T	cells	# 32.37 ± 2.27 22.72 ± 3.73 0.032
CD8+	T	cells	# 20.09 ± 2.03 31.14 ± 5.76 0.023
Treg	⑂ 3.94 ± 0.41 4.41 ± 0.72 0.899
B	cells	# 17.49 ± 1.56 8.67 ± 2.02 0.002
NK	# 15.63 ± 2.07 10.97 ± 1.97 0.115

Monocytes	§ 10.33 ± 1.11 9.10 ± 1.06 0.768
Dendritic	cells	§ 1.80 ± 0.18 1.89 ± 0.41 0.842

Granulocytes	§ 55.18 ± 3.43 44.12 ± 8.08 0.136
Basophils	§ 0.47 ± 0.08 0.28 ± 0.20 0.111
Activated	† 20.29 ± 4.89 15.03 ± 6.20 0.220

Eosinophils	§ 4.96 ± 1.01 4.43 ± 1.54 0.742
Neutrophils	§ 49.60 ± 3.57 38.84 ± 9.03 0.145

Percentage	(weighted	mean	±	SEM)
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Table	17. Absolute	 cell	 counts	 (cells	 per	 µl	 of	 blood)	 of	 the	 main	 leukocyte	 populations	 found	 in	

peripheral	blood.	p-value<0.05	was	considered	significant.	

	

	

Figure	27. CD4+,	CD8+	T-cell,	Treg	and	B-cell	absolute	cell	counts	(cells	per	µl).	a)	CD4+	T	cell,	b)	CD8+	T	cell	c)	
Treg	and	d)	B	cell	count	in	Non-rejection	(grey	circles)	and	rejection	groups.	Blue	triangles:	cellular	
rejection,	 green	 triangles:	 humoral	 rejection.	 	 Values	 are	 given	 as	 mean	 ±	 SEM.	 **:	 p<0.01,	 *:	
p<0.05	

	

	 	

p-value
Total	Lymphocytes
CD4+	T	cells 598.14 ± 38.73 526.03 ± 108.75 0.658
CD8+	T	cells 371.27 ± 52.85 720.87 ± 88.56 0.006
Treg 23.49 ± 2.93 23.22 ± 6.58 1.000
B	cells 349.89 ± 37.51 193.76 ± 59.42 0.044
NK 316.36 ± 51.71 236.15 ± 60.69 0.609

Monocytes 632.14 ± 66.48 436.64 ± 45.23 0.117
Dendritic	cells 107.69 ± 11.49 90.38 ± 14.64 0.392

Granulocytes 3378.51 ± 496.68 2117.51 ± 586.14 0.117
Basophils 28.15 ± 4.37 13.15 ± 8.57 0.087
Activated 5.71 ± 1.81 1.98 ± 0.87 0.256

Eosinophils 303.83 ± 74.75 212.56 ± 77.74 0.473
Neutrophils 3036.70 ± 477.17 1864.19 ± 622.68 0.135

Cells/µl	(mean	±	SEM)
Non-rejection	(n=17) Rejection		(n=6)
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 High	frequencies	and	absolute	counts	of	TemRA	CD4+	and	CD8+	T	cells		

Once	we	 detected	 differences	 in	 the	 T-cell	 compartment,	 we	 decided	 to	 study	 the	 phenotypes	

within	CD4+	and	CD8+	T	cells,	including	the	γδ	and	circulating	follicular	helper	T	cells	(cTfh).	These	

cTfh	 cells	 is	 a	 T-cell	 subset	 capable	 of	 inducing	 the	 activation	 and	 differentiation	 of	 B	 cells	 into	

antibody-secreting	cells.	We	found	that	the	frequencies	of	the	most	differentiated	subset	(TemRA)	

in	CD4+	and	CD8+	T	cells	were	increased	in	the	rejection	group	(p=	0.006,	p=	0.001)	(Figure	28.a).	

However,	the	frequency	of	activated	CD8+	T	cells	was	decreased	in	the	rejection	group	(p=	0.035).	

In	terms	of	cell	counts,	the	increase	was	detected	in	TemRA	CD8+	T	cells	and	γδ	CD8+	T	cells	(Table	

18).	 We	 did	 not	 detect	 differences	 in	 cTfh	 absolute	 numbers	 (data	 not	 shown).	 However,	 the	

frequency	of	cTfh	was	decreased	in	the	rejection	group	(p=	0.000)(Figure	28.b),	which	may	explain	

the	 decreased	 B-cell	 frequency	 and	 numbers	 since	 cTfh	 are	 essential	 for	 B-cell	 expansion	 and	

differentiation	(148).	

	

Figure	28. Frequency	of	CD4+	and	CD8+	T-cell	subpopulations.	a)	Frequency	of	Naïve,	CM:	Central	memory.	
EM:	Effector	memory,	TemRA:	Effector	memory	CD45RA+	in	CD4+	and	CD8+	T	cells.	b)	Frequency	
of	 circulating	 follicular	 helper	 T	 cells	 (cTfh).	Grey	 bars:	Non-rejection	 group,	 blue	bars:	 Rejection	
group.	Weighted	mean	±	SEM	is	represented.	***:	p<0.001,	**:	p<0.01,	*:	p<0.05	
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Table	18. Absolute	counts	(cells	per	µl	of	blood)	of	CD4+	and	CD8+	T-cell	subpopulations.	p-value<0.05	
was	considered	significant.	

	

 High	frequency	of	plasmablasts	in	the	rejection	group	

We	 analysed	 the	 frequency	 and	 absolute	 counts	 of	 the	 different	 B-cell	 subpopulations	 at	 the	

rejection	group.	Interestingly,	we	found	that	the	frequency	of	plasmablasts	was	higher	compared	

to	non-rejection	 (p=	0.033)	 (Figure	29),	 probably	 related	 to	 the	3	 cases	of	 humoral	 rejection.	 In	

fact,	1	of	the	3	patients	that	suffered	humoral	rejection	was	the	one	with	the	highest	frequency	of	

plasmablasts	 detected,	 thus	 responsible	 for	 the	 detected	 mean	 difference.	 There	 were	 no	

differences	in	the	rest	of	B-cell	subpopulations	(data	not	shown).		

	 	

p-value
CD4+T	cells
Naïve 166.51 ± 32.89 187.98 ± 56.30 0.865
Central	Memory	 346.05 ± 27.01 243.15 ± 42.28 0.201
Effector	Memory 58.69 ± 7.39 66.60 ± 15.82 0.658
TemRA 12.93 ± 7.89 15.34 ± 8.91 0.074
Activated 11.06 ± 1.29 7.45 ± 1.50 0.263
γδ 0.97 ± 0.18 0.75 ± 0.29 0.421

CD8+	T	cells	
Naïve 123.16 ± 18.24 180.44 ± 42.71 0.201
Central	Memory 58.64 ± 8.23 66.47 ± 10.32 0.708
Effector	Memory 22.62 ± 7.89 24.43 ± 5.71 0.286
TemRA 147.21 ± 43.07 418.08 ± 60.99 0.004
Activated 6.49 ± 1.39 5.23 ± 1.51 0.759
γδ 3.97 ± 0.90 16.48 ± 5.83 0.016

Cells/µl	(mean	±	SEM)
Non-rejection	(n=17) Rejection		(n=6)
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Figure	29. Frequency	of	plasmablasts.	Frequency	given	over	total	B	cells.	Grey	circles:	Non-rejection	group,	
blue	 triangles:	 cellular	 rejection,	 green	 triangles:	 humoral	 rejection.	 Values	 are	 given	 as	mean	 ±	
SEM.	*:	p<0,05	

	

To	sum	up,	 those	patients	 that	 suffered	an	episode	of	early	acute	 rejection	maintained	 immune	

alterations	 that	 were	 detectable	 5	 years	 after	 the	 rejection	 episode.	 Regarding	 the	 T-cell	

compartment,	the	immune	changes	mainly	consisted	on	an	increase	in	the	frequency	and	counts	

of	 CD8+	 T	 cells,	 resulting	 in	 a	 decrease	 on	 the	 CD4+	 to	 CD8+	 T-cell	 frequency	 ratio,	 which	 is	

frequently	 associated	 to	 cell	 hyper-activation	 and	 immune	 exhaustion.	 CD4+	 and	 CD8+	 T-cell	

subsets	in	the	rejection	group	present	a	more	differentiated	phenotype	(TemRA),	which	has	been	

associated	to	lower	activation	threshold	and	higher	resistance	to	immunosuppression,	constituting	

a	potential	hazard	for	transplant	survival.	In	the	B-cell	compartment,	we	found	higher	frequency	of	

plasmablasts,	 which	 could	 be	 associated	 to	 the	 presence	 of	 humoral	 responses	 within	 the	

rejection	group.		
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4.4 LONGITUDINAL	STUDY	IN	NEWLY	TRANSPLANTED	CHILDREN	

As	we	have	shown	in	the	previous	section,	the	episodes	of	rejection	in	our	cohort	of	patients	were	

concentrated	 within	 the	 first-year	 post-transplantation	 (mean	 time	 after	 transplantation=	 0.87	

years).	Therefore,	we	decided	to	perform	a	detailed	monitoring	of	a	cohort	of	children	that	were	

assigned	 as	 candidates	 for	 heart-transplantation	 (n=	 7).	 The	 procedure	 about	 the	 inclusion	 of	

patients	 in	 the	 waiting	 list	 and	 the	 follow-up	 after	 transplantation	 is	 showed	 in	 Figure	 30.	We	

followed	these	children	from	pre-transplant	up	to	one-year	post-transplantation	to	identify	which	

immune	alterations	could	be	related	with	the	onset	of	acute	rejection.	Additionally,	this	study	has	

provided	relevant	information	about	the	short-term	effects	of	graft	transplantation,	thymectomy	

and	the	administration	of	immunosuppressor	drugs	over	the	immune	system.	Since	in	the	previous	

chapter	we	just	detected	changes	in	the	adaptive	immunity,	mainly	in	the	T-cell	compartment	of	

patients	with	signs	of	rejection,	we	have	restricted	our	immune	monitoring	to	T-cell	subsets.	

	

	

Figure	30. Chronogram	 of	 indications	 for	 paediatric	 heart	 transplantation.	 Tx:	 Transplant,	 ONT:	 National	
Transplant	Organization,	ICU:	Intensive	care	unit.		
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 Clinical	 characteristics	 of	 the	 cohort	 of	 paediatric	 heart-transplant	

candidates		

Blood	samples	were	obtained	from	7	paediatric	patients	awaiting	heart	transplantation	(5	males,	2	

females,	age:	6.2	±	1.77	years	at	transplantation	(mean	±	SEM)).	Day-0	corresponded	to	the	day	of	

transplantation,	 and	 the	 sample	 from	 Day-0	 (baseline	 sample,	 BL)	 was	 collected	 before	 the	

transplantation	procedure	and	thus,	before	the	thymectomy	(excluding	patient	1	and	3,	that	were	

already	thymectomized	at	sampling)	and	before	the	administration	of	immunosuppressive	therapy	

(Figure	 31,	 sampling	 chronogram).	 Patient´s	 age,	 gender,	 immunosuppressive	 therapy,	 rejection	

information	and	observations	are	presented	in	Table	19.	Samples	from	patients	with	a	persistent	

CMV	infection	were	excluded	from	the	study.	

	

ID	 Sex	 Diagnosis	 Thymectomy	 Age	at	Tx	(yr)	 Induction	 Immunosuppression	 Rejection	 Observations	

P.1	 M	 CC	 Pre-Tx	 1.21	 No	 TAC,	MMF,	Pred	 No	
	

P.2	 M	 DCM	 At	Tx	 2.96	 No	 TAC,	MMF,	Pred	 No	
	

P.3	 M	 CC	 Pre-Tx	 0.14	 No	 TAC,	MMF,	Pred	 No	
	

P.4	 M	 RCM	 At	Tx	 9.36	 No	 TAC,	MMF,	Pred	 No	
CMV	-	Day	

+245	

P.5	 F	 NCC	 At	Tx	 11.11	 No	 TAC,	MMF,	Pred	 No	
	

P.6	 M	 CC	 At	Tx	 7.65	 No	 TAC,	MMF,	Pred	 No	
CMV	-	Day	

+120	

P.7	 F	 DCM	 At	Tx	 11	 No	 TAC,	MMF,	Pred	 No	
	

Table	19. Heart-transplanted	patients	 included	 in	the	cohort	study.	P:	Patient,	M:	Male,	F:	Female,	CC:	
Congenital	cardiopathy,	DCM:	Dilated	cardiomyopathy.	RCM:	Restrictive	cardiomyopathy,	NCC:	
Non-compaction	cardiomyopathy,	Pre-Tx:	Pretransplant,	Tx:	Transplant,	TAC:	Tacrolimus,	MMF:	
Mycophenolate	mofetil,	Pred:	Prednisone,	CMV:	Cytomegalovirus	infection.	

	

	

Figure	31. Sampling	 chronogram	 in	 heart-transplanted	 paediatric	 patients	 longitudinal	 study.	 The	
immunosuppressive	regimen	depicted	corresponds	to	a	representative	patient	that	did	not	receive	
induction	drugs.	BL	sample:	Baseline	sample,	Tx:	Transplantation,	MMF:	MMycophenolate	mofetil.	
Blood	samples	obtained	at	Day	0,	10,	15,	30,	45,	60,	90,	120,	180,	270,	360.		

Day	0
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 Changes	 and	 evolution	 of	 the	 T-cell	 compartment	 after	

transplantation	

CD4+	and	CD8+	T	cells	play	a	critical	 role	on	rejection	after	 transplantation,	 reason	why	most	of	

the	immunosuppressive	drugs	are	directed	against	T-cell	populations.	However,	because	Treg	cells	

are	also	a	T-cell	subset,	this	regulatory	population	might	be	also	affected	by	the	pleiotropic	effect	

of	immunosuppressants,	jeopardizing	the	tolerance	capacity	of	the	host’s	immune	system.	For	this	

reason,	 and	 considering	 the	 Treg	 deficit	 observed	 in	 previously	 transplanted	 children	 (section	

4.1.4),	 we	 focused	 our	 analysis	 in	 this	 subset	 to	 determine	 whether	 a	 fast	 impairment	 of	 this	

population	could	be	implicated	in	the	onset	of	acute	rejection.		

 Treg	numbers	decrease	over	time	compared	to	the	CD4+	and	CD8+	T	cell	counterpart	

Absolute	 counts	 of	 Treg,	 CD4+	 and	CD8+	 T	 cells	 showed	 a	 slight	 increase	 compared	 to	 baseline	

levels	up	to	the	3rd	month	post-transplant	(Figure	32).	Afterwards,	the	number	of	CD4+	and	CD8+	T	

cells	decreased	until	reaching	baseline	levels	at	1-year	post-transplantation	(Figure	32.d	and	32.f).	

However,	 in	 the	 case	 of	 Treg,	 cell	 numbers	 decreased	 below	 the	 baseline	 value	 (Figure	 32.b),	

reaching	–50%	decrease	 from	baseline	values	 in	some	patients.	These	results	highlight	 that	Treg	

may	 be	 more	 sensitive	 to	 immunosuppression	 and	 thymectomyzation	 than	 the	 rest	 of	 T-cell	

subsets.	
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Figure	32. T-cell	 subpopulation	 absolute	 counts	 (cells	 per	 µl	 of	 blood)	 and	 percentage	 of	 change	 from	

Baseline	 (BL)	values.	a)	Treg	counts,	b)	Treg	count	change	 (%)	 from	BL,	c)	CD4+	T-cell	 counts,	d)	
CD4+	T-cell	count	change	(%)	from	BL,	e)	CD8+	T-cell	counts	f)	CD8+	T-cell	count	change	(%)	from	
BL.	 Individual	values	for	transplanted	children	(n=	7)	along	1	year	follow	up	are	represented.	The	
solid	 line	 represents	 the	mean	value	at	each	 time	point.	Dotted	 line	 represents	0%	change	 from	
baseline	value.	

	

Once	 analysed	 the	 Treg,	 CD4+	 and	 CD8+	 T-cell	 frequency,	we	 detected	 fluctuations	 around	 the	

baseline	 values	 during	 the	 first	 6	 months	 (Figure	 33.b,	 33.d	 and	 33.f).	 Afterwards,	 the	 Treg	

frequency	 decreased	 until	 reaching	 –30%	 of	 the	 baseline	 value	 at	 1-year	 post-transplantation	

(Figure	33.b).	CD4+	and	CD8+	T-cell	 frequencies	were	quite	similar	 to	baseline	values,	but	 finally	

decreased	–25%	and	–15%	respectively	of	the	baseline	value	at	1-year	post-transplantation	(Figure	

33.d	and	33.f).	
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Figure	33. T-cell	subpopulation	frequency	and	percentage	of	change	(%)	from	Baseline	(BL)	values.	a)	Treg	
frequency,	b)	Treg	frequency	change	(%)	from	BL,	c)	CD4+	T-cell	frequency,	d)	CD4+	T-cell	frequency	
change	 (%)	 from	BL,	 e)	 CD8+	 T-cell	 frequency	 and	 f)	 CD8+	 T-cell	 frequency	 change	 (%)	 from	BL.	
Individual	values	for	transplanted	children	(n=	7)	along	1-year	follow-up	are	represented.	The	solid	
line	represents	the	mean	value	at	each	time	point.	Dotted	line	represents	0%	change	from	BL.	

	

 Effector	 Treg,	 CD4+	 and	 CD8+	 T-cell	 numbers	 increase	 dramatically	 after	

transplantation	

After	 transplantation,	absolute	counts	of	EM	Treg,	CD4+	and	CD8+	T	cells	 increased	dramatically	

compared	to	baseline	values	at	1-year	post-Tx	 (Figure	34).	 In	 the	case	of	CD4+,	 there	was	also	a	

slight	 increase	 in	CM	and	TemRA	 subsets	 (Figure	34.b),	 and	 the	most	differentiated	phenotypes	

(CM	and	TemRA)	experienced	a	dramatic	increase	in	CD8+	T	cells,	which	exceeded	2000%	increase	

from	 baseline	 level	 in	 TemRA	 CD8+	 T	 cells	 (Figure	 34.c).	 TemRA	 Treg	 were	 undetectable	 after	

transplantation	in	the	Treg	population	and	thus	could	not	be	represented.		
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Figure	34. T	cell	phenotype	counts	(cells	per	µl	of	blood)	percentage	of	change	(%)	from	Baseline	(BL)	values.	
a)	Treg	b)	CD4+	and	c)	CD8+	T	cell	naïve,	central	memory	(CM),	effector	memory	(EM)	and	effector	
memory	CD45RA+	(TemRA)	count	change	(%)	from	BL.	Individual	values	for	transplanted	children	
(n=	7)	along	1-year	follow-up	are	represented.	The	solid	and	broken	line	represent	the	mean	value	
at	each	time	point.	Dotted	line	represents	0%	change	from	BL.	
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As	a	consequence	of	the	EM	CD4+	and	CD8+	increase	and	the	decrease	of	Treg,	the	ratio	of	Treg	to	

EM	CD4+	or	EM	CD8+	T	 cells	decreased	until	 reaching	minimum	 levels	at	1-year	post-transplant	

(Figure	35.a	and	35.b).	Such	decrease	is	critical	since	the	ratio	between	Treg	and	effector	cells	has	

been	described	as	a	valuable	marker	 to	monitor	allospecific	T-cell	 responses	 in	peripheral	blood	

and	has	been	related	to	the	absence	of	rejection	(149,150).	

	

Figure	35. Percentage	of	change	from	baseline	(BL)	in	the	Treg	to	effector	memory	(EM)	T	cell	counts	(cells	

per	µl	of	blood)	ratio.	Treg	to	a)	EM	CD4+	and	b)	EM	CD8+	T-cell	ratio	change	from	BL.	Individual	
values	for	transplanted	children	along	1-year	follow-up	is	represented.	The	solid	line	represents	the	
mean	value	at	each	time	point.	Dotted	line	represents	0%	change	from	BL.	

	

Summing	up,	after	transplantation,	there	is	a	decrease	in	the	Treg	frequency	and	absolute	counts	

compared	to	baseline	values,	notably	from	the	6th	month	onwards.	Regarding	their	phenotype,	the	

proportion	 of	 differentiated	 and	 effector	 cells	 increased	 markedly,	 probably	 related	 to	 the	

presence	of	graft	alloantigens,	and	also	to	thymectomization	and	subsequent	ongoing	homeostatic	

proliferation	to	compensate	the	thymic	output	deficit.	As	a	consequence,	after	transplantation	the	

Treg/EM	cells	ratio	decreases	dramatically,	which	could	in	turn	increase	the	risk	of	rejection	during	

the	first	year	post-transplantation.	
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4.5 IMPACT	 OF	 INDUCTION	 THERAPY	 OVER	 THE	 IMMUNE	 SYSTEM	 OF	

HEART-TRANSPLANTED	CHILDREN	

Most	 patients	 receive	 strong	 induction	 therapies	 early	 after	 transplantation	 to	 avoid	 acute	

rejection.	However,	the	benefits	resulting	from	their	 impact	over	each	T-cell	subset	are	currently	

controversial,	and	there	is	little	evidence	in	the	literature	on	their	effects	over	Treg,	critical	players	

in	graft	 tolerance.	 In	order	 to	better	understand	the	 induction	 immunosuppressor’s	effect	on	an	

individual	 basis,	 we	 have	 compared	 patients	 that	 received	 Thymoglobulin	 (ATG)	 or	 Basiliximab	

(BXM)	with	a	group	of	patients	that	did	not	receive	induction	therapy.	

 Effect	of	Thymoglobulin	over	the	T-cell	population	

Anti-thymocyte	globulin	(Thymoglobulin,	ATG)	treatment	consists	in	an	infusion	of	rabbit-derived	

antibodies	 against	 T	 cells,	 capable	 of	 depleting	 the	 T-cell	 compartment.	 In	 order	 to	 evaluate	 its	

effect,	we	studied	the	Treg,	CD4+	and	CD8+	T-cell	populations	 in	 two	patients	 (P.8	and	P.9)	 that	

received	ATG	(dosis	of	1.5	mg/kg/day,	for	5	days	starting	at	day	0)	versus	7	induction-free	patients	

(Table	 20).	 Since	 both	 groups	 of	 patients	 were	 thymectomized	 and	 received	 the	 same	

immunosuppressive	therapy	(with	or	without	the	addition	of	ATG),	the	potential	differences	that	

we	found	in	this	comparison	could	be	attributed	to	the	effect	of	ATG.	All	patients	were	followed	

up	 from	 the	day	of	 transplant,	when	 they	have	not	 yet	 received	 immunosuppressors	 (baseline),	

until	day	120	since	we	had	records	of	the	ATG-treated	patients	until	that	time	point.	There	were	

no	differences	in	patient´s	age	at	Tx	and	gender	between	both	groups	(ATG	group:	2	males,	age:	

4.64	±	3.82	years	(mean	±	SEM);	ATG	untreated	group:	5	males,	2	females,	age:	6.2	±	1.77	years).	

ID	 Sex	 Diagnosis	 Thymectomy	 Age	at	Tx	(yr)	 ATG	 Immunosuppression	 Rejection	 Observations	

P.1	 M	 CC	 Pre-Tx	 1.21	 No	 TAC,	MMF,	Pred	 No	
	

P.2	 M	 DCM	 At	Tx	 2.96	 No	 TAC,	MMF,	Pred	 No	
	

P.3	 M	 CC	 Pre-Tx	 0.14	 No	 TAC,	MMF,	Pred	 No	
	

P.4	 M	 RCM	 At	Tx	 9.36	 No	 TAC,	MMF,	Pred	 No	 CMV	-	Day	+245	

P.5	 F	 NCC	 At	Tx	 11.11	 No	 TAC,	MMF,	Pred	 No	
	

P.6	 M	 CC	 At	Tx	 7.65	 No	 TAC,	MMF,	Pred	 No	 CMV	-	Day	+120	

P.7	 F	 DCM	 At	Tx	 11	 No	 TAC,	MMF,	Pred	 No	
	

P.8	 M	 CC	 Pre-Tx	 0.82	 Yes	 TAC,	MMF,	Pred	 No	 Died	-	Day	+45	

P.9	 M	 CC	 Pre-Tx	 8.47	 Yes	 TAC,	MMF,	Pred	 No	
	

Table	20. Heart-transplanted	patients	 included	in	the	Thymoglobulin	group	versus	no	 induction	study.	
P:	Patient,	M:	Male,	F:	Female,	CC:	Congenital	cardiopathy,	DCM:	Dilated	cardiomyopathy.	RCM:	
Restrictive	 cardiomyopathy,	NCC:	Non-compaction	 cardiomyopathy,	 Pre-Tx:	 Pretransplant,	 Tx:	
Transplant,	 ATG:	 Thymoglobulin,	 TAC:	 Tacrolimus,	 MMF:	 Mycophenolate	 mofetil,	 Pred:	
Prednisone,	CMV:	Cytomegalovirus	infection.	
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 ATG	depletes	the	T-cell	compartment	early	after	transplantation	with	little	evidence	of	

recovery	after	120	days	post-transplant	

After	 ATG	 administration,	 Treg,	 CD4+	 and	 CD8+	 T	 cells	 were	 completely	 depleted	 until	 day	 10	

(Figure	 36.a,	 36.c	 and	 36.e).	 Afterwards,	 they	 showed	 a	 slight	 increase	 in	 cell	 counts,	 being	 the	

CD8+	 T	 cells	 the	 subset	 with	 the	 better	 recovery,	 despite	 their	 values	 were	 still	 markedly	 low	

(Figure	36.e).	Even	 if	absolute	counts	of	all	T-cell	subsets	were	clearly	diminished	 in	ATG-treated	

patients,	 when	 we	 analysed	 the	 proportion	 of	 the	 different	 subsets	 we	 observed	 that	 Treg	

frequency	recovers	faster	after	day	10-15	than	total	CD4+	or	CD8+	T	cells	(Figure	36.b).	Therefore,	

Treg	does	not	seem	to	be	more	sensitive	to	ATG	compared	to	the	total	CD4+	T-cell	population.	

	

Figure	36. Effect	of	Thymoglobulin	(ATG)	on	Treg,	CD4+	and	CD8+	T-cell	frequency	and	absolute	counts	(cells	

per	µl	of	blood)	in	heart-transplanted	children.	Treg	a)	count	and	b)	frequency.	CD4+	T	cell	c)	count	
and	d)	frequency.	CD8+	T	cell	e)	count	and	f)	frequency.	Individual	values	for	children	treated	(n=2,	
blue	 triangles	 and	 broken	 line)	 and	 non-treated	 with	 ATG	 (n=7,	 grey	 circles,	 solid	 line)	 are	
represented.	The	solid	and	broken	lines	represent	the	mean	values	in	each	group.	
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 Effect	of	ATG	treatment	over	Treg	phenotype	

After	observing	a	clear	effect	of	ATG	on	the	Treg	counts	we	analysed	whether	the	different	Treg	

phenotypes	were	affected	by	the	induction	therapy.	The	proportion	of	CM	Treg	was	clearly	higher	

than	in	patients	non-treated	with	ATG,	(Figure	37.b),	and	EM	Treg	cells	experimented	fluctuations	

(Figure	 37.c).	 However,	 we	 observed	 a	 very	 fast	 and	maintained	 decrease	 in	 the	 proportion	 of	

naïve	 Treg	 frequency	 (Figure	 37.a)	 in	 comparison	with	 values	 in	 the	 group	without	 ATG,	 which	

could	indicate	that	ATG	seems	to	promote	the	disappearance	of	the	subset	of	naïve	Treg	cells.	The	

transplanted	 patients	 non-treated	with	 ATG	 showed	 a	more	 stable	 phenotype,	 retaining	 similar	

naïve,	CM	and	EM	frequencies	compared	to	their	baseline	sample.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	37. Effect	 of	 ATG	 on	 Treg	 phenotype	 in	 heart-transplanted	 children.	 a)	 Naïve,	 b)	 Central	Memory	
(CM),	 c)	 Effector	memory	 (EM)	 Treg	 frequency.	 Individual	 values	 for	 children	 treated	 (n=2,	 blue	
triangles	and	broken	 line)	and	non-treated	with	ATG	(n=7,	grey	circles,	solid	 line)	along	120	days	
follow-up	are	represented.	The	lines	represent	the	mean	values	in	each	group.	
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 Central	and	effector	memory	phenotypes	in	T-cell	subsets	are	predominant	after	ATG-

induced	T-cell	depletion	

After	T-cell	depletion,	central	and	effector	memory	were	the	predominant	phenotypes	detected	in	

CD4+	and	CD8+	T	cells	 (Figure	38.c	–	38.f),	accompanied	by	the	concomitant	decrease	 in	naïve	T	

cells	(Figure	38.g	and	38.h).	Within	the	CD4+	T	cell	population	and	during	the	first	45	days	for	CD8+	

T	 cells,	 we	 could	 also	 detect	 an	 increase	 in	 activated	 (CD45RA–HLADR+)	 cell	 frequency	 (Figure	

38.a,	38.b).	Despite	ATG	fulfils	its	role	by	depleting	T	cells,	our	results	indicate	that	the	treatment	

promotes	a	higher	proportion	of	cells	that	are	more	differentiated	and	thus	have	lower	threshold	

for	 activation	 in	 the	 context	 of	 allorecognition.	 Interestingly,	 the	 patients	 non-treated	with	ATG	

have	more	stable	and	similar	phenotypes	compared	to	pre-transplant	 levels	 (Figure	38.c	–	38.h).	

Furthermore,	the	patients	that	did	not	receive	induction	had	higher	Treg	to	EM	CD4+	and	Treg	to	

EM	CD8+	T	cell	ratios	(Figure	39.a	and	39.b),	highlighting	that	ATG	induction	may	compromise	Treg	

capacity	to	supress	the	immune	system	over-activation.	In	fact,	ATG	non-treated	patients	did	not	

experience	any	rejection	episodes	during	the	follow-up.	
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Figure	38. Effect	of	ATG	over	CD4+	and	CD8+	T	cell	phenotypes	 frequency	 in	heart-transplanted	children.	
Frequency	of	a)	Activated	(Act)	CD4+	and	b)	CD8+	T	cells.	Frequency	of	c)	effector	memory	(EM)	
CD4+	 and	 d)	 CD8+	 T	 cells.	 Frequency	 of	 e)	 central	 memory	 (CM)	 CD4+	 and	 f)	 CD8+	 T	 cells.	
Frequency	of	g)	Naïve	CD4+	and	h)	CD8+	T	cells.	 Individual	values	 for	children	treated	(n=2,	blue	
triangles	and	broken	 line)	and	non-treated	with	ATG	(n=7,	grey	circles,	solid	 line)	along	120	days	
follow-up	are	represented.	The	lines	represent	the	mean	values	in	each	group.	
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Figure	39. Effect	of	ATG	over	Treg	to	effector	memory	T-cell	frequency	ratio	in	heart-transplanted	children.	
a)	Ratio	between	Treg	 frequency	and	effector	memory	 (EM)	CD4+	T	cells	or	b)	effector	memory	
CD8+	T	cells.	 Individual	values	for	children	treated	(n=2,	blue	triangles	and	broken	 line)	and	non-
treated	with	ATG	(n=7,	grey	circles,	solid	line)	along	120	days	follow-up	are	represented.	The	lines	
represent	the	mean	values	in	each	group.	

	

Summing	up,	ATG	is	a	strong	induction	immunosupressor	capable	of	depleting	CD4+,	CD8+	T	cells	

and	 Treg.	 After	 depletion,	 there	 is	 a	 minor	 recovery	 of	 the	 T-cell	 subsets	 characterised	 by	

predominant	effector	and	central	memory	phenotypes.	Consequently,	 the	Treg	 to	EM	CD4+	and	

Treg	 to	 EM	 CD8+	 T-cell	 ratios	 are	 lower	 in	 ATG-treated	 patients,	 which	 may	 compromise	 the	

tolerance	 towards	 the	graft.	The	patient´s	 follow-up	will	 continue	 in	order	 to	evaluate	 the	T-cell	

recovery	once	ATG	effect	is	gone.	

However,	due	to	the	low	sample	size	(only	two	ATG-trated	patients	were	enrolled),	it	is	difficult	to	

extract	 definitive	 conclusions	 about	 the	 effects	 of	 ATG,	 and	 the	 results	 obtained	 in	 this	 section	

must	 be	 interpreted	with	 caution.	 Other	 limitation	 is	 that	 one	 of	 the	 ATG-treated	 patients	was	

lymphopenic	 before	 transplantation,	 and	 the	 other	 one	 died	 45	 days	 after	 Tx.	 Therefore,	 larger	

cohort	of	patients	would	be	necessary	to	complete	this	study	and	achieve	clearer	conclusions.	

 In	vitro	effect	of	Basiliximab	over	the	T-cell	population		

Basiliximab	 is	a	humanised	therapeutic	monoclonal	antibody	that	 targets	 the	 IL-2	receptor	alpha	

chain	 (IL-2Ra	 or	 CD25).	 CD25	 is	 essential	 for	 IL-2	 uptake	 and	 T-cell	 proliferation	 in	 response	 to	

cognate	 antigens.	 Therefore,	 Basiliximab	 is	 capable	 of	 blocking	 IL-2	 uptake,	 thus	 avoiding	 T-cell	

proliferation.	However,	 Treg	 cells	 also	 depend	on	CD25	 for	 their	 own	proliferation	 and	 survival.	

Moreover,	 they	 require	 CD25	 for	 sensing	 and	 suppressing	 expanded	 T	 cells.	 Therefore,	 we	

hypothesise	that	Basiliximab	could	perturbate	the	Treg-mediated	homeostasis	and	will	hinder	the	

probabilities	of	developing	graft	tolerance.	To	confirm	this	hypothesis,	we	firstly	studied	in	vitro	if	

BXM	had	detrimental	effects	upon	Treg	́s	survival,	proliferation,	Foxp3	expression	and	functionality	

compared	to	other	T-cell	populations.		
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 In	 vitro	 BXM	 treatment	 has	 a	 direct	 effect	 on	 both	 Treg	 cell	 values	 and	 Foxp3	

expression		

We	 studied	 BXM	 effect	 on	 T	 cells	 (n=	 6)	 after	 72h	 of	 culture	 and	 employing:	 i)	 non-activated	

conditions,	 which	 could	 be	 indicative	 of	 the	 BXM	 effect	 on	 an	 immune	 system	 in	 a	 quiescent	

status,	and	 ii)	activating	conditions,	which	could	be	 indicative	of	 the	BXM	effect	on	an	activated	

immune	system.	 It	has	been	shown	that	0.2	μg/ml	BXM	serum	concentration	 is	enough	to	block	

CD25	in	peripheral	blood	T	cells	from	paediatric	transplanted	children	(130).	Therefore,	treatment	

of	PBMCs	with	a	 single	dose	of	10	μg/ml	BXM	resulted	enough	 to	block	all	 the	CD25	present	 in	

CD4+	T	cells.	The	blockade	remained	after	72h	 in	all	 the	six	experiments	performed	(Figure	40.a	

and	40.b).		

	

Figure	40. BXM	blocks	CD25	receptor	 in	vitro.	a)	Dot-plots	 showing	BXM	effect	over	CD25	within	 the	 total	
CD4+	T-cell	population	in	untreated	(-BXM)	or	BXM	treated	(+BXM)	PBMC	from	a	healthy	volunteer	
after	4h	culture	and	72h	culture.	One	 representative	experiment	 from	6	 is	 shown.	CD25	median	
fluorescence	intensity	(MFI)	in	b)	CD4+Foxp3+	cells	and	c)	total	CD4+	T	cells	within	untreated	(solid	
circle)	or	BXM-treated	(solid	triangle)	stimulated	PBMC.	n	=	6.	***:	p<0.001		
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Afterwards,	 because	 CD25	was	 not	 available	 in	 BXM-treated	 cells,	we	 analysed	 the	 Treg	 subset	

independently	of	their	CD25	expression	by	following	the	total	CD4+Foxp3+	cells	(including	CD25+	

and	CD25neg).	Without	activation,	BXM	induced	a	marked	decrease	in	Treg	frequency	(p=	0.003),	

but	no	significant	effects	were	observed	in	total	CD4+	(p=	0.282)	and	CD8+	T	cells	(p=	0.160)	after	

72h	culture	(Figure	41.a).	The	same	result	was	observed	when	PBMCs	were	stimulated	with	anti-

CD3/CD28	beads	(Treg:	p<0.001;	T-CD4+:	p=	0.375;	T-CD8+:	p=	0.224)	(Figure	41.b).	Similar	results	

were	obtained	when	analysing	Treg	and	CD4+	T	cells	counts	(Figure	41.c	and	41.d).	Therefore,	we	

can	assume	that	the	Treg	subset	seems	to	be	more	sensitive	to	BXM	treatment	than	CD4+	or	CD8+	

T	cells.	Treg	viability	was	not	affected	by	BXM	presence,	therefore	the	reduction	of	Treg	frequency	

and	absolute	counts	were	independent	of	an	increased	BXM	toxicity	over	Treg	cells	(Figure	41.e).	

The	viability	of	CD4+	T	cell	was	also	unaffected,	but	BXM	produced	a	slight	decrease	in	the	viability	

of	CD8+	T	 cells	 (p=	0.043)	under	 stimulating	 conditions.	Besides	Treg	 frequency	and	 counts,	 the	

Foxp3	 expression	 on	 Tregs,	 measured	 as	 Foxp3	 median	 fluorescence	 intensity	 (MFI)	 in	

Foxp3+CD4+	cells,	was	also	significantly	reduced	under	BXM	treatment	(Figure	41.f).	Reduction	of	

Foxp3	 expression	 was	 observed	 in	 both,	 non-stimulating	 conditions	 (p=	 0.012),	 and	 stimulating	

conditions	(p=	0.006).	This	result	indicates	that	BXM	also	has	a	direct	impact	on	the	expression	of	

Foxp3,	key	regulator	of	Treg	function.		
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Figure	41. In	vitro	effect	of	BXM	treatment	on	the	values	of	T-cell	subsets.	Frequency	of	CD4+Foxp3+	(gated	

on	 CD4+	 T	 cells),	 total	 CD4+	 and	 CD8+	 T	 cells	 (both	 gated	 in	 lymphocytes)	 after	 72h	 culture,	 a)	
without	activation	or	b)	activated	with	anti-CD3/CD28	beads	at	0.5:1	(bead:cell)	ratio.	Cell	number	
of	c)	CD4+Foxp3+	Treg	and	d)	CD4+	T	cells	after	72h	within	PBMC	without	stimulation	(Unstim)	or	
stimulated	with	anti-CD3/CD28	beads	at	0.5:1	(bead:cell)	ratio	for	72h	(Stim).	e)	Viability	after	72h	
culture	in	CD4+Foxp3+,	CD4+	and	CD8+	cells	within	PBMC	stimulated	with	anti-CD3/CD28	beads	at	
0.5:1	 (bead:cell)	 ratio.	 f)	 Median	 fluorescence	 intensity	 (MFI)	 of	 Foxp3	 in	 the	 CD4+Foxp3+	 cell	
population	within	PBMC	unstimulated	or	activated	with	beads	for	72h.	Each	line	represents	values	
for	 untreated	 (–BXM,	 grey	 circles)	 and	 BXM	 treated	 (+BXM,	 blue	 triangles)	 conditions	 for	 each	
donor,	n	=	6.	***:	p<0.001;	**:	p<0.01;	*:	p<0.05	
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 BXM	specifically	suppresses	CD4+Foxp3+	cell	(Treg)	proliferation	in	vitro		

It	 is	 known	 that	 CD25	 signalling	 cascade	 is	 necessary	 to	 promote	 T-cell	 proliferation.	 Therefore,	

after	discarding	BXM	effects	on	Treg	viability,	we	investigated	the	effect	of	BXM	on	proliferation	as	

a	potential	mechanism	for	the	observed	decrease	in	Treg	values.	PBMCs	were	CFSE	labeled	at	day	

0	before	anti-CD3/CD28	bead	stimulation	and	cultured	in	the	presence	of	BXM.	72	hours	later,	we	

analysed	by	flow	cytometry	CFSE	signal	intensity,	whose	level	decreases	upon	cellular	division.	We	

found	that	Treg	proliferation	significantly	diminished	in	the	presence	of	BXM	(p=	0.027),	and	such	

effect	was	not	detected	in	total	CD4+	(p=	0.204)	or	CD8+	T	cells	(p=	0.843;	Figure	42.a	and	42.b),	

thus	 indicating	 that	 BXM	 induces	 a	 specific	 decrease	 of	 proliferation	 in	 the	 Treg	 subset.	 To	

further	confirm	such	effect	over	Treg	proliferation,	we	also	analysed	Ki-67.	Results	showed	that	in	

the	absence	of	stimulation	(Figure	42.c),	BXM	induced	a	pronounced	decrease	in	Ki-67	frequency	

in	 Treg	 cells	 (p=	 0.008)	 and	 a	 lighter	 decrease	 in	 total	 CD4+	 T	 cells	 (p=	 0.012).	 However,	 in	 the	

presence	 of	 activating	 conditions	 (Figure	 40.d),	 BXM	 induced	 a	 significant	 decrease	 in	 Ki-67+	

expressing	Treg	(p=	0.004)	but	not	in	total	CD4+	T	cells	(p=	0.163).		
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Figure	42. BXM	 specifically	 suppresses	 CD4+Foxp3+	 cell	 proliferation	 in	 vitro.	 a)	 Histograms	 from	 a	
representative	donor	showing	proliferation	as	a	reduction	 in	the	CFSE	 intensity	 in	Treg,	and	total	
CD4+	 and	 CD8+	 T	 cells.	 Solid	 line:	 BXM	 untreated,	 Broken	 line:	 BXM	 treated,	 Grey	 curve:	 Non-
stimulated	cells.	b)	Values	of	proliferation	 (%	CFSE+	cells)	 in	CD4+Foxp3+,	CD4+	and	CD8+	T	cells	
within	 PBMC	 cultured	 72h	 with	 0.5:1	 (bead:cell)	 stimulation.	 Frequency	 of	 Ki-67+	 cells	 on	
CD4+Foxp3+	 (Treg)	 and	 CD4+	 T	 cells	 in	 PBMC	 c)	without	 stimulation	 or	 d)	 stimulated	with	 anti-
CD3/CD28	beads	at	0.5:1	bead:cell	ratio	after	72h.	n=	6.	***:	p<0.001;	**:	p<0.01;	*:	p<0.05	
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 BXM	modifies	the	cytokine	secretion	pattern	of	Treg	cells		

It	 is	 known	 that	 IL-2	 primes	 Treg	 for	 IL-10	 production	 (151),	 therefore	 production	 of	 such	 anti-

inflammatory	cytokine	could	be	affected	in	Treg	following	the	CD25	blockade	by	BXM.	Moreover,	

it	has	been	shown	that	Treg	cells	have	phenotype	plasticity	and	can	be	differentiated	towards	Th1	

(152)	or	Th17	(153)	after	the	loss	of	Foxp3	expression.	Because	we	have	shown	a	reduced	Foxp3	

MFI	 in	 the	presence	of	BXM,	we	were	 interested	 in	evaluating	 the	cytokine	 secretion	pattern	 in	

treated	Treg	cells.	When	we	stimulated	PBMCs	with	anti-CD3/CD28	beads,	BXM	treatment	did	not	

modify	 the	 frequency	 of	 IL-4	 and	 IL-17-secreting	 Tregs	 (p=	 0.700	 and	 p=	 0.838	 respectively);	

(Figure	 43.b,	 43.c).	 However,	 BXM	 induced	 a	 significant	 reduction	 in	 the	 proportion	 of	 IL-10-

secreting	Treg	cells	 in	all	six	experiments	(p=	0.027)	(Figure	43.a),	which	takes	part	of	one	of	the	

main	mechanisms	of	immune	suppression	of	the	Treg	subset.	

	

Figure	43. BXM-induced	decrease	in	the	proportion	of	IL-10-secreting	Tregs.	Graph	showing	the	frequency	of	
a)	 IL-10,	 b)	 IL-17	 and	 c)	 IL-4-secreting	 CD4+Foxp3+	 cells	 within	 PBMC	 stimulated	 with	 0.5:1	
(bead:cell)	ratio	for	72h.	n=	6.*:	p<0.05	

	

	

To	analyse	whether	BXM	impact	over	Treg	function	was	just	restricted	to	cytokine	production,	we	

also	 examined	 the	 expression	 of	 inhibitory	 molecules	 CTLA-4	 and	 CD39,	 implicated	 in	 Treg	

suppressive	 function	 (154,155).	We	 found	 that	 BXM	 treatment	 did	 not	modify	 the	 frequency	of	

CTLA-4	 and	 CD39-expressing	 Treg	 in	 both	 un-stimulated	 and	 stimulated	 conditions	 (data	 not	

shown).	
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 Basiliximab	impairs	Treg	population	in	heart-transplanted	children	

After	 demonstrating	 the	 direct	 effect	 of	 BXM	 on	 Treg	 cells,	 we	 analysed	 the	 effect	 of	 BXM	

induction	therapy	upon	Treg	in	a	cohort	of	heart-transplanted	children,	comparing	Treg	values	and	

the	 evolution	 on	 time	 of	 this	 cellular	 subset	 in	 patients	 treated	 Vs	 non-treated	 with	 BXM.	 Six	

patients	 included	 in	 the	waiting	 list	 for	 cardiac	 transplantation	were	enrolled	 in	 the	 study.	Data	

collected	 for	 these	 patients	 included	 demographics,	 transplantation,	 thymectomization,	

immunosuppressive	 regimen,	 rejection	 episodes,	 development	 of	 atopic	 disease,	 infections	 and	

other	 immune	mediated	disorders.	There	were	differences	 in	patient´s	age	and	gender	between	

both	groups	(BXM	group:	2	females,	age:	10.67	±	3.69	years	at	Tx	(mean	±	SEM);	BXM	untreated	

group:	4	males,	age:	3.42	±	2.06	years	at	Tx),	(Table	21).	

ID	 Sex	 Diagnosis	 Thymectomy	 Age	at	Tx	(yr)	 BXM	 Immunosuppression	 Rejection	 Observations	

P.1	 M	 CC	 Pre-Tx	 1.21	 No	 TAC,	MMF,	Pred	 No	
	

P.2	 M	 DCM	 At	Tx	 2.96	 No	 TAC,	MMF,	Pred	 No	
	

P.3	 M	 CC	 Pre-Tx	 0.14	 No	 TAC,	MMF,	Pred	 No	
	

P.4	 M	 RCM	 At	Tx	 9.36	 No	 TAC,	MMF,	Pred	 No	 CMV	-	Day	+245	

P.5	 F	 DCM	 At	Tx	 7.37	 Yes	 TAC,	MMF,	Pred	 No	
	

P.6	 F	 RCM	 At	Tx	 13.96	 Yes	 TAC,	MMF,	Pred,	RIT	
Humoral	
-	Day	+21	

RIT	treatment	-	
Day	+26	

Table	21. Heart-transplanted	 children	 included	 in	 the	 study	 to	 analyse	 Basiliximab	 effects	 on	 the	

immune	 system.	 P:	 Patient,	 M:	 Male,	 F:	 Female,	 CC:	 Congenital	 cardiopathy,	 DCM:	 Dilated	
cardiomyopathy.	 RCM:	 Restrictive	 cardiomyopathy,	 NCC:	 Non-compaction	 cardiomyopathy,	
Pre-Tx:	Pretransplant,	Tx:	Transplant,	BXM:	Basiliximab,	TAC:	Tacrolimus,	MMF:	Mycophenolate	
mofetil,	Pred:	Prednisone,	RIT:	Rituximab,	CMV:	Cytomegalovirus	infection.	

	

Because	CD25	 is	 a	 critical	 receptor	 for	 the	 survival	 and	 functionality	 of	 Tregs	 (33),	we	 followed	

over	 time	 the	 BXM	 effect	 on	 CD25	 availability	 on	 patients.	 Ten	 days	 after	 the	 introduction	 of	

suppressive	 therapy,	 patients	 non-treated	 with	 BXM	 maintained	 preserved	 frequencies	 of	

CD25+Foxp3+Treg	(Figure	44.a	and	44.b).	However,	CD25	on	the	Treg	cells	surface	from	the	two	

patients	 treated	with	BXM	was	not	detectable	with	 the	competing	anti-CD25	antibodies	used	 in	

this	study,	indicating	a	complete	blockade	of	CD25	in	all	Foxp3+Tregs.	The	BXM-mediated	block	of	

CD25	 on	 CD4+Foxp3+	 cells	 was	 present	 for	 at	 least	 30	 days,	 then,	 CD25+	 availability	 was	

recovered	 at	 day	 +45	 post-Tx.	 After	 CD25	 recovery,	 Treg	 frequency	 remained	 stable	 and	

comparable	with	the	non-BXM	condition.	However,	when	we	analysed	Treg	absolute	counts	(cells	

per	 μl	 of	 blood),	 we	 observed	 that	 Treg	 number	 did	 not	 reach	 pre-transplant	 levels	 after	 BXM	

treatment	and	remained	low	compared	to	the	BXM-untreated	group	along	the	4-month	follow-up	

(Figure	44.c).		
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Figure	44. Effect	of	BXM	on	Treg	values	in	heart-transplanted	children.	a)	Representative	dot-plots	showing	
the	 proportion	 of	 CD25+Foxp3+	 Treg	 cells	 gated	 over	 CD4+	 T	 cells	 at	 day	 0,	 +10	 and	 +30	 post-
transplant	in	a	single	non-treated	patient	(–BXM)	and	BXM	treated	patient	(+BXM).	Graph	showing	
values	of	b)	percentage	over	total	CD4+	T	cells	and	c)	the	absolute	counts	(cells	per	μl	of	blood)	of	
Treg	 cells	 identified	 as	 CD3+CD4+CD25+Foxp3+	 cells.	 Individual	 values	 for	 children	 treated	 (n=2,	
blue	triangles)	and	non-treated	with	Basiliximab	(n=4,	grey	circles)	along	120-days	follow-up.	Lines	
representing	mean	values	in	each	group	are	shown.	
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 Basiliximab	 treated	 paediatric	 patients	 show	 decreased	 values	 of	 Foxp3-expressing	

Treg	cells		

IL-2/CD25	signal	has	been	proved	to	regulate	Foxp3	expression,	proliferation	and	survival	of	Treg	

(33),	 and	 then,	 the	 BXM-mediated	 CD25	 blockade	 could	 affect	 to	 the	 phenotype	 and	 values	 of	

circulating	Treg	cells	 in	treated	patients.	We	followed	over	time	the	evolution	of	the	Treg	subset	

independently	of	 their	CD25	availability,	analysing	total	CD4+Foxp3+	cells	 (CD25+	and	CD25neg).	

Both	 frequency	 and	 absolute	 counts	 of	 circulating	 Foxp3+	 expressing	 CD4+	 T	 cells	 appeared	

decreased	 in	BXM-treated	patients	 in	comparison	to	patients	not	receiving	BXM.	Compared	with	

values	measured	before	 administration	of	 immunosuppressive	 regimen	 (baseline),	 patients	non-

treated	with	BXM	showed	a	mean	 increase	of	7.1%	in	the	Treg	frequency	during	the	first	month	

and	 then,	 Treg	 frequency	 dropped	 progressively	 along	 the	 first	 year	 post-Tx,	 reaching	 a	 mean	

frequency	 29.9%	 lower	 than	 baseline	 (Figure	 45.a).	 In	 BXM-treated	 patients,	 Treg	 frequency	

remained	>20%	lower	than	baseline	along	the	first	three	months	after	Tx,	then	turned	into	a	slight	

increase	and	finally	dropped	reaching	frequencies	36.2%	lower	than	baseline	(Figure	45.a).	Similar	

to	 frequencies,	 absolute	 counts	 of	 CD4+Foxp3+	 cells	 presented	 a	 general	 decrease.	 An	 increase	

over	10%	 in	cell	number	was	observed	during	 the	 first	 two	months	 in	patients	non-treated	with	

BXM,	 then	 Treg	 counts	 started	 to	 decrease	 from	 the	 third	month	 until	 reaching	 a	 32.4%	mean	

reduction	 after	 1	 year.	However,	 children	 treated	with	BXM	 reached	 a	 decline	of	 55.9%	 in	 Treg	

counts	 along	 the	 first	month,	maintaining	 approximately	 just	 half	 of	 the	 Treg	 counts	measured	

before	Tx	over	the	first	year	post-Tx	(Figure	45.b).	
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Figure	45. Effect	of	BXM	on	values	of	Foxp3-expressing	cells	in	heart-transplanted	children.	Graph	showing	
a)	the	percentage	of	change	from	baseline	values	(BL	before	Tx;	dotted	line)	for	the	frequency	of	
Foxp3+	cells	gated	 in	 total	CD4+	T	cells,	b)	 the	absolute	counts	of	CD4+Foxp3+	T	cells.	 Individual	
values	for	children	treated	(n=2;	triangle	and	broken	line)	and	non-	treated	with	Basiliximab	(n=4;	
circles	 and	 solid	 line)	 along	 1-year	 follow-up.	 Lines	 representing	mean	 values	 in	 each	 group	 are	
shown.	

	

 Effect	of	BXM	treatment	on	the	phenotype	of	Treg	from	heart-transplanted	paediatric	

patients		

As	observed	in	vitro,	CD25	blockade	seems	to	also	induce	a	decrease	in	the	Foxp3	expression	on	

Tregs	 in	 vivo,	 at	 the	 light	 of	 the	 reduction	 in	 the	 median	 fluorescence	 intensity	 (MFI),	 which	

appears	 in	cells	 from	BXM-treated	patients.	Mean	±	SEM	values	of	Foxp3	MFI	at	Day-0	(baseline	

before	Tx)	were	2.91	±	0.26	for	the	–BXM	group	and	3.36	±	1.39	for	BXM-treated	patients.	At	day	

+10	post-Tx,	 in	 3	out	of	 4	patients	 that	did	not	 receive	BXM,	 their	 Foxp3	MFI	 remained	next	or	

even	higher	than	baseline	levels	(Figure	46.a).	However,	the	two	BXM-treated	patients	showed	a	

huge	 decrease	 (>40%)	 in	 Foxp3	MFI	 at	 day	 +10	 (mean	 ±	 SEM	MFI=1.91	 ±	 0.85),	which	was	 still	

present,	but	less	pronounced,	one-month	post-Tx	(mean	±	SEM	MFI=2.16	±	0.73;	Figure	46.b).		
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Figure	46. Effect	of	BXM	on	the	phenotype	of	Treg	cells	in	heart-transplanted	children.	Graph	showing	the	
percentage	of	change	from	baseline	values	(BL	before	Tx;	dotted	line)	for	the	median	fluorescence	
intensity	(MFI)	at	a)	day	10	post-Tx	and	b)	1-month	post-Tx	in	non-treated	(–BXM,	grey	circles)	and	
BXM	treated	patients	(+BXM,	blue	triangles).	

	

 Removal	of	Basiliximab	from	the	immunosuppressive	regimen	did	not	increase	values	

of	effector	and	activated	CD4+	and	CD8+	T	cells	in	transplanted	patients		

IL-2	 uptake	 is	 essential	 as	 proliferation	 and	 survival	 signal	 for	 activated	 T	 cells	 upon	 antigen	

recognition.	 Therefore,	 the	 fact	 that	 IL-2R	 (CD25)	 is	 not	 blocked	 at	 the	 T-cell	 surface	 of	 BXM-	

untreated	patients	could	constitute	a	potential	risk	for	effector	and	activated	T-cell	expansion	and	

subsequent	risk	of	graft	rejection.	However,	once	we	analysed	the	number	of	circulating	activated	

(Act;	CD45RA–HLA-DR+),	effector	memory	 (EM;	CD45RA–CD27–),	and	central	memory	cells	 (CM;	

CD45RA–CD27+)	 in	both	CD4+	and	CD8+	T-cell	 subsets,	we	observed	 that	none	of	 these	 subsets	

counts	 were	 substantially	 increased	 in	 the	 BXM-untreated	 patients	 in	 comparison	 to	 the	 BXM-

treated	group	(Figure	47.a	-	47.f).	The	number	of	activated	and	EM	CD4+	T	cells	was	quite	similar	

in	 both	 groups	 of	 patients	 along	 the	 1-year	 follow-up.	 In	 patients	 non-treated	 with	 BXM,	 we	

observed	 a	 higher	 increase	 on	 the	 CM	 CD4+	 T-cell	 absolute	 numbers	 from	 the	 fourth	 month	

onwards	(Figure	47.e).	Regarding	CD8+	T	cells,	patients	non-treated	with	BXM	maintained	very	low	

counts	 of	 activated	 and	 EM	 CD8+	 T	 cells	 along	 the	 1-year	 follow-up,	 which	 differs	 from	 BXM-

treated	patients,	showing	activated	and	EM	CD8+	T-cell	mean	counts	notably	higher	(Figure	47.b	

and	 47.d).	 The	 absolute	 counts	 of	 CM	 CD8+	 T	 cells	 did	 not	 differ	 substantially	 between	 both	

cohorts	of	patients	(Figure	47.f).		
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Figure	47. Values	 of	 circulating	 differentiated	 T	 cells	 in	 heart-transplanted	 children.	 Graph	 showing	 the	

absolute	 counts	 (cells	 per	 μl	 of	 blood)	 of	 a)	 activated	 (Act)	 CD4+	 and	 b)	 CD8+	 T	 cells.	 Absolute	
counts	of	c)	effector	 (EM)	CD4+	and	d)	CD8+	T	cells.	Absolute	counts	of	e)	central	memory	(CM)	
CD4+	and	f)	CD8+	T	cells.	Individual	values	for	children	treated	(n=2;	triangles	and	broken	line)	and	
non-treated	with	Basiliximab	(n=4;	circles	and	solid	line)	along	1-year	follow-up.	Lines	representing	
mean	values	in	each	group	are	shown.		

	

As	described	in	previous	chapters,	an	appropriate	ratio	of	Treg	and	effector	cells	has	been	related	

to	the	absence	of	rejection	(149,150).	Interestingly,	patients	treated	with	BXM	showed	Treg/EM	T-

cell	mean	ratios	 lower	than	patients	non-treated	with	BXM	along	the	12-month	follow-up.	BXM-

treated	patients	showed	a	lower	Treg/EM	CD4+	T	cell	ratio	along	the	first	three	months	and,	after	

the	 fourth	month,	 the	ratio	was	similar	compared	to	untreated	patients	 (Figure	48.a).	Regarding	

the	 Treg/EM	CD8+	 T	 cell	 ratio,	 values	were	 notably	 lower	 during	 the	 1st	 two	months	 post-Tx	 in	

BXM-treated	patients,	 and	 this	 difference	was	 less	 evident	 from	 the	2nd	month	onwards	 (Figure	

48.b).		
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Figure	48. Values	 of	 CD4+Foxp3+	 to	 EM	 T	 cell	 number	 (cell	 per	 μl)	 ratio.	 a)	 Ratio	 between	 the	 absolute	
counts	of	Foxp3-expressing	CD4+	T	cells	and	a)	effector	memory	CD4+	T	cells	or	b)	effector	memory	
CD8+	T	cells.	Individual	values	for	children	treated	(n=2;	triangle	and	broken	line)	and	non-treated	
with	Basiliximab	(n=4;	circles	and	solid	line)	along	1-year	follow-up.	Lines	representing	mean	values	
in	each	group	are	shown.	

	

Summing	up,	we	have	shown	in	vitro	and	in	vivo	evidence	of	the	consequences	that	CD25	blockade	

has	 upon	 Treg	 values,	which	were	 related	 to	 alterations	 in	 the	 proliferation	 and	 survival	 of	 the	

cells.	In	vitro	we	have	shown	that	just	Treg	experience	a	decrease	in	cell	number	and	frequency	in	

the	 presence	 of	 BXM.	 Such	 decrease	 was	 independent	 of	 cell	 death	 and	 seemed	 related	 to	 a	

specific	decrease	in	Treg	proliferation	not	detected	in	other	T-cell	subsets.	Besides	affecting	Treg	

proliferation,	 CD25	 blockade	 resulted	 in	 Treg	 phenotypical	 changes	 such	 as	 decreased	 Foxp3	

expression,	 which	 may	 explain	 the	 cytokine	 secretion	 pattern	 alteration	 shown	 in	 Treg,	

characterised	 by	 the	 reduction	 in	 the	 frequency	 of	 IL-10-secreting	 Treg,	 one	 of	 Treg	 main	

suppressor	mechanisms.	Many	of	the	results	obtained	in	vitro	had	their	equivalence	in	the	in	vivo	

context.	Patients	treated	with	BXM	showed	a	CD25	blockade	in	Treg	that	lasted	for	1	month.	Such	

blockade	had	a	negative	impact	over	Foxp3	frequency	and	absolute	counts,	which	never	reached	

baseline	 levels	 after	 transplantation	 and	were	 always	 below	 the	 levels	 shown	 in	 the	 BXM	 non-

treated	 group,	 quite	 remarkable	 during	 the	 first	 months.	 Furthermore,	 Foxp3	 expression	 was	

downregulated	 during	 the	 first	 30	 days,	 highlighting	 that	 BXM	 also	 affected	 Treg	 phenotype	 in	

vivo.	 Interestingly,	 those	 patients	 that	 did	 not	 receive	 BXM	 maintained	 similar	 or	 even	 lower	

amounts	 of	 central,	 effector	 memory	 and	 activated	 CD4+	 and	 CD8+	 T	 cells,	 which	 resulted	 in	

higher	 Treg	 to	 effector	 memory	 T	 cell	 ratios	 compared	 to	 BXM	 treated	 patients.	 These	 results	

suggest	that	BXM	induction	therapy	could	have	serious	detrimental	effects	on	the	Treg-mediated	

mechanism	of	graft	tolerance.	 	
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4.6 EXPLORING	 TREG	 TRANSFER	 AS	 A	 THERAPEUTIC	 STRATEGY	 TO	

PREVENT	REJECTION	IN	HEART-TRANSPLANTED	CHILDREN		

In	 recent	 years,	 the	 adoptive	 transfer	 of	 autologous	 Treg	 cells	 has	 provided	 good	 results	 in	 the	

treatment	of	 type	1	diabetes	 and	graft	 versus	host	disease.	An	 international	 consortium	named	

“The	 ONE	 study”	 is	 also	 currently	 testing	 the	 efficacy	 of	 the	 Treg	 immunotherapy	 to	 prevent	

rejection	 in	 kidney	 and	 liver	 transplantation	 in	 adults.	 However,	 the	 limitations	 in	 number	 and	

quality	of	the	Treg	that	can	be	obtained	from	adult	peripheral	blood,	constitute	strong	drawbacks	

that	are	 limiting	not	only	the	potential	safety	of	the	final	product	obtained	by	this	approach	but	

also	the	efficacy	of	this	therapy.	

At	the	light	of	the	results	obtained	in	the	previous	sections,	is	evident	that	Treg	cells	play	a	crucial	

role	 in	 the	 immune	 homeostasis	 and	 the	 capacity	 of	 natural	 tolerance	 in	 heart-transplanted	

children.	Therefore,	 the	transfer	of	Treg	 in	children	could	be	a	successful	strategy	to	restore	the	

correct	immune	homeostasis	and	to	prevent	rejection.	Nevertheless,	the	limitation	in	the	number	

of	Treg	cells	available	 in	blood	 is	even	more	restrictive	 in	children,	due	to	 the	 limited	volume	of	

blood	that	can	be	extracted	from	these	patients.		By	all	that,	we	decided	to	explore	how	we	could	

develop	a	strategy	to	obtain	an	appropriate	number	of	Treg	cells	from	these	patients	for	its	use	as	

cellular	 therapy.	We	 analysed	 the	 advantages	 and	 disadvantages	 of	 obtaining	 Treg	 from	 adult´s	

peripheral	 blood	 versus	 children	 blood.	 Afterwards,	 we	 explored	whether	 the	 thymus,	 which	 is	

discarded	 in	 the	surgery	of	heart	 transplantation,	could	be	a	potential	 source	of	high	amount	of	

Treg	with	great	suppressive	activity	(156).		

 Treg	cells	in	the	peripheral	blood	from	adults	and	children		

To	 compare	 the	 yield	 and	 the	 phenotype	 of	 Treg	 obtained	 from	 peripheral	 blood	 in	 adults	 and	

children	we	 obtained	 blood	 from	 a	 healthy	 child	 and	 an	 adult.	 Both	 subjects	 did	 not	 have	 any	

immune	related	clinical	manifestations	at	sampling.	We	determined	their	total	blood	volemia	and	

the	 maximum	 blood	 volume	 that	 could	 be	 extracted	 from	 each	 subject	 under	 safe	 limits	 as	

reported	in	clinical	guides	(157,158)(Table	22).		
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Gender	 Age	(years)	 Weight	(kg)	 Blood	volemia	(l)	 Max.	Extraction	(ml)	

Child	 Male	 0.4	 7.5	 0.625	 31.25	
Adult	 Male	 42	 96	 7.6	 760	

	

Table	22. Physical	 characteristics	 of	 patients.	 Blood	 volemia	 calculations	 obtained	 from	 (158).	 Max.	
extraction	refers	to	the	maximum	blood	volume	that	can	be	extracted	from	each	patient	under	
safe	limits.	

	

Afterwards,	we	analysed	the	absolute	counts	and	the	frequency	of	Treg	in	both	individuals	(Figure	

49).	The	child	had	higher	Treg	counts	 (117.02	vs	75.36	Treg	per	µl	of	blood)	and	frequency	than	

the	adult	subject.	

	

Figure	49. Foxp3+	Treg	frequency	gated	over	total	CD4+	T	cells.	One	representative	dot	plot	from	the	child	
and	the	adult	subject	is	shown.	

	

The	maximum	blood	volume	that	can	be	extracted	from	a	patient	under	safe	limits	 is	outlined	in	

table	22.	If	we	multiply	such	volume	by	Treg	numbers	in	peripheral	blood,	we	obtain	that	3.66x106	

and	57.27x106	Treg	would	be	the	maximum	theoretical	amount	of	Treg	that	can	be	extracted	from	

the	child	and	the	adult	subject	respectively.	If	we	consider	that	doses	reported	in	the	literature	for	

Treg	 therapy	 oscillate	 between	 1	 –	 10x106	 Treg/kg,	 such	 theoretical	 Treg	 amounts	 will	 not	 be	

sufficient	for	even	a	single	dose	of	Treg	therapy	in	neither	child	or	adult.	Such	fact	has	motivated	

that	 nowadays	 researchers	 implement	 expansion	 protocols	 in	 order	 to	 increase	 the	 number	 of	

available	Treg.	However,	such	expansion	protocols	have	several	drawbacks,	mainly	concerning	to	

cell	 differentiation,	 senescence	 and	 loss	 of	 Treg	 suppressive	 capacity,	 and	 also	 because	 of	 the	

employment	of	 reagents	 that	will	 render	 the	Treg	 incompatible	with	 their	 clinical	use	as	cellular	

therapy	in	human	patients.	
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 Phenotype	of	peripheral	blood	Treg	from	adults	and	children	

The	 quality	 of	 Treg	 cells	 has	 proved	 to	 be	 quite	 dependent	 on	 the	 phenotype	 of	 the	 cells,	 and	

several	 studies	 consider	 naïve	 Treg	 subset	 (CD45RA+)	 as	 the	 optimal	 phenotype	 to	 be	 used	 in	

therapy	 since	naïve	 Treg	 cells	maintain	 for	 prolonged	 time	 the	 Treg	phenotype	 and	 suppressive	

capacity	in	culture.	For	that	reason,	we	decided	to	analyse	the	phenotype	of	the	child	and	adult´s	

Treg	in	order	to	evaluate	if	they	were	good	candidates	for	expansion.	We	found	that	just	32%	of	

the	Treg	from	the	adult	subject	had	a	naïve	(CD45RA+)	phenotype.	In	contrast	to	the	adult,	most	

of	 the	 Treg	 from	 the	 child	 had	 a	 naïve	 phenotype	 (Figure	 50).	 Therefore,	 peripheral	 Treg	 from	

children	seem	to	be	more	appropriated	for	expansion	and	use	in	therapy.	

	

Figure	50. Foxp3+Treg	phenotype.	Naïve,	Central	Memory	(CM),	Effector	memory	(EM)	and	Effector	memory	
CD45RA+	 (TemRA)	 phenotypes	 gated	 over	 Foxp3+Treg	 are	 represented.	 One	 representative	 dot	
plot	of	a	child	and	an	adult	is	shown.	

	

 Thymocytes	and	thymus-derived	Treg	characterization		

As	we	explained	 in	 the	previous	 section,	 even	 if	 the	 frequency	of	 Treg	 is	 higher	 in	 children	 and	

they	 are	mostly	 naïve	 cells,	 the	 low	blood	 volume	 that	 can	 be	 extracted	 from	a	 child	 limits	 the	

quantity	of	Treg	that	can	be	recovered,	even	after	cell	expansion	ex	vivo.	Therefore,	we	explored	

the	discarded	thymus	of	heart-transplanted	children	as	an	alternative	source	of	Treg.	Thymocytes	

were	 extracted	 from	 thymus	 (n=	 5)	 by	 tissue	 disaggregation	 and	 thymocytes	were	 analysed	 for	

CD4	and	CD8	surface	markers	(Figure	51.a).	As	expected,	thymocytes	presented	high	percentage	

of	double	positive	immature	CD4+CD8+	thymocytes.	In	single	positive	CD4+	T	cells,	an	average	of	

7.17	±	0.96%	(mean	±	SD)	were	Treg	(CD25+Foxp3+;	Figure	51.b)	which	represents	an	average	of	

0.92	 ±	 0.21%	 (mean	 ±	 SD)	 of	 the	 total	 population	 (data	 not	 shown).	 Even	 though	 the	 Treg	

proportion	 in	 total	 thymocytes	 is	 very	 low,	 since	 a	 paediatric	 thymus	 contains	 more	 than	

CD
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30.000x106	 thymocytes,	 it	 could	 be	 possible	 to	 recover	more	 than	 288	 x106	 Treg	 from	 a	 single	

thymus,	which	are	more	Treg	cells	than	the	maximum	available	in	peripheral	blood.	

	

Figure	51. Freshly	isolated	thymocytes	from	thymus	were	labeled	to	detect:	Left		plot:	CD4+	or	CD8+	single	
positive	 cells,	 double	 negative	 (DN:	 CD4–CD8–)	 or	 double	 positive	 (DP:	 CD4+CD8+)	 thymocytes,	
gated	in	viable	cells.		Right	plot:	Treg	(CD4+CD25+Foxp3+)	gated	over	single	positive	CD4+	T	cells.	
Dot	plots	from	a	single	thymus	are	represented.	

	

 Treg	isolation	from	thymocyte	suspension	

After	detecting	a	substantial	presence	of	Treg	cells	within	total	thymocytes,	we	performed	a	single	

step	 CD25+	 selection	 to	 isolate	 Treg	 cells	 (Figure	 52).	 After	 selection,	 we	 obtained	 highly	 pure	

CD25+	 thymocytes	 with	 viability	 >85%	 (Figure	 52).	 Most	 of	 the	 CD25+	 purified	 thymocites	

expressed	Foxp3.	

	

Figure	52. 	CD25+	 positive	 selected	 thymocites	were	 labeled	 to	 detect	 viable	 cells	 and	 selection	 efficacy.	

Viability	of	CD25+	selected	thymocites	is	shown	in	the	dot-plot.	Histograms	show	Foxp3	and	CD25	
expression	gated	over	viable	cells.	Dot	plot	and	histograms	from	one	representative	thymus	out	of	
5	are	shown.	
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Treg	cells	are	a	subpopulation	of	CD4+	T-cells,	for	that	reason	we	first	analysed	the	frequency	of	

CD4+	T	cells	and	found	that	after	isolation	the	single	positive	CD4	T	cells	have	increased	up	to	85%	

in	detriment	of	the	double	positive,	double	negative	and	single	positive	CD8	T	cells	(Figure	53.a).	

We	observed	that	a	vast	majority	of	the	CD4+	T	cells	were	indeed	Foxp3+Treg	cells,	with	a	mean	

purity	of	approximately	80%	in	all	experiments	(Figure	53.b).	

	

Figure	53. CD25+	cells	were	isolated	from	thymocytes	and	labeled	to	follow	their	marker	expression	by	flow	

cytometry.	a)	Single	CD4+,	single	CD8+,	DP	or	DN	frequency	gated	over	viable	thymocytes.	Foxp3	
and	 CD25	 expression	 gated	 over	 single	 CD4+	 T	 cells	 was	 analysed.	 Dot	 plots	 from	 one	
representative	thymus	out	of	5	are	shown.	b)	Mean	of	Foxp3+Treg	frequency	gated	over	CD4+	T	
cell	from	the	5	experiments	performed.	

	

In	 order	 to	 assess	 whether	 these	 purified	 thymic	 Treg	 were	 functional	 cells,	 capable	 of	 being	

suppressive	and	thus	effective	as	cellular	therapy,	our	first	approach	consisted	in	analysing	some	

of	 the	 functional	markers	 that	 characterize	 Treg.	We	 found	 that	most	 of	 thymic	 Treg	 expressed	

CTLA-4	 (Figure	 54.a),	 and	 >18%	 of	 Treg	 expressed	 CD39	 (Figure	 54.b),	 similar	 frequencies	 were	

obtained	in	the	rest	of	the	experiments	(data	not	shown).	

	

Figure	54. Functional	markers	expression	in	thymic	Treg.	Dot	plot	showing	CTLA-4	and	CD39	frequency	gated	
over	Foxp3+Treg.	Dot	plot	from	one	representative	experiment	is	shown.	
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 High	yields	of	Treg	cells	obtained	from	thymus	

Treg	purification	was	performed	in	thymocytes	dissociated	from	a	small	piece	of	thymic	tissue	(1	

gr	approximately).	Therefore,	we	calculated	how	many	Treg	cells	would	be	possible	to	isolate	if	we	

dissociated	the	entire	thymus	(15	–	25	gr	of	tissue).	The	mean	value	of	Treg	that	can	be	purified	

from	an	entire	thymus	was	262x106	(Figure	55),	70	times	the	number	of	Treg	that	could	be	purified	

from	the	peripheral	blood	of	a	paediatric	patient.	

Figure	55. Theoretical	Treg	number	isolated	from	an	entire	thymus.	Mean	is	represented.	

	

 Thymus-derived	Treg	yield	is	age	dependent	

The	importance	of	the	thymic	source	is	based	on	the	high	amount	of	Treg	cells	that	can	be	isolated	

from	an	entire	thymus,	and	thus	the	age-related	thymic	involution	would	be	a	critical	aspect	(159).	

Therefore,	 we	were	 interested	 in	 evaluating	 if	 the	 high	 dispersion	 shown	 in	 figure	 55	 could	 be	

associated	to	age	differences	 in	the	thymus	donors.	As	expected,	thymocyte	recovery	was	highly	

related	to	the	age	of	the	donors,	with	higher	thymocyte	numbers	recovered	when	patients	were	

less	than	1	year	old	(Figure	56.a).	The	theoretical	Treg	counts	showed	that	Treg	recovery	was	also	

dependent	on	the	age	of	the	patient,	with	higher	amount	of	Treg	in	younger	patients	(Figure	56.b).	

0

200

400

600

800

x 
10

6 
ce

lls
Theoretical Treg 

number at isolation



Results	

	116	

	

Figure	56. Thymocytes	 and	 Treg	 correlation	with	 age	 at	 thymectomy.	 a)	 Logarithmic	 regression	 between	
number	 of	 thymocytes	 isolated	 from	 thymus	 (106cells/gram	 of	 thymus)	 and	 Patient´s	 age	 at	
thymectomy	 (years).	 b)	 Logarithmic	 regression	 between	 number	 of	 Tregs	 isolated	 from	 thymus	
(x106	 cells	 from	 entire	 thymus)	 and	 Age	 at	 thymectomy	 (years).	 Each	 symbol	 represents	 an	
individual	donor.	

	

Nevertheless,	even	though	Treg	recovery	from	older	children	(4	and	12	years	old)	might	be	limited,	

minimal	Treg	count	 recovered	 in	our	work	was	50x106	Treg	which	was	 far	higher	 than	Treg	 that	

can	be	isolated	from	peripheral	blood	from	paediatric	patients.	

	

Summing	up,	we	have	shown	that	the	Treg	purified	from	an	adult	and	a	young	child´s	peripheral	

blood	would	be	insufficient	to	develop	a	Treg	therapy	and	thus,	cell	expansion	to	reach	reasonable	

numbers	will	be	necessary.	Adult	Treg	have	low	frequency	of	naïve	Treg,	which	renders	them	not	

suitable	for	expansion.	In	contrast,	Treg	from	children	have	higher	frequency	of	naïve	Treg,	which	

will	keep	their	phenotype	and	function	after	expansion.	However,	due	to	the	low	number	of	Treg	

that	 can	 be	 initially	 purified	 from	 infant	 blood,	 the	 Treg	 number	 could	 still	 be	 insufficient	 after	

expansion,	which	pushed	us	to	explore	other	Treg	sources	such	as	thymic	tissue.	In	fact,	we	have	

shown	that	highly	pure	Treg,	most	of	 them	expressing	 functional	markers	can	be	obtained	 from	

the	 thymus.	 Furthermore,	 the	 amount	 of	 Treg	 obtained	 was	 70	 times	 higher	 compared	 to	

peripheral	blood	and	therefore	the	expansion	step	could	be	avoided.	Hence,	thymic	tissue	seems	a	

promising	source	for	the	development	of	autologous	Treg	therapies	to	prevent	graft	rejection.	
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5 Discussion	

The	immune	process	of	graft	rejection	has	been	the	main	obstacle	for	successful	transplantation,	

and	 the	 development	 of	 immunosuppressors	 allowed	 this	 practice	 to	 become	 reliable	 and	 life-

saving.	However,	 the	 inefficacy	of	 these	treatments	 to	prevent	chronic	 rejection	and	their	effect	

on	 immune	homeostasis	 compromise	 the	 graft	 viability,	 and	 together	with	 adverse	 side-effects,	

this	 leads	 to	 lifetime	 survival	 rates	 generally	 lower	 than	 20	 years.	 Moreover,	 in	 the	 case	 of	

children,	 the	 constant	 administration	 of	 immunosuppressors	 can	 interfere	 with	 the	 normal	

development	of	the	still	immature	immune	system,	compromising	the	long-term	immune	capacity	

of	transplanted	children.	

The	 paediatric	 immune	 system	 has	 been	 extensively	 investigated	 in	 the	 field	 of	 bone	 marrow	

transplantation,	and	to	a	 lower	extent	 in	 liver	and	kidney	transplantation.	However,	very	 little	 is	

known	 about	 the	 immune	 system	 alterations	 associated	 to	 paediatric	 cardiac	 transplantation.	

There	 is	 only	 one	 transversal	 study	 showing	 that	 heart-transplanted	 children	 present	

differentiated	T-cell	populations	hallmarked	by	 low	TCR	diversity	as	a	 result	of	 thymectomy	and	

lymphodepletion,	which	could	be	traduced	in	lesser	ability	to	control	herpes	virus	replication	and	

to	 respond	 to	 vaccinations	 (106).	 However,	 no	 one	 has	 performed	 an	 exhaustive	 immune	

monitoring	 of	 heart-transplanted	 children,	which	 could	 allow	 to	 build	 a	 clear	 picture	 from	early	

immune	 alterations	 immediately	 after	 transplantation	 to	 chronic	 immune	 changes	 after	 several	

years	post-transplant.	Additionally,	in	recent	years	have	been	discovered	cell	populations	that	are	

essential	to	preserve	immune	homeostasis	and	hence	could	be	critical	to	graft	tolerance,	such	as	

Treg	 and	 Breg.	 Therefore,	 is	 necessary	 to	 foster	 the	 immunological	 study	 to	 other	 populations	

besides	 conventional	 T	 cells	 in	 order	 to	 gain	 insight	 on	 those	 alterations	 underlying	

transplantation	that	could	predispose	to	tolerance,	rejection	and	associated	comorbidities.	

The	 immune	 system	 is	 comprised	of	 a	 complex	network	of	 cells,	whose	 interactions	give	 rise	 to	

different	 immune	 responses	 attending	 to	 a	 given	 context.	 Such	 system	 is	 immature	 in	 children,	

thus	 quite	 vulnerable	 to	 alterations	 by	 factors	 such	 as	 initial	 thymectomization,	

immunosuppression	and	chronic	presence	of	alloantigens	as	may	encounter	in	transplantation.	To	

study	such	alterations,	we	have	performed	not	only	an	exhaustive	immune	monitoring	from	pre-

transplantation	 up	 to	 one-year	 post-transplantation,	 but	 also	 a	 transversal	 study	 several	 years	

after	transplantation.	We	analysed	a	wide	variety	of	immune	subsets,	including	the	description	of	

their	phenotypes,	markers	of	functionality	and	the	production	of	cytokines.	This	study	has	allowed	

to	 shed	 some	 light	 on	 the	 immune	 status	of	 heart-transplanted	 children	and	 the	 immunologic	

mechanisms	 that	may	be	altered	or	 impaired,	using	an	approach	allowing	 to	have	an	 integrated	
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vision	of	the	whole	immune	system.	Due	to	the	young	age	of	the	enrolled	patients,	the	access	to	

samples	is	very	limited.	In	order	to	study	the	different	immune	populations	that	may	be	implicated	

in	 the	 dysregulated	 immune	 system,	 we	 have	 designed	 and	 implemented	 cutting-edge	 flow	

cytometry	10-color	panels,	enabling	to	study	more	than	200	immune	variables	employing	a	very	

small	 peripheral	 blood	 volume.	 This	 gives	 the	 opportunity	 to	 extrapolate	 the	 findings	 from	 this	

thesis	into	the	clinical	setting	without	the	necessity	of	performing	invasive	tests.		

In	 this	 thesis,	 we	 have	 described	 that	 heart-transplanted	 children	 have	 profound	 immune	

dysregulation	associated	to	alterations	in	the	immune	homeostasis.	The	deficiency	in	the	thymic	

T-cell	 production,	 the	 constant	 exposition	 to	 alloantigens	 and	 the	 chronic	 administration	 of	

immunosuppression	will	lead	to	lymphopenia,	will	promote	a	pro-inflammatory	environment,	and	

immune	 cells	 will	 acquire	 a	 phenotype	 resembling	 premature	 ageing	 and	 senescence.	 In	 our	

patients,	 the	 immune	 degradation	 lasts	 in	 time	 and	 appears	 as	 a	 crucial	 factor	 behind	

comorbidities	and	the	onset	of	graft	 rejection	 in	heart-transplanted	children.	 In	order	to	unravel	

the	 findings	of	 this	 project,	we	will	 start	 discussing	 the	effect	 of	 thymectomization,	 presence	of	

alloantigens	and	initial	induction	immunosuppression	over	the	immune	system,	revealing	which	is	

the	immune	status	in	this	patients	as	a	consequence	of	the	transplant	procedure.	We	will	further	

debate	how	the	altered	 immune	status	 in	heart-transplanted	children	could	predispose	 to	acute	

rejection	 within	 the	 first-year	 post-transplant.	 Afterwards,	 we	 will	 discuss	 how	 immune	

dysregulation	lasts	in	time,	as	reflected	in	the	immune	status	of	long-term	transplanted	children,	

and	 how	 chronic	 immune	 dysregulation	 could	 be	 associated	 to	 the	 higher	 incidence	 of	 atopic	

diseases	or	to	the	development	of	chronic	rejection.	Finally,	based	in	the	findings	of	this	study,	we	

will	explore	the	advantages	of	a	new	strategy	implementing	Treg	immunotherapy	and	how	it	may	

overcome	the	current	limitations	in	the	field.	

5.1 Immune	dysregulation	in	heart-transplanted	children	

Impact	of	the	thymectomization	and	mechanisms	underlying	the	impairment	of	T-cell	values	

Thymectomy	 performed	 in	 paediatric	 heart	 transplantation	 is	 one	 of	 the	 first	 collateral	

consequences	of	the	procedure.	Interestingly,	it	was	described	by	others	that	the	thymic	tissue	is	

capable	 of	 regenerating	 after	 5	 to	 10	 years	 from	 neonatal	 thymectomy	 in	 corrective	 cardiac	

surgery	(85,89),	albeit	there	is	some	controversy	about	it	(86,160).	The	authors	supporting	thymic	

regeneration	detected	a	restoration	and	functional	differentiation	of	naïve	CD4+	T	cells	and	recent	

thymic	emigrants	(RTE)	(85,89).	However,	in	our	project	we	have	shown	that	transplanted	children	

thymectomized	 at	 early	 age	 have	 lower	 CD4+	 T-cell	 levels	 and	 do	 not	 recover	 their	 thymic	
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function	neither	their	naïve	CD4+	T-cell	subpopulation	after	several	years	post-thymectomy.	This	is	

in	 concordance	with	 other	 studies	 (106),	which	 also	 detected	 decreased	 frequencies	 of	 naïve	 T	

cells	 and	 TRECs	 (a	 thymic	 function	 marker)	 in	 children	 that	 were	 heart-transplanted	 and	

thymectomized	as	neonates.	In	addition,	Ogle	et	al.	could	detect	a	restoration	in	the	frequency	of	

total	 CD4+	 T	 cells	 independent	 of	 thymic	 regeneration	 after	 4.5	 years	 post-transplant,	 and	

hypothesized	that	effective	compensatory	mechanisms,	such	as	homeostatic	proliferation	should	

be	responsible	for	the	T-cell	replenishment.	In	fact,	in	our	work	we	could	detect	increased	CD4+	T-

cell	proliferation	associated	to	low	thymic	output.	Even	though	our	results	show	that	CD4+	T-cell	

numbers	 suffer	 little	 decrease	 during	 the	 first-year	 post-transplant,	 we	 could	 not	 detect	 a	

replenishment	 in	 the	 T-cell	 compartment	 associated	 to	 increased	proliferation	 in	 the	 long	 term,	

which	 probably	 contributed	 to	 the	 CD4+	 T-cell	 deficit	 shown	 in	 our	 patients	 many	 years	 after	

transplant.	Additionally,	 this	compensatory	mechanism	is	not	 innocuous,	and	others	have	shown	

that	 such	 proliferation	 further	 lead	 T	 cells	 into	 a	memory	 phenotype	 (161,162),	which	 could	 be	

partially	responsible	for	the	higher	frequency	of	memory	CD4+	T	cells	shown	in	our	results.		

In	 contrast	 to	 the	 observed	 CD4+	 T-cell	 lymphopenia,	 we	 have	 shown	 that	 CD8+	 T	 cells	 were	

preserved	during	the	first-year	post-transplant	and	did	not	suffer	changes	compared	to	controls	in	

the	 long	 term.	Others	 have	 shown	 that	 CD8+	 T	 cells	 proliferate	more	 rapidly	 than	 CD4+	 T	 cells	

(163),	 which	 could	 be	 traduced	 to	 more	 efficient	 compensatory	 mechanisms	 and	 presumably,	

higher	numbers	of	CM	CD8+	T	cells.	Interestingly,	we	have	shown	that	early	after	transplantation	

the	numbers	of	memory	and	effector	CD8+	T	cells	start	to	increase,	especially	cells	with	a	TemRA	

phenotype,	 which	 constitutes	 the	 most	 frequent	 CD8+	 T-cell	 subpopulation	 many	 years	 after	

transplantation	in	our	cohort	of	patients.	It	has	been	shown	by	others	that	human	CM	CD8+	T	cells	

acquire	CD45RA	expression	 in	 the	presence	of	homeostatic	cytokines	 (164).	Consequently,	 these	

authors	suggested	that	TemRA	CD8+	T	cells	are	generated	from	the	CM	subset	upon	homeostatic	

proliferation,	 which	 could	 explain	 the	 dramatic	 increase	 in	 TemRA	 CD8+	 detected	 in	 our	

thymectomized	 patients.	 Interestingly,	 TemRA	 CD8+	 T	 cells	 are	 more	 resistant	 to	 induced	 cell	

death	and	immunosuppression,	which	could	be	the	reason	why	total	CD8+	T-cell	numbers	may	be	

unaffected	(165)	not	only	during	the	first	year	but	also	in	the	long	term.	However,	the	preserved	

CD8+	 T-cell	 compartment	 with	 effector	 phenotype	 shown	 in	 our	 patients	 may	 have	 negative	

consequences	as	will	be	explained	in	following	sections.	
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Treg	is	the	most	affected	population	within	the	T-cell	compartment	

As	 previously	 mentioned,	 Treg	 are	 a	 crucial	 component	 to	 preserve	 the	 immunological	

homeostasis	(33).	The	higher	frequency	of	effector	CD4+	and	CD8+	T	cells	detected	in	transplanted	

patients	 should	promote	Treg	expansion	 in	order	 to	keep	effector	 cells	under	 control.	However,	

since	Treg	are	also	formed	in	the	thymus	and	are	also	targeted	by	immunosuppression,	they	may	

be	altered	in	transplanted	thymectomized	children	and	their	regulatory	role	on	effector	cells	could	

be	 seriously	 impaired.	 In	 fact,	 we	 have	 shown	 that	 heart-transplanted	 children	 presented	 a	

marked	 Treg	 deficit,	 which	 was	 associated	 to	 a	 lower	 thymic	 function.	 Such	 Treg	 deficit	 was	

detected	early	after	transplant	and	gradually	become	more	accentuated,	being	highly	remarkable	

several	years	after	transplant.	Furthermore,	even	though	we	showed	that	there	was	an	increased	

peripheral	homeostatic	Treg	proliferation	associated	to	the	 lower	thymic	Treg	production,	 it	was	

insufficient	 to	 replenish	 the	 Treg	 deficit	 and	 may	 further	 differentiate	 Treg	 into	 a	 memory	

phenotype.	Treg	deficit	and	differentiation	may	have	serious	consequences	not	only	over	immune	

homeostasis,	but	also	over	immune	tolerance	and	the	development	of	comorbidities	which	will	be	

addressed	in	following	sections.	

Treg	was	the	most	affected	subset	in	terms	of	frequency	and	number	compared	to	total	CD4+	and	

CD8+	 T-cell	 populations	 in	 our	 cohort	 of	 heart-transplanted	 children.	 Such	 difference	 became	

apparent	 after	 the	 first-months	 post-transplant	 and	 could	 also	 be	 detected	 many	 years	 after	

transplantation.	 The	 answer	 to	 such	 higher	 decrease	 may	 reside	 within	 the	 differentiation	

phenotypes.	We	have	shown	that	the	absolute	numbers	of	TemRA	and	CM	CD4+	and	CD8+	T	cells	

in	 transplanted	patients	 increased	early	 after	 transplant	and	were	higher	or	at	 least	 identical	 to	

those	in	non-transplanted	children	many	years	after	transplantation,	thus	contributing	to	maintain	

the	 total	 CD4+	 and	 CD8+	 T-cell	 pool.	 In	 contrast,	 TemRA	 Treg	were	 undetectable	 and	 CM	 Treg	

slightly	 decreased	 early	 after	 transplantation.	Additionally,	we	have	 shown	 that	 CM	and	 TemRA	

Treg	 numbers	 were	 decreased	 compared	 to	 non-transplanted	 children	 many	 years	 after	

transplantation.	 The	 fact	 that	 such	 Treg	 subsets	 (which	 are	 the	 most	 advanced	 steps	 of	

differentiation)	are	 the	most	affected,	could	reflect	a	problem	 in	 the	survival	of	 these	cells	or	 in	

the	mechanisms	 to	maintain	 this	pool	during	 chronic	 stimulation	 resulting	 from	 the	presence	of	

graft	alloantigens.	One	of	the	mechanisms	implicated	in	the	induction,	survival	and	preservation	of	

the	 Treg	 population	 is	 related	 to	 the	 presence	 of	 appropriate	 levels	 of	 vitamin	 D	 (166-168).	

Interestingly,	others	have	shown	that	vitamin	D	deficiency	 is	prevalent	 in	neonates	and	children	

with	cardiomyopathy	and	congenital	heart	disease	(169-171).	Deficient	vitamin	D	levels	have	also	

been	 detected	 in	 paediatric	 and	 adult	 transplanted	 patients	 in	 a	 number	 of	 studies,	 probably	

related	 to	 lack	 of	 solar	 ultraviolet	 exposure,	 impaired	 renal	 function	 and	 elevated	 TNF-α	 levels	
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(172,173).	 Additionally,	 in	 studies	 in	 which	 transplanted	 patients	 received	 vitamin	 D	

supplementation,	 there	 was	 an	 increase	 in	 total	 numbers	 of	 Treg,	 which	 strengthens	 Treg	 and	

vitamin	D	association	(174,175).	Thus,	a	deficiency	in	vitamin	D	could	be	associated	to	lower	Treg	

levels	as	we		have	already	shown	in	previous	studies	(101).	Further	studies	measuring	vitamin	D	in	

stored	plasma	from	the	patients	included	in	the	present	study	will	be	performed	to	assess	whether	

Treg	deficit	could	be	associated	with	low	vitamin	D	plasma	levels.	

Another	 potential	 factor	 besides	 thymectomization	 that	 could	 alter,	 impair	 or	 reduce	 the	 T-cell	

population,	especially	the	Treg	subpopulation	early	after	transplantation	are	induction	drugs,	such	

as	Basiliximab	and	Thymoglobulin.	These	monoclonal	antibodies	were	originally	designed	to	target	

activated	T	 cells	or	 the	general	T-cell	population	 since	 they	play	a	 crucial	 role	 in	acute	 rejection	

during	 the	 first-year	 post-transplant.	 However,	 Treg,	 which	 are	 essential	 to	 preserve	 intrinsic	

tolerance,	share	markers	with	those	cell	populations	mediating	rejection,	and	they	could	become	

targets	for	the	mentioned	immunosuppressive	drugs.	Therefore,	it	is	crucial	to	define	the	specific	

effects	 of	 these	 drugs	 on	 regulatory	 cells,	 and	 to	 assess	 the	 drug	 balance	 between	 being	

permissive	with	Treg	functionality/survival	and	targeting	effector	cells.	

	Basiliximab	impairs	Treg	immediately	after	transplant	compromising	the	graft	tolerance	

Between	the	 immunosuppressors	employed,	Basiliximab	 (BXM)	targets	specifically	 IL2Ra	 (CD25),	

which	 is	 a	 crucial	 receptor	 for	 the	 survival	 and	 function	 of	 Treg	 cells.	 At	 present,	 there	 is	

controversy	regarding	the	use	of	BXM	as	induction	therapy	(176-179).	BXM	induction	therapy	has	

shown	to	achieve	a	risk	reduction	for	acute	rejection	of	only	1-4%	in	standard	risk	patients	(176)	

and	has	not	shown	an	association	with	reduced	graft	loss	compared	to	non-induction	in	paediatric	

heart	 transplantation	 (180).	However,	 little	 is	known	about	 the	specific	effect	of	 this	drug	 in	 the	

immune	homeostasis	of	paediatric	patients,	and	there	is	no	data	about	the	consequences	of	BXM	

treatment	in	thymectomized	patients,	where	the	capacity	of	production	of	new	Tregs	is	seriously	

compromised.	

We	have	shown	that	a	complete	CD25	blockade	in	Treg	cells	from	paediatric	patients	lasts	for	30-

45	 days.	 This	 time	 window	 matches	 with	 the	 elimination	 of	 Basiliximab	 in	 serum	 reported	 in	

paediatric	patients	 (130)	 and	 findings	 from	other	 groups	 in	 liver	or	 kidney-transplanted	 children	

(130,181).	Even	if	CD25	blockade	lasts	30-45	days,	we	reported	that	BXM-mediated	IL-2	signalling	

deprivation	 caused	 a	 decrease	 in	 Treg	 numbers,	 which	 remained	 for	 at	 least	 4	 months.	 The	

decrease	 in	 the	 number	 of	 Foxp3+Tregs	 was	 also	 corroborated	 by	 our	 in	 vitro	 results.	 This	 is	

contradictory	with	results	provided	in	others	studies	(182-185),	showing	that	frequency	of	Foxp3-

expressing	CD4+	T	cells	remained	unchanged	in	transplanted	patients	treated	with	BXM.	In	these	
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articles,	 authors	analysed	percentages	of	 Foxp3+	 cells	 in	 the	CD4	population,	which	 is	 a	 relative	

frequency	 that	 could	 be	 influenced	 by	 changes	 in	 other	 cell	 subsets	 such	 as	 naïve	 or	 activated	

CD4+	T	cells.	However,	we	analysed	the	absolute	counts	of	Foxp3+	cells	per	µl	of	blood,	which	is	a	

better	 indicator	of	the	real	number	of	cells	available	 in	periphery.	Moreover,	 in	comparison	with	

the	rest	of	studies,	that	were	done	in	kidney	and	liver	transplanted	patients,	our	cohort	of	heart-

transplanted	patients	was	 thymectomized,	and	 the	 regeneration	and	production	of	new	Tregs	 is	

seriously	 compromised	 in	 these	 patients	 as	 shown	 in	 the	 transversal	 study.	 The	 fact	 that	 Treg	

frequency	and	absolute	counts	were	more	affected	by	BXM	than	values	of	total	CD4	and	CD8	cells,	

will	have	a	clear	 impact	on	Treg/Teff	 ratio,	which	has	shown	to	be	critical	 for	 rejection	 freedom	

(71,150).	In	fact,	BXM-treated	patients	showed	lower	Treg/EM	CD4+	and	CD8+T	cells,	notably	in	

the	first	months	after	BXM	treatment,	which	was	clearly	demonstrated	in	our	work	to	be	central	in	

tolerance	maintenance.	Even	if	other	studies	in	liver-transplanted	children	did	not	detect	changes	

in	the	Foxp3+CD4+	T-cell	population	associated	with	BXM,	they	could	detect	a	faster	onset	of	food	

allergies	 in	 the	 BXM-treated	 group,	 highlighting	 a	 possible	 defect	 in	 Treg	 functionality	 resulting	

from	CD25	blockade	(184).	

Another	novelty	of	our	study	is	that	we	tried	to	identify	which	is	the	mechanism	responsible	for	

the	BXM-mediated	Treg	depletion.	Apoptosis	mediated	by	antibody-receptor	 interaction	 is	well	

documented	 to	 be	 the	 primary	 mechanism	 of	 antibody-dependent	 T	 cell	 depletion	 (186).	

However,	Wang	et	 al.	 demonstrated	 that	 in	 the	 presence	 of	 BXM,	 CD4+CD25+	 T	 cells	were	 not	

depleted	 from	 the	 circulating	pool	 through	monoclonal	 antibody	activation-associated	apoptosis	

(182).	We	 also	 discarded	 in	 vitro	 a	 direct	 effect	 of	 BXM	on	 the	 viability	 of	 Tregs.	 However,	 our	

results	 clearly	demonstrated	 that	BXM	treatment	markedly	decreased	 the	proliferation	of	Treg	

cells.	Moreover,	we	observed	a	BXM-mediated	 impairment	of	Treg	proliferation	 in	unstimulated	

and	stimulated	cells,	indicating	a	potential	effect	of	BXM	in	both,	the	homeostatic	proliferation	of	

Treg	 in	a	quiescent	status,	and	also	 in	 the	proliferation	of	Tregs	 in	 response	to	 the	expansion	of	

effectors	 cells	 that	 could	mediate	graft	 rejection.	 In	 contrast	 to	 the	high	 impact	over	Treg,	 total	

CD4+	T-cell	 frequency	and	proliferation	capacity	was	not	affected	 in	vitro	 nor	 in	vivo	 by	BXM,	

suggesting	 that	 BXM	 may	 have	 deeper	 effects	 over	 Treg	 compared	 to	 the	 total	 CD4+	 T-cell	

population,	which	is	the	main	target	of	this	drug.	This	is	probably	related	to	a	higher	demand	of	IL-

2	to	keep	proliferation	by	Treg,	which	will	agree	with	other	studies	where	in	contrast	to	Treg,	non-

Treg	 cells	 have	 been	 shown	 to	 proliferate	 upon	 antigen	 stimulation	 in	 an	 IL-2	 deficient	

environment	(187).		

We	also	observed	in	vitro	and	in	vivo	that	BXM-mediated	IL-2-signalling	deprivation	induces	a	clear	

decrease	in	the	Foxp3	expression	on	Tregs.	This	finding	agrees	with	other	studies	in	the	context	of	
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anti-CD25	 treatment	 of	multiple	 sclerosis	 (188)	 and	 correlates	with	 our	 previous	 studies	where	

altered	 levels	of	CD25	affected	Foxp3	expression	 (189).	The	 level	of	Foxp3	expression	 in	Tregs	 is	

critical	 for	 its	 suppressive	 function,	 given	 that	 experimentally	 induced	 reduction	 in	 Foxp3	

expression	 resulted	 in	 impaired	 suppressor	 function	 (190).	 Therefore,	 the	 BXM-mediated	

downregulation	of	Foxp3	would	have	a	clear	impact	on	the	suppressive	capacity	of	Treg	in	treated	

patients.	In	fact,	a	clear	reduction	in	the	frequency	of	IL-10	producing	Tregs	was	observed.	This	is	

consistent	with	the	necessity	of	IL-2	signalling	to	prime	IL-10	production	in	Treg	(151)	and	it	may	

be	also	related	to	the	Foxp3	downregulation	(152,191).		

Considering	the	controversy	about	the	risk/benefits	of	employing	BXM	induction,	the	little	or	null	

effect	by	decreasing	the	absolute	risk	of	acute	rejection	reported	by	several	authors	(62,63,179),	

and	the	clear	detrimental	effect	on	Treg	corroborated	by	our	 in	vitro	results,	the	employment	of	

BXM	in	transplanted	children	is	clearly	in	doubt.	Moreover,	we	described	that	the	absence	of	BXM	

does	 not	 seem	 to	 induce	 an	 increase	 in	 the	 frequency	 and	 absolute	 numbers	 of	 effector	 or	

activated	 CD4+	 or	 CD8+	 T-cell	 populations,	 which	 could	 potentially	 promote	 graft	 rejection.	

Therefore,	the	removal	of	BXM	induction	therapy	in	heart-transplanted	children	does	not	favour	a	

higher	immune	activation	and	probably	does	not	constitute	a	potential	hazard	for	these	patients.	

The	 employment	 in	 heart-transplanted	 children	 of	 induction	 therapy	 with	 IL-2R	 antagonist	 has	

increased	 in	 the	 last	 years	 (45).	 However,	 considering	 our	 findings,	 the	 costs	 of	 Basiliximab	

treatment,	and	limited	capacity	of	cell	regeneration	in	thymectomized	patients,	we	conclude	that	

routine	 administration	 of	 Basiliximab	 cannot	 be	 justified	 in	 heart-transplanted	 children.	 Our	

conclusions	have	been	transfered	to	the	HGUGM,	where	standard-risk	heart-transplanted	children	

do	not	receive	Basiliximab	induction	any	more.	

T-cell	depletion	and	accelerated	differentiation	after	Thymoglobulin	induction	

After	 evaluating	 the	 risk/benefit	 ratio	 of	 induction	 therapy,	 Basiliximab	 was	 removed	 from	 the	

suppression	 regimen	 of	 standard-risk	 heart-transplanted	 children.	 In	 contrast,	 rabbit	 anti-

thymocyte	 globulin	 (ATG,	 Thymoglobulin)	 is	 still	 the	 first	 choice	 in	 high	 risk	 patients	 since	 it	

decreases	 the	 relative	 risk	 of	 acute	 rejection	 by	 almost	 50%	 compared	 to	 Basiliximab	 induction	

(192).	 However,	 a	 recent	 published	 multivariable	 analysis	 demonstrated	 that	 there	 is	 no	

association	 between	 Thymoglobulin	 and	 lower	 graft	 loss	 compared	 to	 patients	 that	 not	 receive	

induction	therapy	(180).	Additionally,	little	is	known	about	the	effect	of	Thymoglobulin	over	the	T-

cell	 compartment,	 especially	 over	 the	 Treg	 in	 heart-transplanted	 children.	 Therefore,	

Thymoglobulin	impact	over	the	T-cell	population	especially	over	Treg	should	be	analysed	in	order	

to	evaluate	the	risk/benefit	ratio	of	using	this	induction	drug.	
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Thymoglobulin	is	a	polyclonal	antibody	that	depletes	and	inhibits	the	cooperation	between	T	and	

B	cells	 (69,70).	Depletion	of	differentiated	T	cells	has	consequences	over	the	adaptive	 immunity,	

reason	 why	 Thymoglobulin	 can	 prevent	 the	 acute	 rejection	 in	 transplantation.	 However,	 such	

depletion	may	have	critical	consequences	if	the	patient	is	thymectomized.	In	fact,	we	have	shown	

that	 those	patients	 that	undergo	thymectomy	and	Thymoglobulin-induced	T	cell	depletion	will	

be	lymphopenic	for	at	least	4	months	after	transplantation.		

In	 the	 context	 of	 non-thymectomized	 children	 with	 active	 thymic	 function,	 drug-induced	 T-cell	

depletion	 will	 be	 counterbalanced	 by	 increased	 naïve	 T-cell	 thymic	 production	 (193).	 However,	

such	thymic	source	is	inexistent	in	heart-transplanted	thymectomized	children,	and	thus	we	have	

shown	that	the	remaining	residual	T	cells	 in	periphery	will	 fail	 in	 its	attempt	to	restore	the	T-cell	

compartment	 in	 the	 presence	 of	 Thymoglobulin.	 It	 has	 been	 reported	 that	 impaired	 immune-

reconstitution	 after	 ATG	 induction	 may	 last	 for	 more	 than	 1	 year,	 thus	 increasing	 the	 risk	 of	

opportunistic	infections-associated	mortality	(194).	Furthermore,	we	detected	that	Treg,	CD4+	and	

CD8+	 T	 cells	 presented	 highly	 differentiated	 phenotypes	 once	 they	 started	 to	 recover	 after	

depletion.	 This	 result	 could	 be	 expected	 since	 one	 of	 the	 consequences	 of	 homeostatic	

proliferation	 is	 cellular	 differentiation.	 Even	 if	 the	 T	 cells	 from	ATG-induction	 and	non-induction	

groups	 will	 proliferate	 to	 compensate	 the	 absence	 of	 thymic	 output,	 the	 peripheral	 T-cell	

population	 in	the	ATG	group	will	be	scarce	and	thus	 its	proliferation	will	have	a	clear	and	more	

rapid	impact	on	the	CD4+,	CD8+	T	cell	and	Treg	phenotype.	During	such	process,	we	have	shown	

that	T	cells	acquire	effector-memory	like	phenotypes,	which	constitute	a	limiting	factor	to	achieve	

graft	tolerance.	In	fact,	our	thymectomized	patients	treated	with	ATG	had	lower	Treg	to	effector	

memory	T-cell	 ratio,	which	has	been	associated	to	higher	risk	of	 rejection	by	others	 (71,150).	 In	

conclusion,	 even	 though	 Thymoglobulin	 induces	 T-cell	 depletion	 and	 accelerated	 differentiation	

upon	reconstitution,	this	drug	has	shown	to	improve	survival	in	patients	with	high	risk	of	rejection	

(180,195).	 Therefore,	 patient	 selection	 attending	 to	 their	 risk	 of	 rejection	 is	 necessary	 to	

guarantee	a	good	balance	between	risk/benefits	 in	ATG	induction.	Additionally,	the	possibility	of	

performing	 a	 partial	 thymectomy	 in	 these	 patients	 instead	 of	 total	 thymectomy	 would	 be	

advisable	 to	 enable	 the	 replenishment	 of	 the	 peripheral	 T-cell	 population	 after	 ATG-dependent	

depletion.	

Chronic	antigen	stimulation	may	also	induce	immune	changes	in	transplantation	

Even	though	we	have	demonstrated	that	thymectomy	and	immunosuppression	induce	changes	in	

the	 T-cell	 compartment,	 the	 persistent	 exposure	 to	 graft	 antigens	 will	 also	 promote	 a	 pro-

inflammatory	status	and	will	further	modify	the	T-cell	population.	In	fact,	we	could	detect	higher	

levels	of	pro-inflammatory	cytokines	in	plasma	in	transplanted	patients,	which	may	be	associated	
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to	 the	 higher	 frequency	 of	 T-cell	 secreting	 pro-inflammatory	 cytokines	 in	 these	 patients.	

Additionally,	 the	 increase	 in	 EM	 T	 cells	 early	 after	 transplant	 and	 preserved	 after	 several	 years	

post-transplant	 in	 our	 patients	 cannot	 be	 justified	 by	 homeostatic	 proliferation	 and	 thus	 may	

probably	reflect	the	chronic	antigenic	stimulation	resulting	from	the	persistent	allograft	presence.	

In	fact,	others	have	already	suggested	that	such	association	between	effector	cells	and	the	chronic	

presence	of	alloantigens	may	exist	in	the	context	of	adult	transplantation	(196-198).	However,	this	

is	the	first	time	that	besides	higher	T-cell	differentiation,	a	pro-inflammatory	T-cell	profile	that	may	

be	associated	to	chronic	exposure	to	alloantigens	is	described	in	paediatric	transplantation.	

5.2 Immunological	status	during	the	first-year	post-transplant	

All	 the	 immunological	 alterations	 resulting	 from	 thymectomization,	 immunosuppression	and	 the	

presence	of	alloantigens	discussed	 in	 the	prior	 chapter	will	have	profound	consequences	on	 the	

immune	 system,	 notably	 in	 the	months	 following	 the	 transplantation	 procedure.	 The	 first	 years	

post-transplant	 are	 critical,	 due	 to	 the	 risk	of	 acute	 rejection	 and	 graft	 failure,	 and	 the	 immune	

dysregulation	in	this	period	may	be	determinant	in	the	onset	of	these	alterations	and	the	survival	

of	the	patient.		

We	 have	 shown	 that	 TemRA	 T	 cells	 were	 increased,	 specifically	 within	 the	 CD8+	 T-cell	 subset	

during	the	first-year	post-transplant.	Interestingly,	we	described	how	patients	presenting	signs	of	

rejection	 had	 higher	 TemRA	 T	 cells,	mainly	 in	 the	 CD8+	 T-cell	 subset.	 Therefore,	high	 TemRA	 T	

cells,	especially	within	the	CD8+	T-cell	subset	could	be	a	predisposing	factor	of	rejection	during	

the	first-year	post-transplant	in	heart-transplanted	paediatric	patients.	In	fact,	it	has	already	been	

shown	an	association	between	TemRA	CD8+	T	cells	and	higher	risk	of	rejection	during	the	first	six	

months	 post-transplant	 in	 adult	 heart-transplanted	patients	 (197).	 Additionally,	 accumulation	of	

TemRA	CD8+	T	 cells	 in	 stable	 transplanted	patients	and	 increased	 frequency	of	EM	CD8+	T	 cells	

before	 transplantation	 have	 been	 associated	 to	 higher	 risk	 of	 long-term	 graft	 dysfunction	 and	

acute	 rejection	 in	 adult	 patients	 (199,200).	 Furthermore,	 the	 higher	 frequency	 and	 numbers	 of	

effector	and	memory	CD4+	and	CD8+	T	cells	may	be	associated	to	 increased	 frequencies	of	pro-

inflammatory	 and	 Th2	 cytokine-secreting	 T	 cells,	 highlighting	 the	 higher	 capacity	 to	 mount	

stronger	 immune	 responses	 in	 our	 heart-transplanted	 children	 cohort,	 even	 under	

immunosuppressive	therapy.	This	is	in	agreement	with	other	studies,	where	thymectomization	at	

early	childhood	was	associated	to	higher	frequency	of	memory	T	cells	that	resulted	in	higher	IFN-γ	

and	TNF-α	CD4+	T-cell	secretion	in	response	to	CMV-antigen	(160).		
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We	also	observed	that	patients	presented	a	gradual	and	marked	decrease	in	Treg	to	EM	CD4	and	

CD8+	T	cell	ratio	during	the	first-year	post-transplant,	which	persisted	in	the	long	term,	notably	in	

the	 case	of	patients	 treated	with	BXM.	 Interestingly,	 low	Treg	numbers	were	associated	 to	high	

levels	of	CD4+	and	CD8+	effector	memory	T	cells	and	may	reflect	the	incapacity	of	Treg	to	prevent	

effector	T-cell	expansion,	adding	then	an	additional	potential	explanation	to	the	increased	levels	of	

effector	 cells	 in	 these	patients.	Changes	observed	 in	 the	 ratio	between	Treg	cells	and	effector	T	

cells	are	of	big	relevance,	because	it	has	been	described	that	the	Treg/Teff	ratio	is	a	critical	factor	

to	prevent	alloresponses	and	acute	 rejection	 (71,150).	 In	addition	 to	 the	decreased	Treg	counts,	

the	low	naïve	Treg	thymic	replenishment,	ongoing	peripheral	proliferation	and	response	towards	

effector	 T	 cells	 probably	 skewed	 Treg	 towards	 a	 more	 differentiated	 phenotype.	 The	 Treg	

differentiation	 into	a	memory	phenotype	shown	in	our	patients	could	 induce	 instability	and	may	

be	 responsible	 for	 altered	 cytokine	 patterns	 as	 suggested	 by	 others	 (201).	 In	 line	 with	 it,	 we	

observed	an	 increase	 in	Treg	 secreting	pro-inflammatory	 cytokines	 such	as	 IL-17	 in	 transplanted	

patients,	showing	the	potential	switch	from	Treg	to	a	Th17-like	phenotype	that	may	promote	an	

even	more	 inflammatory	environment.	Additionally,	 these	patients	had	high	 IL-1ß	plasma	 levels,	

which	 has	 been	 shown	 to	 further	 destabilise	 Treg	 function	 and	 to	 induce	 IL-17	 production	 by	

memory	Treg	(201),	which	may	dampen	the	Treg	protective	role.		

To	 sum	 up,	 along	 the	 first-year	 post-transplant,	 heart-transplanted	 children	 have	 a	 profound	

immune	dysregulation,	 characterised	notably	by	 a	marked	Treg	deficit.	 Consequently,	 effector	 T	

cells	 outnumber	 Treg	 cells,	 which	 may	 jeopardize	 the	 preservation	 of	 the	 immune	 tolerance,	

increasing	 the	 risk	 of	 rejection.	 Additionally,	 the	 administration	 of	 induction	 drugs	 such	 as	

Basiliximab	and	Thymoglobulin	further	impair	and	deplete	the	Treg	compartment,	aggravating	the	

Treg:	effector	T-imbalance	and	thus,	the	rejection-prone	scenario.		

If	one	translates	all	the	in	vitro	results	to	a	physiological	context,	we	can	assume	that	if	an	immune	

response	 is	 initiated	 against	 an	 alloantigen	 in	 these	 patients,	 Treg	 proliferation	 levels	 will	 not	

match	 the	proliferation	of	CD4+	and	CD8+	T	cells,	 leading	 then	 to	an	 imbalance	 in	 the	Treg/Teff	

ratio,	 crucial	 for	 tolerance	 maintenance.	 This	 scenario	 is	 especially	 relevant	 in	 BXM-treated	

patients,	 where	 BXM	 demonstrated	 a	 higher	 suppressor	 effect	 upon	 Treg	 proliferation	 under	

activation	conditions,	which	will	render	the	immune	system	with	a	lower	level	of	Treg	sentinels	to	

neutralize	 the	 T-cell	 effector	 proliferation.	 Because	 these	 patients	 were	 thymectomized,	 the	

replenishment	of	 the	Treg	pool	will	be	deficient,	and	these	patients	will	be	unable	to	restore	an	

adequate	 Treg/Teff	 ratio,	 compromising	 its	 overall	 suppressive	 function	 in	 the	 period	 with	 the	

higher	incidence	of	acute	graft	rejection	(45).		
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5.3 Long-term	immunological	status	in	heart-transplanted	children	

The	dysregulation	in	the	T-cell	population	observed	in	the	initial	period	post-transplant	persists	in	

the	long	term.	Additionally,	it	could	be	reflected	in	other	immune	subsets,	and	may	predispose	to	

the	development	of	transplant-associated	comorbidities,	such	as	atopic	diseases.	Interestingly,	the	

immune	dysregulation	was	more	exacerbated	in	patients	that	have	had	rejection	episodes	in	the	

past,	which	again	highlighted	the	relevance	of	preserving	a	correct	homeostasis.	

B-cell	subsets	in	heart-transplanted	paediatric	patients		

B	cells	are	responsible	of	antibody	production	and	are	the	main	mediators	of	humoral	 rejection,	

but	 its	 actions	 require	 the	 participation	 of	 T	 cells	 for	 isotype	 switch	 and	 activation.	 Despite	we	

could	not	detect	relevant	changes	in	B-cell	number	and	frequency	in	our	cohort	of	patients,	other	

groups	 have	 shown	 decreased	 total	 B-cell	 counts	 after	 adult	 kidney	 transplantation,	 probably	

related	to	 immunosuppression	 (198).	Additionally,	Van	der	Berg	et	al.	described	the	presence	of	

more	 differentiated	 circulating	 B	 cells	 in	 transplanted	 patients,	 which	 agrees	 with	 the	 higher	

number	and	frequency	of	memory	B	cells	and	increased	levels	of	plasmablasts	that	we	detected	in	

our	 heart-transplanted	 children	 cohort.	 It	 has	 already	 been	 shown	 by	 others	 that	 early	

thymectomy	does	not	have	an	 impact	on	B-cell	 number,	 frequency	and	phenotype	 (202),	which	

excludes	 that	 the	 changes	 detected	 in	 our	 transplanted	 cohort	 could	 be	 attributed	 to	 lack	 of	

thymic	 function.	Consequently,	 B-cell	 differentiation	may	be	 related	 to	 immunosuppression,	 the	

chronic	exposure	 to	alloantigens	or	dysregulation	of	other	 immune	subsets.	Some	B-cell	 subsets	

that	 have	 regulatory	 capacities	 have	 been	 associated	with	 a	 better	 graft	 survival;	 however,	 the	

evidence	 of	 an	 active	 role	 for	 these	 regulatory	 B	 cells	 on	 transplantation	 is	 scarce.	 BregII	 levels	

comparable	 to	 healthy	 controls	 have	 been	 associated	 to	 operational	 tolerance	 in	 adult	 kidney	

transplantation	 (203).	 In	 our	 work,	 surprisingly	 we	 detected	 even	 higher	 levels	 of	 BregII	 in	

transplanted	children	compared	to	controls.	However,	it	has	been	recently	shown	that	the	ratio	of	

TNF-α/IL-10	cytokines	 secreted	by	 these	cells	 is	what	 really	determines	Breg	 features	 (204),	 and	

thus	further	studies	measuring	the	production	of	these	cytokines	by	B	cells	are	required	to	obtain	

definitive	conclusions	about	 the	Breg	 role	 in	 these	patients.	 In	 the	other	hand,	we	detected	 low	

levels	 of	 BregI	 in	 transplanted	 patients.	 Interestingly,	 impairment	 of	 these	 cells	 is	 associated	 to	

allergy	as	shown	by	others	(205),	and	therefore	could	be	associated	to	the	high	incidence	of	atopy	

observed	in	our	cohort.	

NK	and	dendritic	cells	in	heart-transplanted	paediatric	patients		

NK	 cells	 can	 either	 play	 a	 crucial	 role	 in	 promoting	 tolerance	 via	 DC	 depletion	 thus	 avoiding	

alloespecific	T-cell	activation,	but	also	may	promote	rejection	through	perforin-dependent	killing	
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of	allograft	cells	due	to	missing-self	MHC	(206).	In	accordance	with	our	results,	others	have	shown	

increased	 NK	 cell	 levels	 in	 heart-transplanted	 adults	 (207).	 Additionally,	 its	 believed	 that	 the	

thymus	 may	 negatively	 regulate	 NK	 activity	 (208),	 which	 could	 explain	 that	 NK	 numbers	 were	

increased	in	early	thymectomized	children.		

The	 immune	response	 leading	to	graft	rejection	 is	a	complex	network	of	 interactions	where	APC	

and	T	 cell	dialogue	plays	an	 important	 role,	which	motivated	 the	 study	of	DCs.	We	 found	 lower	

plasmacytoid	 and	 higher	 myeloid	 dendritic	 cells	 levels	 in	 the	 patients,	 which	 may	 result	

advantageous	since	low	mDC/pDC	ratios	are	associated	with	increased	risk	of	rejection	(209).		

Patients	suffering	rejection	episodes,	keep	long-lasting	immune	alterations	

As	 expected,	 we	 detected	 that	 patients	 experiencing	 humoral	 rejection	 had	 very	 low	 B-cell	

frequencies	 and	 counts,	 which	 is	 probably	 related	 to	 the	 administration	 of	 immunosuppressors	

targeting	 B	 cells.	 Even	 though	 several	 years	 have	 passed	 from	 rituximab	 treatment	 in	 humoral	

rejection	patients,	there	are	reported	cases	were	B-cell	 lymphopenia	may	last	more	than	5	years	

after	 a	 single	 rituximab	 dose	 (210).	 Furthermore,	 2	 out	 of	 3	 humoral	 rejection	 patients	 were	

receiving	prednisone	at	sampling,	and	it	is	known	that	glucocorticoids	also	reduce	circulating	B-cell	

numbers	 (74).	 Therefore,	 the	 immunosuppressive	 regimen	 received	 may	 explain	 the	 low	 B-cell	

levels	in	patients	with	humoral	rejection,	but	this	subset	seems	not	to	be	altered	in	patients	with	

symptoms	of	cellular	rejection.	Other	groups	have	reported	no	differences	in	the	B-cell	subsets	of	

patients	 suffering	 acute	 rejection	 compared	 to	 stable	 transplanted	 patients	 (198).	 Therefore,	

larger	groups	should	be	analysed	before	making	any	assumptions	related	to	B	cells	and	rejection.	

The	decrease	 in	CD4/CD8	 ratio	 is	 a	hallmark	of	 chronic	 stimulation,	 and	 it	 has	been	 shown	 that	

patients	 with	 low	 CD4/CD8	 ratio	 have	 increased	 rejection	 rate	 (211).	 Therefore,	 it	 was	 not	

surprising	 to	 find	 decreased	 CD4/CD8	 ratio	 in	 our	 patients	 that	 have	 already	 had	 signs	 of	

rejection.	Even	though	we	detected	 little	decrease	 in	CD4+	T-cell	numbers	compared	to	CD8+	T-

cell	numbers	during	the	first-year	post-transplantation,	such	difference	become	more	accentuated	

in	 the	 long	 term	 and	 therefore	 CD4/CD8	 ratio	 could	 constitute	 a	 predisposing	 rejection	 factor.	

Furthermore,	we	detected	increased	frequency	of	TemRA	T	cells	in	the	rejection	group,	this	is	in	

concordance	with	other	studies	where	increased	frequencies	of	TemRA	and	effector	T	cells	were	

detected	 in	 heart	 and	 liver-transplanted	 adult	 patients	 that	 have	 suffered	 cellular	 and	 humoral	

rejection	 (212,213).	 Interestingly,	 others	 have	 shown	 reduced	 long-term	 survival	 and	 higher	

incidence	of	 late	 rejection	 in	heart-transplanted	children	that	had	their	 first	episode	of	 rejection	

during	the	first	year	post-transplant	(3,214).	Therefore,	one	possible	interpretation	could	be	that	

the	increase	of	TemRA	T	cells	after	the	first	episode	of	rejection	could	predispose	to	a	subsequent	
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rejection	episode	due	to	the	 low	activation	threshold	and	high	resistance	to	 immunosuppression	

of	these	cells.	In	line	with	this	hypothesis,	others	have	shown	that	transplanted	patients	with	large	

numbers	of	TemRA	CD4+	and	CD8+	T	cells	have	worse	post-transplantation	outcomes	and	reduced	

1-year	survival		(213).		

Additionally,	we	detected	high	 levels	of	pro-inflammatory	cytokines	 in	plasma	from	transplanted	

patients,	 and	 some	 have	 been	 related	 to	 endothelial	 dysfunction	 and	 cardiac	 allograft	

vasculopathy	 (CAV)	 in	 the	 long	 term	 (215,216).	 Furthermore,	 it	 has	 been	 shown	 that	 acute	

rejection	 episodes	 also	 increase	 the	 inflammatory	 burden	 predisposing	 to	 CAV	 (217),	 which	

highlights	that	long-term	and	exacerbated	dysfunction	may	lead	to	chronic	rejection	that	currently	

does	not	have	treatment	and	accounts	for	24%	of	total	deaths	after	10	years	post-transplant	(3).	

Therefore,	monitoring	markers	from	pre-transplantation	that	may	predispose	to	rejection	such	as	

pro-inflammatory	markers,	TemRA	T	cells,	Treg/effector	T	cell	and	CD4/CD8	T	cell	ratio	may	help	

to	optimize	clinical	 follow-up	and	immunosuppressive	regimen,	thus	 leading	to	 improved	patient	

outcomes.	

Th1/Th2	imbalance	and	Treg	impairment	in	patients	with	atopic	disease	

In	this	study,	we	have	shown	that	heart	transplantation	at	early	age	(≤	1	year)	was	associated	to	

the	development	of	dermatitis	and/or	cheilitis	(atopic	diseases,	AD)	in	male	children,	as	described	

by	others	(90,93).	There	have	been	many	attempts	to	understand	the	association	between	AD	and	

heart	 transplantation,	and	 it	 is	 likely	 to	be	multifactorial.	 In	this	 regard,	early	 thymectomy	has	a	

profound	impact	over	the	paediatric	immune	system	and	there	is	higher	incidence	of	allergies	and	

eczema	 in	 children	 thymectomized	within	 their	 first	 year	 of	 life	 but	 curiously	 not	 at	 older	 ages	

(86,87,218).	 This	 is	 in	 concordance	with	 the	higher	 incidence	of	 autoimmune	and	 	AD	 shown	 in	

children	 with	 thymic	 hypoplasia	 secondary	 to	 partial	 Di	 George	 Syndrome	 (219,220).	 All	 this,	

highlights	the	impact	of	thymectomization	at	early	age,	since	this	is	the	period	of	the	life	when	the	

thymus	preserves	most	of	its	functionality	and	generates	the	whole	pool	of	T	cells.	Thus,	the	early	

age	at	thymectomy	could	be	a	crucial	factor	for	AD	development.	The	risk	of	developing	AD	may	

also	vary	depending	on	the	immunosuppression	regimen.	In	fact,	AD	has	increased	in	transplanted	

patients	during	the	last	20	years	due	to	the	new	immunosuppresors	era.	To	date,	administration	of	

tacrolimus	 has	 been	 associated	with	 the	 development	 of	 allergies	 and	 increased	 Th2	 responses	

(99,221-223),	and	there	are	cases	of	severe	AD	resolution	after	tacrolimus	withdrawal	(97).	In	our	

study,	 all	 patients	 received	 tacrolimus	 and	 the	 drug	 blood	 levels	 were	 similar	 between	 both	

groups,	 therefore	 we	 discarded	 tacrolimus	 over-immunosuppression	 as	 aetiology	 for	 AD	

appearance.		
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Surprisingly,	even	if	development	of	AD	could	be	a	consequence	of	higher	immune	dysregulation,	

none	of	the	patients	affected	by	AD	showed	signs	of	rejection	in	our	study.	The	relation	between	

AD	and	the	absence	of	rejecton	could	have	two	possible	 interpretations.	Firstly,	mean	age	of	AD	

patients	 at	 transplantation	 was	 lower	 than	 in	 patients	 not	 affected	 by	 AD,	 and	 it	 has	 been	

described	an	association	between	younger	age	at	transplantation	and	lower	risk	of	rejection	(224).	

Secondly,	 predominance	 of	 Th2	 phenotype,	 which	 we	 observed	 in	 the	 AD	 patients	 and	 is	 also	

present	 in	 allergic	 patients,	 could	 be	 associated	with	 immunologic	 quiescence	 and	 lower	 risk	 of	

rejection.	 Others	 have	 shown	 that	 Th2	 responses	 are	 predominant	 in	 non-rejecting	 patients,	

additionally,	 a	 predominant	 Th2	 phenotype	 is	 accompanied	 by	 decreased	 Th1	 responses.	 In	

contrast,	Th1	responses	are	associated	to	 increased	risk	of	 rejection	 in	paediatric	 liver	and	adult	

kidney	 transplantation	 (225,226).	Moreover,	 there	 are	 evidences	 indicating	 that	 high	 eosinophil	

counts	are	associated	to	freedom	from	rejection	in	heart	paediatric	recipients	(109).	In	our	study,	

we	described	higher	eosinophil	frequency	and	counts	in	AD	heart-transplanted	children,	that	were	

directly	 correlated	 to	 the	 frequency	 of	 IL-4-secreting	 CD4+	 T	 cell	 (Th2	 cells).	 Therefore,	

development	 of	 atopy	 related	 to	 immunosuppression	 and	 early	 thymus	 removal	 might	 be	

associated	 to	 the	development	of	 a	Th2	phenotype,	 leading	 to	Th1/Th2	 imbalance	 that	 could	 in	

turn	be	associated	to	lower	rejection	incidence.		

In	 order	 to	 unravel	 some	 of	 the	 questions	 surrounding	 AD	 in	 heart-transplanted	 children,	 we	

focused	 on	 the	 immune	 mechanisms	 underlying	 the	 disease.	 We	 detected	 alterations	 when	

comparing	 the	 frequencies	 and	 absolute	 numbers	 of	 the	 phenotypes	 of	 different	 immune	

populations	between	AD	and	non-AD	patients	in	total	blood.	AD	patients	presented	higher	central	

memory	CD4+	and	CD8+	T-populations,	which	could	reflect	a	general	systemic	immune	activation	

which	 has	 been	 associated	 with	 the	 non-cutaneous	 atopic	 manifestations	 (108,227).	 We	 also	

observed	a	higher	expansion	of	plasmablasts	that	have	also	been	described	in	adult	patients	with	

AD	 (146).	 In	 contrast	 to	 adult	 AD	 patients,	 we	 detected	 higher	 numbers	 of	 Br1	 cells	 in	 AD	

transplanted	children.	Br1	is	a	subset	of	plasmablasts	capable	of	secreting	IgG4	and	are	suggested	

to	 have	 an	 immunomodulatory	 role	 due	 to	 the	 anti-inflammatory	 function	 of	 IgG4	 (228).	 Such	

increase	of	Br1	observed	in	our	work	could	be	a	failed	attempt	of	the	immune	system	to	modulate	

the	AD	response.	Thus,	 it	would	be	of	great	 interest	 to	quantify	plasmatic	 IgG4	values	 in	 further	

studies.	

Eiwegger	 et	 al,	 showed	 that	 Th1	 responses	 are	 deprived	 in	 allergic	 transplanted	 patients.	 This	

author	 hypothesized	 that	 was	 the	 failure	 to	 control	 allergen-specific	 Th2	 responses	 what	

suppressed	Th1	responses	(229).	Regarding	our	results,	the	lack	of	association	between	Treg	and	

IL-4	and	IFN-y-secreting	CD4+	T	cells	could	be	a	determining	factor	for	the	failure	to	control	Th1	
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and	Th2	responses.	This	may	lead	to	a	higher	frequency	of	IL-4-secreting	CD4+	T	cells	and	hence	

the	 Th1/Th2	 imbalance	 related	 to	 the	 ongoing	 AD	 disease	 in	 heart-transplanted	 children.	 Such	

negative	 correlation	 between	 Treg	 and	 cytokine-secreting	 subsets	 is	 preserved	 in	 non-AD	

transplanted	children,	which	means	that	Th2	cells	are	sensible	to	Treg	levels	in	these	patients	and	

therefore	would	be	able	to	control	Th1/Th2	balance.	At	the	light	of	our	results,	such	ratios	could	

constitute	predictive	markers	for	AD	onset	in	the	follow-up	of	these	patients.	One	of	the	reasons	

that	could	lead	to	the	loss	of	regulatory	function	and	hence	Th1/Th2	imbalance	is	Treg	exhaustion	

(48,	 49),	 which	 would	 be	 in	 concordance	 with	 the	 more	 differentiated	 phenotype	 that	 we	

observed	in	Tregs	form	AD	patients.	Treg	exhaustion	could	result	from	the	combination	of	ongoing	

homeostatic	 proliferation	 to	 compensate	 the	 thymectomy-induced	 lymphopenia,	 lack	 of	 naïve	

Treg	cell	renewal	and	chronic	activation	due	to	AD	and	alloantigens	presence.	Therefore,	further	

experiments	analysing	exhaustion	markers	 should	be	done	 in	order	 to	 verify	whether	Treg	have	

lost	 their	 regulatory	 capacity	 and	 hence	 determine	 if	 immune	 dysregulation	 is	 related	 to	 Treg	

exhaustion.	

	

Summing	 up,	 interventions	 derived	 from	 the	 heart	 transplantation	 procedure	 (thymectomy,	

administration	of	immunosuppressive	drugs)	induce	a	marked	dysregulation	in	the	immunological	

status	 of	 transplanted	 children.	 In	 the	 case	 of	 CD4+	 T	 cell	 and	 Treg,	 the	 low	 thymic	 output	 is	

partially	 responsible	 for	 the	 low	 cell	 numbers	 detected.	 Even	 though	 transplanted	 patients	 are	

under	maintenance	immunosuppression,	compensatory	mechanisms	as	peripheral	CD4+	T-cell	and	

Treg	proliferation	are	still	ongoing	 in	a	failed	attemp	to	preserve	the	peripheral	T-cell	pool.	Such	

chronic	homeostatic	proliferation,	together	with	the	presence	of	alloantigens	will	contribute	to	the	

ageing	of	the	immune	system	and	will	promote	a	pro-inflammatory	environment.	This	may	lead	to	

higher	 incidence	 of:	 i)	 autoimmune	 diseases	 including	 inflammatory	 bowel	 disease,	 immune	

cytopenias,	chronic	bullous	disease	and	autoimmune	hepatitis	 (90,91),	 ii)	atopic	diseases	such	as	

atopic	dermatitis	(90,93)	iii)	multiple	food	allergies,	asthma	and	allergic	rhinitis	(221,230)	iv)	post-

transplant	lymphoproliferative	disorders	(231)	and	rejection	in	transplanted	children.	

5.4 Thymus-derived	Treg	cells	as	a	promising	source	for	cell	therapy	

Current	 immunosuppression	 is	 not	 capable	 of	 preventing	 the	 development	 of	 chronic	 graft	

rejection,	 and	 there	 is	 still	 20%	 of	 acute	 rejection	 during	 the	 first	 years	 post-transplant,	

highlighting	 the	 necessity	 of	 new	 therapeutic	 strategies.	 The	 current	 challenge	 following	

transplantation	 is	 to	 induce	 immunological	 tolerance	 by	 “re-educating”	 the	 host’s	 immune	
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response,	 which	 will	 permit	 allograft	 acceptance	 without	 the	 need	 for	 pharmacological	

immunosuppression	and	abolishing	drug-toxicity.	

As	 reported	 in	 the	 introduction,	 animal	 models	 have	 shown	 the	 promising	 effectiveness	 of	 a	

therapy	 with	 autologous	 Tregs	 to	 prevent	 rejection	 (113,114).	 Concretely	 in	 cardiac	

transplantation,	Tsang	et	al.	demonstrated	that	ex	vivo	expanded	Tregs	were	able	of	 inducing	the	

indefinite	graft	survival	in	a	model	of	heart	transplant	(115).	The	current	source	for	Treg	isolation	

in	 Treg-derived	 therapy	 is	 the	 peripheral	 blood,	 which	 has	 already	 shown	 promising	 results	 in	

controlling	 graft	 versus	 host	 disease	 (GvHD),	 type	 1	 diabetes	 and	 transplanted	 kidney	

inflammation	(116,117,119,120).	However,	the	current	strategies	for	the	use	of	blood-derived	Treg	

cells	in	solid	organ	transplantation	present	several	drawbacks.	The	numbers	of	Treg	isolated	from	

such	 source	 are	 low	 and	 characteristics	 such	 as	 unstable	 functionality,	 low	 survival	 and	 low	

suppressive	function	after	expansion	may	compromise	their	use	in	Treg-related	immune	therapy.	

Two	years	ago,	Dijke	et	al	demonstrated	that	high	numbers	of	Treg	with	stable	Foxp3	expression	

could	 be	 isolated	 from	 discarded	 thymus	 during	 paediatric	 cardiac	 surgery	 (156).	 These	 cells	

presented	 mainly	 a	 naïve	 phenotype,	 could	 be	 purified	 using	 CD25	 positive	 selection	 without	

Tconv	CD25+	contamination	(there	are	no	activated	CD25+	expressing	T	cells	within	the	thymus),	

they	could	be	expanded	in	vitro	and	their	expansion	was	not	detrimental	to	Foxp3	expression	and	

Treg	 suppressive	 function.	 Additionally,	 these	 cells	 preserved	 their	 stability	 and	 function	 even	

under	 inflammatory	 conditions	 and	 were	 able	 to	 delay	 GvHD	 and	 thus	 increase	 survival	 in	 a	

xenoGVHD	 murine	 model.	 Thus,	 thymus	 routinely	 discarded	 during	 paediatric	 cardiac	 surgery	

seemed	a	promising	Treg	source.	Therefore,	taking	 into	account	that	the	current	source	for	Treg	

isolation	 is	 peripheral	 blood,	 we	 hypothethised	 that	 thymic	 tissue	 will	 be	 a	 better	 Treg	 source	

compared	to	peripheral	blood	due	to	the	great	number	of	naive	and	functional	Treg	cells	that	can	

be	purified	from	it.	

After	 comparing	 the	 different	 sources,	 we	 have	 shown	 proof	 of	 concept	 that	 thymic	 tissue	

constitutes	an	attractive	Treg	source	for	cellular	 immunotherapy.	Thymic	tissue	allows	to	obtain	

massive	 amounts	 of	 highly	 pure	 and	 viable	 Treg	with	 great	 expression	 of	 functional	 markers.	

Therefore,	the	high	availability	of	Treg	derived	from	thymic	tissue	could	overcome	the	drawbacks	

of	employing	Treg	from	peripheral	blood.	In	conclusion,	thymus-derived	Treg	(thyTreg)	constitutes	

a	 potential	 therapeutic	 arsenal	 to	 prevent	 graft	 rejection	 in	 solid	 organ	 transplantation.	 The	

adoptive	 transfer	 of	 autologous	 thyTreg	 in	 heart-transplanted	 children	 could	 replenish	 the	 Treg	

subset	in	these	patients,	restoring	the	correct	immune	homeostasis	and	preventing	the	acute	and	

chronic	rejection	and	other	comorbidities.	
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Thesis	Limitations	

In	this	thesis,	we	have	contributed	to	foster	the	knowledge	in	paediatric	transplant	 immunology.	

However,	one	should	bear	in	mind	that	the	performed	studies	have	some	limitations	that	have	to	

be	taken	into	consideration.	Due	to	the	low	sample	size	in	the	transversal	studies,	the	Benhamini	

&	Hochberg	 correction	to	minimize	 the	 false	discovery	rate	could	not	be	applied	to	 the	study	of	

atopic	diseases	and	signs	of	rejection	in	heart-transplanted	children.	Which	means	that	cannot	be	

discarded	that	a	fraction	of	the	associations	shown	in	these	sections	could	be	the	result	of	mere	

chance	due	to	the	high	number	of	variables	studied.	

In	 the	 study	were	 transplanted	patients	with	 signs	of	 rejection	were	compared	 to	 rejection	 free	

patients,	 these	patients	already	have	had	the	rejection	episode	 in	the	past,	 therefore	we	cannot	

discard	 that	 the	 differences	 shown	 could	 be	 the	 result	 of	 rejection	 itself	 and	 not	markers	 that	

could	 be	 predisposing	 to	 rejection.	 However,	 the	 samples	 were	 obtained	many	 years	 after	 the	

rejection	 episode	 and	 therefore	 the	 immune	 changes	 observed	 would	 not	 be	 the	 immediate	

consequence	of	immune	inflammation	associated	to	an	isolated	rejection	response.	

Regarding	 the	 follow-up	 study,	 although	 the	 results	 of	 this	 study	 constitute	 an	 important	

contribution	to	the	better	knowledge	of	the	immune	responses	in	transplanted	children,	and	could	

be	of	 relevance	 to	 improve	 the	design	of	 immunosuppressive	 regimen,	our	 follow-up	 study	had	

some	 limitations.	 First,	 because	 the	 number	 of	 paediatric	 heart	 transplantations	 performed	

worldwide	 is	 very	 low,	 the	 number	 of	 available	 patients	was	 rather	 small	 to	 really	 determine	 a	

meaningful	outcome.	In	addition,	the	number	of	heart	transplant	patients	receiving	ATG	and	BXM	

treatment	was	also	low.	In	the	BXM	study	there	were	significant	differences	in	the	age	and	gender	

between	 BXM-treated	 and	 BXM-untreated	 groups.	 Due	 to	 the	 higher	 risk	 of	 acute	 rejection	 in	

older	 patients,	 induction	 therapy	 is	 preferentially	 administered	 to	 the	 oldest	 patients,	 and	 it	 is	

responsible	for	the	age	difference	between	the	two	cohorts	of	patients.	The	 limitations	 in	the	 in	

vivo	study	were	balanced	by	our	in	vitro	results,	which	are	more	solid	and	would	allow	to	further	

confirm	the	findings	regarding	BXM	effect	on	Tregs.	In	the	case	of	ATG	study,	this	induction	is	also	

administered	 to	 high	 risk	 patients	 (patients	 with	 supportive	 ventilation,	 record	 of	 allospecific	

antibodies	 etc).	 Therefore,	 even	 though	 the	 immunosuppressive	 regimen	 in	 ATG-induction	 and	

non-induction	 group	 solely	 differs	 in	 the	 induction	 treatment,	 both	 groups	 of	 patients	 will	 be	

different	due	to	the	higher	risk	of	rejection	in	the	ATG	group.	
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6 Conclusions	

1. Heart-transplanted	children	presented	a	CD4+	T	cell	and	Treg	deficit	associated	to	low	thymic	

function	and	 immunosuppression.	Treg	deficit	was	associated	 to	higher	 values	of	effector	T	

cells,	leading	to	a	gradual	decrease	in	Treg/Teffector	cell	ratio,	which	could	be	predisposing	to	

graft	rejection	within	the	first	year	post-transplantation.	

2. Employment	of	Basiliximab	as	induction	therapy	in	heart-transplanted	children	blocked	CD25	

in	Treg	for	at	least	30-45	days,	but	the	impairment	of	Treg	counts	and	function	remained	over	

time.	 Transplanted	 children	 receiving	 Thymoglobulin	 induction	 therapy	 remained	

lymphopenic	 for	 at	 least	 4	 months	 after	 transplantation.	 Therefore,	 the	 employment	 of	

induction	therapy	has	an	impact	on	the	T-cell	homeostasis	and	notably	on	the	Treg/Teff	cell	

ratio,	which	has	been	associated	to	higher	risk	of	rejection.	

3. Initial	 T-cell	 dysregulation	 lasts	 in	 time	 and	 also	 affected	 to	 other	 immune	 subsets.	 B	 cells	

presented	higher	differentiation	and	frequency	of	plasmablasts,	which	may	be	associated	to	

increased	risk	of	humoral	rejection.	The	persistent	immune	dysregulation	may	predispose	to	

the	development	of	chronic	rejection	or	another	transplant	associated	comorbidities.	

4. Paediatric	 heart-transplanted	 patients	 which	 have	 had	 signs	 of	 acute	 rejection	 presented	

markers	of	chronic	immune	activation	and	elevated	TemRA	CD4+	and	CD8+	T	cells.	These	cells	

have	 been	 associated	 to	 worse	 post-transplant	 outcomes	 and	 may	 be	 responsible	 for	 the	

higher	risk	of	rejection	and	reduced	survival	detected	in	patients	that	had	rejection	symptoms	

during	the	first-year	post-transplantation.	

5. Heart	 transplantation	 at	 early	 age	was	 associated	 to	 the	 development	 of	 atopic	 dermatitis	

and/or	cheilitis	 (AD),	which	was	restricted	to	male	children.	 Immune	dysregulation	and	Treg	

impairment	 in	 AD	 heart-transplanted	 children	 could	 promote	 a	 Th1/Th2	 imbalance	

characterized	by	the	predominant	presence	of	IL-4-secreting	T	cells	and	eosinophilia.		

6. Thymic	tissue	discarded	in	cardiac	surgeries	allows	to	obtain	massive	amounts	of	highly	pure	

and	viable	thymic	Treg	cells	(thyTreg).	The	adoptive	transfer	of	autologous	thyTreg	in	heart-

transplanted	children	could	replenish	the	Treg	subset	in	these	patients,	restoring	the	correct	

immune	homeostasis	and	preventing	the	graft	rejection	and	other	comorbidities.	



	

	

	 	



References	

	 143	

7 References	

1.	 Bailey	 LL.	 The	 evolution	 of	 infant	 heart	 transplantation.	 J	 Heart	 Lung	 Transplant.	 2009	
Dec;28(12):1241–5.		

2.	 Chinnock	RE,	Bailey	LL.	Heart	transplantation	for	congenital	heart	disease	in	the	first	year	
of	life.	Curr	Cardiol	Rev.	2011	May;7(2):72–84.		

3.	 Rossano	JW,	Dipchand	AI,	Edwards	LB,	Goldfarb	S,	Kucheryavaya	AY,	Levvey	BJ,	et	al.	The	
Registry	 of	 the	 International	 Society	 for	 Heart	 and	 Lung	 Transplantation_	 Nineteenth	
Pediatric	 Heart	 Transplantation	 Report	 –	 2016;	 Focus	 Theme_	 Primary	 Diagnostic	
Indications	for	Transplant.	Journal	of	Heart	and	Lung	Transplantation.	Elsevier;	2016	Aug	
20;:1–44.		

4.	 Camino,	M,	Medrano	M,	Maroto	E,	Greco	R,	Brochet	G.	Trasplante	cardiaco	pediátrico.	In:	
Protocolos	de	la	Sociedad	Española	de	Cardiología	Pediátrica.	2010.	pp.	1–20.		

5.	 Kucera	 F,	 Fenton	 M.	 Cardiac	 transplantation	 in	 children.	 Paediatrics	 and	 Child	 Health.	
Elsevier	Ltd;	2017	Feb	1;27(2):58–63.		

6.	 Voeller	 RK,	 Epstein	DJ,	 Guthrie	 TJ,	 Gandhi	 SK,	 Canter	 CE,	Huddleston	 CB.	 Trends	 in	 the	
indications	and	survival	in	pediatric	heart	transplants:	a	24-year	single-center	experience	
in	307	patients.	The	Annals	of	Thoracic	Surgery.	2012	Sep;94(3):807–15–discussion815–6.		

7.	 Zafar	 F,	 Castleberry	 C,	 Khan	 MS,	 Mehta	 V,	 Bryant	 R,	 Lorts	 A,	 et	 al.	 Pediatric	 heart	
transplant	 waiting	 list	 mortality	 in	 the	 era	 of	 ventricular	 assist	 devices.	 J	 Heart	 Lung	
Transplant.	2015	Jan;34(1):82–8.		

8.	 Iyer	A,	Kumarasinghe	G,	Hicks	M,	Watson	A,	Gao	L,	Doyle	A,	et	al.	Primary	graft	 failure	
after	heart	transplantation.	Journal	of	Transplantation.	Hindawi;	2011;2011(2):175768–9.		

9.	 Abbas	 AK,	 Lichtman	 AHH,	 Pillai	 S.	 Cellular	 and	Molecular	 Immunology.	 Elsevier	 Health	
Sciences;	2014.	1	p.		

10.	 Mandell	GL.	Phagocytic	cells	in	host	defense	against	infections.	J	Med.	1980;11(4):263–6.		

11.	 Fulkerson	PC,	Rothenberg	ME.	Targeting	eosinophils	in	allergy,	inflammation	and	beyond.	
Nat	Rev	Drug	Discov.	2013	Feb;12(2):117–29.		

12.	 Cyster	 JG.	 B	 cell	 follicles	 and	 antigen	 encounters	 of	 the	 third	 kind.	 Nat	 Immunol.	 2010	
Nov;11(11):989–96.		

13.	 Kwun	J,	Manook	M,	Page	E,	Burghuber	C,	Hong	J,	Knechtle	SJ.	Crosstalk	Between	T	and	B	
Cells	 in	 the	 Germinal	 Center	 After	 Transplantation.	 Transplantation.	 Transplantation;	
2017	Apr;101(4):704–12.		

14.	 Nutt	 SL,	Hodgkin	PD,	 Tarlinton	DM,	Corcoran	 LM.	 The	 generation	of	 antibody-secreting	
plasma	cells.	Nature	reviews	Immunology.	2015	Mar;15(3):160–71.		

15.	 Sánchez-Fueyo	A,	Strom	TB.	Immunologic	basis	of	graft	rejection	and	tolerance	following	
transplantation	of	liver	or	other	solid	organs.	Gastroenterology.	2011	Jan;140(1):51–64.		



References	

	144	

16.	 Billingham	 RE.	 The	 passenger	 cell	 concept	 in	 transplantation	 immunology.	 CELLULAR	
IMMUNOLOGY.	1971	Feb;2(1):1–12.		

17.	 Liu	 Z,	 Braunstein	 NS,	 Suciu-Foca	 N.	 T	 cell	 recognition	 of	 allopeptides	 in	 context	 of	
syngeneic	MHC.	The	Journal	of	Immunology.	1992	Jan	1;148(1):35–40.		

18.	 Golding	 H,	 Singer	 A.	 Role	 of	 accessory	 cell	 processing	 and	 presentation	 of	 shed	 H-2	
alloantigens	in	allospecific	cytotoxic	T	lymphocyte	responses.	The	Journal	of	Immunology.	
1984	Aug;133(2):597–605.		

19.	 Marino	J,	Paster	J,	Benichou	G.	Allorecognition	by	T	Lymphocytes	and	Allograft	Rejection.	
Frontiers	in	immunology.	Frontiers;	2016;7(12):582.		

20.	 Benichou	 G,	 Takizawa	 PA,	 Olson	 CA,	 McMillan	 M,	 Sercarz	 EE.	 Donor	 major	
histocompatibility	 complex	 (MHC)	 peptides	 are	 presented	 by	 recipient	MHC	molecules	
during	 graft	 rejection.	 J	 Exp	 Med.	 The	 Rockefeller	 University	 Press;	 1992	 Jan	
1;175(1):305–8.		

21.	 Wood	KJ,	Goto	R.	Mechanisms	of	Rejection:	Current	Perspectives.	Transplantation.	2012	
Jan;93(1):1–10.		

22.	 Bedi	 DS,	 Riella	 LV,	 Tullius	 SG,	 Chandraker	 A.	 Animal	models	 of	 chronic	 allograft	 injury:	
contributions	 and	 limitations	 to	 understanding	 the	 mechanism	 of	 long-term	 graft	
dysfunction.	Transplantation.	2010	Nov	15;90(9):935–44.		

23.	 Ramzy	D,	Rao	V,	Brahm	J,	Miriuka	S,	Delgado	D,	Ross	HJ.	Cardiac	allograft	vasculopathy:	a	
review.	Can	J	Surg.	Canadian	Medical	Association;	2005	Aug;48(4):319–27.		

24.	 Win	TS,	Pettigrew	GJ.	Humoral	autoimmunity	and	 transplant	vasculopathy:	when	allo	 is	
not	enough.	Transplantation.	2010	Jul	27;90(2):113–20.		

25.	 Karahan	GE,	Claas	FHJ,	Heidt	S.	B	Cell	Immunity	in	Solid	Organ	Transplantation.	Frontiers	
in	immunology.	Frontiers;	2016;7(7465):686.		

26.	 Salehi	 S,	 Reed	 EF.	 The	 divergent	 roles	 of	 macrophages	 in	 solid	 organ	 transplantation.	
Current	Opinion	in	Organ	Transplantation.	2015	Aug;20(4):446–53.		

27.	 Fildes	JE,	Bishop	P,	Mitchell	J,	Leonard	CT,	Yonan	N.	422:	Natural	Killer	Cells	Deplete	from	
Peripheral	 Blood	 and	 Increase	 in	 Myocardial	 Tissue	 during	 Acute	 Rejection	 Following	
Heart	 Transplantation.	 The	 Journal	 of	 Heart	 and	 Lung	 Transplantation.	 2008	
Feb;27(2):S212–3.		

28.	 Uehara	 S,	 Chase	 CM,	 Kitchens	WH,	 Rose	 HS,	 Colvin	 RB,	 Russell	 PS,	 et	 al.	 NK	 cells	 can	
trigger	allograft	vasculopathy:	the	role	of	hybrid	resistance	 in	solid	organ	allografts.	The	
Journal	of	Immunology.	2005	Sep	1;175(5):3424–30.		

29.	 Abadja	 F,	 Sarraj	 B,	 Ansari	MJ.	 Significance	 of	 T	 helper	 17	 immunity	 in	 transplantation.	
Current	Opinion	in	Organ	Transplantation.	2012	Feb;17(1):8–14.		

30.	 Scozzi	D,	Ibrahim	M,	Menna	C,	Krupnick	AS,	Kreisel	D,	Gelman	AE.	The	Role	of	Neutrophils	
in	 Transplanted	 Organs.	 American	 journal	 of	 transplantation	 :	 official	 journal	 of	 the	
American	 Society	 of	 Transplantation	 and	 the	 American	 Society	 of	 Transplant	 Surgeons.	
2017	Feb;17(2):328–35.		



References	

	 145	

31.	 Guzman-Genuino	 RM,	 Diener	 KR.	 Regulatory	 B	 Cells	 in	 Pregnancy:	 Lessons	 from	
Autoimmunity,	 Graft	 Tolerance,	 and	 Cancer.	 Frontiers	 in	 immunology.	 Frontiers;	
2017;8(8):172.		

32.	 Wood	KJ,	Bushell	A,	Hester	J.	Regulatory	immune	cells	in	transplantation.	Nature	reviews	
Immunology.	2012	May	25;12(6):417–30.		

33.	 Sakaguchi	S,	Yamaguchi	T,	Nomura	T,	Ono	M.	Regulatory	T	cells	and	 immune	tolerance.	
Cell.	2008	ed.	2008	May	30;133(5):775–87.		

34.	 Hori	 S,	 Nomura	 T,	 Sakaguchi	 S.	 Control	 of	 regulatory	 T	 cell	 development	 by	 the	
transcription	factor	Foxp3.	Science.	2003	Feb	14;299(5609):1057–61.		

35.	 Sakaguchi	 S,	 Sakaguchi	 N,	 Asano	 M,	 Itoh	 M,	 Toda	 M.	 Immunologic	 self-tolerance	
maintained	by	activated	T	cells	expressing	IL-2	receptor	alpha-chains	(CD25).	Breakdown	
of	a	single	mechanism	of	self-tolerance	causes	various	autoimmune	diseases.	The	Journal	
of	Immunology.	1995	Aug	1;155(3):1151–64.		

36.	 Walsh	PT,	Taylor	DK,	Turka	LA.	Tregs	and	transplantation	tolerance.	J	Clin	Invest.	2004	ed.	
2004	Nov;114(10):1398–403.		

37.	 Wood	 KJ,	 Sakaguchi	 S.	 Regulatory	 T	 cells	 in	 transplantation	 tolerance.	 Nature	 reviews	
Immunology.	2003rd	ed.	2003	Mar;3(3):199–210.		

38.	 Dummer	 CD,	 Carpio	 VN,	 Goncalves	 LF,	 Manfro	 RC,	 Veronese	 FV.	 FOXP3+	 regulatory	 T	
cells:	 from	suppression	of	 rejection	 to	 induction	of	 renal	 allograft	 tolerance.	 Transplant	
Immunology.	2011	ed.	2012	Jan;26(1):1–10.		

39.	 Turnquist	HR,	Raimondi	G,	Zahorchak	AF,	Fischer	RT,	Wang	Z,	Thomson	AW.	Rapamycin-
conditioned	dendritic	cells	are	poor	stimulators	of	allogeneic	CD4+	T	cells,	but	enrich	for	
antigen-specific	 Foxp3+	 T	 regulatory	 cells	 and	promote	organ	 transplant	 tolerance.	 The	
Journal	of	Immunology.	2007	ed.	2007	Jun	1;178(11):7018–31.		

40.	 Ma	 Y,	 He	 KM,	 Garcia	 B,	 Min	 W,	 Jevnikar	 A,	 Zhang	 Z-X.	 Adoptive	 transfer	 of	 double	
negative	T	regulatory	cells	induces	B-cell	death	in	vivo	and	alters	rejection	pattern	of	rat-
to-mouse	 heart	 transplantation.	 Xenotransplantation.	 Blackwell	 Publishing	 Ltd;	 2008	
Feb;15(1):56–63.		

41.	 Ohe	 H,	 Waki	 K,	 Yoshitomi	 M,	 Morimoto	 T,	 Nafady-Hego	 H,	 Satoda	 N,	 et	 al.	 Factors	
affecting	operational	tolerance	after	pediatric	living-donor	liver	transplantation:	impact	of	
early	post-transplant	events	and	HLA	match.	Transplant	 international	:	official	 journal	of	
the	 European	 Society	 for	 Organ	 Transplantation.	 Blackwell	 Publishing	 Ltd;	 2012	
Jan;25(1):97–106.		

42.	 Schulz-Juergensen	 S,	 Marischen	 L,	 Wesch	 D,	 Oberg	 HH,	 Fändrich	 F,	 Kabelitz	 D,	 et	 al.	
Markers	of	operational	immune	tolerance	after	pediatric	liver	transplantation	in	patients	
under	immunosuppression.	Pediatr	Transplantation.	2013	Jun;17(4):348–54.		

43.	 Stenard	 F,	 Nguyen	 C,	 Cox	 K,	 Kambham	 N,	 Umetsu	 DT,	 Krams	 SM,	 et	 al.	 Decreases	 in	
circulating	CD4+CD25hiFOXP3+	cells	and	 increases	 in	 intragraft	FOXP3+	cells	accompany	
allograft	rejection	in	pediatric	liver	allograft	recipients.	Pediatr	Transplantation.	Blackwell	
Publishing	Ltd;	2009	Feb;13(1):70–80.		



References	

	146	

44.	 Demirkiran	 A,	 Kok	 A,	 Kwekkeboom	 J,	 Kusters	 JG,	Metselaar	 HJ,	 Tilanus	 HW,	 et	 al.	 Low	
circulating	 regulatory	 T-cell	 levels	 after	 acute	 rejection	 in	 liver	 transplantation.	 Liver	
Transpl.	Wiley	Subscription	Services,	Inc.,	A	Wiley	Company;	2006	Feb;12(2):277–84.		

45.	 Dipchand	AI,	Rossano	JW,	Edwards	LB,	Kucheryavaya	AY,	Benden	C,	Goldfarb	S,	et	al.	The	
Registry	 of	 the	 International	 Society	 for	 Heart	 and	 Lung	 Transplantation:	 Eighteenth	
Official	Pediatric	Heart	Transplantation	Report--2015;	Focus	Theme:	Early	Graft	Failure.	J	
Heart	Lung	Transplant.	2015	Oct;34(10):1233–43.		

46.	 Sakaguchi	S,	Miyara	M,	Costantino	CM,	Hafler	DA.	FOXP3+	regulatory	T	cells	in	the	human	
immune	system.	Nature	reviews	Immunology.	2010	Jul;10(7):490–500.		

47.	 Vignali	 DAA,	 Collison	 LW,	 Workman	 CJ.	 How	 regulatory	 T	 cells	 work.	 Nature	 reviews	
Immunology.	2008	Jul;8(7):523–32.		

48.	 López-Abente	J,	Correa-Rocha	R,	Pion	M.	Functional	Mechanisms	of	Treg	in	the	Context	of	
HIV	 Infection	 and	 the	 Janus	 Face	 of	 Immune	 Suppression.	 Frontiers	 in	 immunology.	
Frontiers;	2016;7(7):192.		

49.	 Yan	Y,	van	der	Putten	K,	Bowen	DG,	Painter	DM,	Kohar	J,	Sharland	AF,	et	al.	Postoperative	
administration	of	donor	B	cells	induces	rat	kidney	allograft	acceptance:	lack	of	association	
with	 Th2	 cytokine	 expression	 in	 long-term	 accepted	 grafts.	 Transplantation.	 2002	 Apr	
15;73(7):1123–30.		

50.	 Bigot	J,	Pilon	C,	Matignon	M,	Grondin	C,	Leibler	C,	Aissat	A,	et	al.	Transcriptomic	Signature	
of	 the	 CD24(hi)	 CD38(hi)	 Transitional	 B	 Cells	 Associated	 With	 an	 Immunoregulatory	
Phenotype	 in	 Renal	 Transplant	 Recipients.	 American	 journal	 of	 transplantation	 :	 official	
journal	 of	 the	 American	 Society	 of	 Transplantation	 and	 the	 American	 Society	 of	
Transplant	Surgeons.	2016	Dec;16(12):3430–42.		

51.	 Nova-Lamperti	E,	Chana	P,	Mobillo	P,	Runglall	M,	Kamra	Y,	McGregor	R,	et	al.	 Increased	
CD40	 Ligation	 and	 Reduced	 BCR	 Signalling	 Leads	 to	 Higher	 IL-10	 Production	 in	 B	 Cells	
From	 Tolerant	 Kidney	 Transplant	 Patients.	 Transplantation.	 Transplantation;	 2017	
Mar;101(3):541–7.		

52.	 Nouël	A,	 Simon	Q,	 Jamin	C,	Pers	 J-O,	Hillion	S.	Regulatory	B	 cells:	 an	exciting	 target	 for	
future	therapeutics	in	transplantation.	Frontiers	in	immunology.	Frontiers;	2014;5:11.		

53.	 López-Abente	 J,	 Prieto-Sanchez	 A,	 Muñoz-Fernandez	 M-Á,	 Correa-Rocha	 R,	 Pion	 M.	
Human	immunodeficiency	virus	type-1	induces	a	regulatory	B	cell-like	phenotype	in	vitro.	
Cell	Mol	Immunol.	2017	Jul	17;160:2145.		

54.	 Floudas	A,	Amu	S,	Fallon	PG.	New	 Insights	 into	 IL-10	Dependent	and	 IL-10	 Independent	
Mechanisms	 of	 Regulatory	 B	 Cell	 Immune	 Suppression.	 Journal	 of	 clinical	 immunology.	
2016	May;36	Suppl	1(S1):25–33.		

55.	 Ray	A,	Wang	L,	Dittel	BN.	IL-10-independent	regulatory	B-cell	subsets	and	mechanisms	of	
action.	International	Immunology.	2015	Oct;27(10):531–6.		

56.	 Yu	G,	Xu	X,	Vu	MD,	Kilpatrick	ED,	Li	XC.	NK	cells	promote	transplant	tolerance	by	killing	
donor	antigen-presenting	cells.	J	Exp	Med.	2006	Aug	7;203(8):1851–8.		

57.	 Garcia	MR,	Ledgerwood	L,	Yang	Y,	Xu	J,	Lal	G,	Burrell	B,	et	al.	Monocytic	suppressive	cells	



References	

	 147	

mediate	cardiovascular	transplantation	tolerance	in	mice.	J	Clin	Invest.	American	Society	
for	Clinical	Investigation;	2010	Jul;120(7):2486–96.		

58.	 Li	H,	Shi	B.	Tolerogenic	dendritic	cells	and	their	applications	 in	transplantation.	Cell	Mol	
Immunol.	Nature	Publishing	Group;	2015	Jan;12(1):24–30.		

59.	 Reinders	MEJ,	de	Fijter	 JW,	Roelofs	H,	Bajema	 IM,	de	Vries	DK,	 Schaapherder	AF,	et	 al.	
Autologous	 bone	 marrow-derived	 mesenchymal	 stromal	 cells	 for	 the	 treatment	 of	
allograft	rejection	after	renal	transplantation:	results	of	a	phase	I	study.	Stem	Cells	Transl	
Med.	AlphaMed	Press;	2013	Feb;2(2):107–11.		

60.	 Watson	CJE,	Dark	 JH.	Organ	transplantation:	historical	perspective	and	current	practice.	
Br	J	Anaesth.	2012	Jan;108	Suppl	1(suppl	1):i29–42.		

61.	 Kirk	 AD.	 Induction	 immunosuppression.	 Transplantation.	 2006	 ed.	 2006	 Sep	
15;82(5):593–602.		

62.	 Webster	 AC,	 Playford	 EG,	 Higgins	 G,	 Chapman	 JR,	 Craig	 JC.	 Interleukin	 2	 receptor	
antagonists	 for	 renal	 transplant	 recipients:	 a	 meta-analysis	 of	 randomized	 trials.	
Transplantation.	2004	ed.	2004	Jan	27;77(2):166–76.		

63.	 Verna	EC,	Farrand	ED,	Elnaggar	AS,	Pichardo	EM,	Balducci	A,	Emond	JC,	et	al.	Basiliximab	
induction	 and	 delayed	 calcineurin	 inhibitor	 initiation	 in	 liver	 transplant	 recipients	 with	
renal	insufficiency.	Transplantation.	2011	ed.	2011	Jun	15;91(11):1254–60.		

64.	 Kahan	BD,	Rajagopalan	PR,	Hall	M.	Reduction	of	the	occurrence	of	acute	cellular	rejection	
among	 renal	 allograft	 recipients	 treated	with	 basiliximab,	 a	 chimeric	 anti-interleukin-2-
receptor	 monoclonal	 antibody.	 United	 States	 Simulect	 Renal	 Study	 Group.	
Transplantation.	1999	ed.	1999	Jan	27;67(2):276–84.		

65.	 Du	J,	Yang	H,	Zhang	D,	Wang	J,	Guo	H,	Peng	B,	et	al.	Structural	basis	for	the	blockage	of	IL-
2	 signaling	 by	 therapeutic	 antibody	 basiliximab.	 J	 Immunol.	 2009	 ed.	 2010	 Feb	
1;184(3):1361–8.		

66.	 Kovarik	 J,	 Wolf	 P,	 Cisterne	 JM,	 Mourad	 G,	 Lebranchu	 Y,	 Lang	 P,	 et	 al.	 Disposition	 of	
basiliximab,	an	 interleukin-2	receptor	monoclonal	antibody,	 in	recipients	of	mismatched	
cadaver	renal	allografts.	Transplantation.	1998	ed.	1997	Dec	27;64(12):1701–5.		

67.	 Sakaguchi	S,	Ono	M,	Setoguchi	R,	Yagi	H,	Hori	S,	Fehervari	Z,	et	al.	Foxp3+	CD25+	CD4+	
natural	 regulatory	 T	 cells	 in	 dominant	 self-tolerance	 and	 autoimmune	 disease.	
Immunological	reviews.	2006	ed.	2006	Aug;212:8–27.		

68.	 Fontenot	JD,	Rasmussen	JP,	Gavin	MA,	Rudensky	AY.	A	function	for	interleukin	2	in	Foxp3-
expressing	regulatory	T	cells.	Nat	Immunol.	2005	ed.	2005	Nov;6(11):1142–51.		

69.	 Zand	 MS,	 Vo	 T,	 Huggins	 J,	 Felgar	 R,	 Liesveld	 J,	 Pellegrin	 T,	 et	 al.	 Polyclonal	 rabbit	
antithymocyte	 globulin	 triggers	 B-cell	 and	 plasma	 cell	 apoptosis	 by	multiple	 pathways.	
Transplantation.	2005	Jun	15;79(11):1507–15.		

70.	 Bamoulid	 J,	 Staeck	 O,	 Crépin	 T,	 Halleck	 F,	 Saas	 P,	 Brakemeier	 S,	 et	 al.	 Anti-thymocyte	
globulins	 in	 kidney	 transplantation:	 focus	 on	 current	 indications	 and	 long-term	
immunological	side	effects.	Nephrol	Dial	Transplant.	2016	Oct	25;:gfw368.		



References	

	148	

71.	 Krystufkova	E,	Sekerkova	A,	Striz	I,	Brabcova	I,	Girmanova	E,	Viklicky	O.	Regulatory	T	cells	
in	 kidney	 transplant	 recipients:	 the	 effect	 of	 induction	 immunosuppression	 therapy.	
Nephrol	Dial	Transplant.	2011	ed.	2012	Jun;27(6):2576–82.		

72.	 Serban	G,	Whittaker	V,	Fan	J,	Liu	Z,	Manga	K,	Khan	M,	et	al.	Significance	of	 immune	cell	
function	 monitoring	 in	 renal	 transplantation	 after	 Thymoglobulin	 induction	 therapy.	
Human	Immunology.	2009	Nov;70(11):882–90.		

73.	 Broady	R,	Yu	 J,	Levings	MK.	ATG-induced	expression	of	FOXP3	 in	human	CD4+	T	cells	 in	
vitro	 is	 associated	 with	 T-cell	 activation	 and	 not	 the	 induction	 of	 FOXP3+	 T	 regulatory	
cells.	Blood.	2009	Dec	3;114(24):5003–6.		

74.	 Coutinho	 AE,	 Chapman	 KE.	 The	 anti-inflammatory	 and	 immunosuppressive	 effects	 of	
glucocorticoids,	recent	developments	and	mechanistic	insights.	Mol	Cell	Endocrinol.	2011	
Mar	15;335(1):2–13.		

75.	 Sbiera	S,	Dexneit	T,	Reichardt	SD,	Michel	KD,	van	den	Brandt	J,	Schmull	S,	et	al.	Influence	
of	short-term	glucocorticoid	therapy	on	regulatory	T	cells	in	vivo.	Meuth	SG,	editor.	PLoS	
ONE.	Public	Library	of	Science;	2011;6(9):e24345.		

76.	 Quéméneur	 L,	 Flacher	 M,	 Gerland	 L-M,	 Ffrench	 M,	 Revillard	 J-P,	 Bonnefoy-Berard	 N.	
Mycophenolic	 acid	 inhibits	 IL-2-dependent	 T	 cell	 proliferation,	 but	 not	 IL-2-dependent	
survival	 and	 sensitization	 to	 apoptosis.	 The	 Journal	 of	 Immunology.	 2002	 Sep	
1;169(5):2747–55.		

77.	 Mehling	A,	Grabbe	S,	Voskort	M,	Schwarz	T,	Luger	TA,	Beissert	S.	Mycophenolate	mofetil	
impairs	 the	 maturation	 and	 function	 of	 murine	 dendritic	 cells.	 The	 Journal	 of	
Immunology.	2000	Sep	1;165(5):2374–81.		

78.	 Reem	 GH.	 Molecular	 mode	 of	 action	 of	 cyclosporin	 and	 FK506	 in	 human	 thymocytes.	
Journal	of	Autoimmunity.	1992	Apr;5	Suppl	A:159–65.		

79.	 Akimova	 T,	 Kamath	 BM,	 Goebel	 JW,	Meyers	 KEC,	 Rand	 EB,	 Hawkins	 A,	 et	 al.	 Differing	
effects	 of	 rapamycin	 or	 calcineurin	 inhibitor	 on	 T-regulatory	 cells	 in	 pediatric	 liver	 and	
kidney	transplant	 recipients.	American	 journal	of	 transplantation	 :	official	 journal	of	 the	
American	 Society	 of	 Transplantation	 and	 the	 American	 Society	 of	 Transplant	 Surgeons.	
Blackwell	Publishing	Inc;	2012	Dec;12(12):3449–61.		

80.	 Bains	I,	Antia	R,	Callard	R,	Yates	AJ.	Quantifying	the	development	of	the	peripheral	naive	
CD4+	 T-cell	 pool	 in	 humans.	 Blood.	 American	 Society	 of	 Hematology;	 2009	 May	
28;113(22):5480–7.		

81.	 Aspinall	 R,	 Andrew	D.	 Thymic	 involution	 in	 aging.	 Journal	 of	 clinical	 immunology.	 2000	
Jul;20(4):250–6.		

82.	 van	den	Broek	T,	Delemarre	EM,	Janssen	WJM,	Nievelstein	RAJ,	Broen	JC,	Tesselaar	K,	et	
al.	Neonatal	thymectomy	reveals	differentiation	and	plasticity	within	human	naive	T	cells.	
J	Clin	Invest.	2016	Mar	1;126(3):1126–36.		

83.	 Kilpatrick	RD,	Rickabaugh	T,	Hultin	LE,	Hultin	P,	Hausner	MA,	Detels	R,	et	al.	Homeostasis	
of	 the	 naive	 CD4+	 T	 cell	 compartment	 during	 aging.	 The	 Journal	 of	 Immunology.	 NIH	
Public	Access;	2008	Feb	1;180(3):1499–507.		



References	

	 149	

84.	 Kimmig	S,	Przybylski	GK,	Schmidt	CA,	Laurisch	K,	Möwes	B,	Radbruch	A,	et	al.	Two	subsets	
of	naive	T	helper	cells	with	distinct	T	cell	receptor	excision	circle	content	in	human	adult	
peripheral	blood.	J	Exp	Med.	The	Rockefeller	University	Press;	2002	Mar	18;195(6):789–
94.		

85.	 van	den	Broek	T,	Delemarre	EM,	Janssen	WJM,	Nievelstein	RAJ,	Broen	JC,	Tesselaar	K,	et	
al.	Neonatal	thymectomy	reveals	differentiation	and	plasticity	within	human	naive	T	cells.	
J	Clin	Invest.	2016	Mar	1;126(3):1126–36.		

86.	 MD	JG,	PhD	SÓM,	PhD	GS,	PhD	SLM,	MD	VL,	PhD	MB,	et	al.	Early	 thymectomy	 leads	to	
premature	 immunologic	 ageing:	 An	 18-year	 follow-up.	 Journal	 of	 Allergy	 and	 Clinical	
Immunology.	American	Academy	of	Allergy,	Asthma	&	Immunology;	2016	Jul	1;:1–14.		

87.	 Prelog	 M,	 Keller	 M,	 Geiger	 R,	 Brandstätter	 A,	 Würzner	 R,	 Schweigmann	 U,	 et	 al.	
Thymectomy	in	early	childhood:	Significant	alterations	of	the	CD4+CD45RA+CD62L+	T	cell	
compartment	in	later	life.	Clinical	Immunology.	Elsevier	Inc;	2009	Feb	1;130(2):123–32.		

88.	 Schadenberg	AWL,	van	den	Broek	T,	Siemelink	MA,	Algra	SO,	de	Jong	PR,	Jansen	NJG,	et	
al.	 Differential	 homeostatic	 dynamics	 of	 human	 regulatory	 T-cell	 subsets	 following	
neonatal	thymectomy.	J	Allergy	Clin	Immunol.	2014	Jan;133(1):277–80.e1–6.		

89.	 van	 Gent	 R,	 Schadenberg	 AWL,	 Otto	 SA,	 Nievelstein	 RAJ,	 Sieswerda	 GT,	 Haas	 F,	 et	 al.	
Long-term	 restoration	 of	 the	 human	 T-cell	 compartment	 after	 thymectomy	 during	
infancy:	a	role	for	thymic	regeneration?	Blood.	2011	Jul	21;118(3):627–34.		

90.	 Mouledoux	 JH,	 Albers	 EL,	 Lu	 Z,	 Saville	 BR,	 Moore	 DJ,	 Dodd	 DA.	 Clinical	 predictors	 of	
autoimmune	 and	 severe	 atopic	 disease	 in	 pediatric	 heart	 transplant	 recipients.	 Pediatr	
Transplantation.	2013	Dec	28;18(2):197–203.		

91.	 Kulikowska	A,	Boslaugh	SE,	Huddleston	CB,	Gandhi	SK,	Gumbiner	C,	Canter	CE.	Infectious,	
Malignant,	and	Autoimmune	Complications	in	Pediatric	Heart	Transplant	Recipients.	The	
Journal	of	Pediatrics.	2008	May;152(5):671–7.		

92.	 Shroff	 P,	Mehta	 RS,	 Chinen	 J,	 Karpen	 SJ,	 Davis	 CM.	 Presentation	 of	 atopic	 disease	 in	 a	
large	 cohort	 of	 pediatric	 liver	 transplant	 recipients.	 Pediatr	 Transplantation.	 Blackwell	
Publishing	Ltd;	2012	Apr	11;16(4):379–84.		

93.	 Niemeier	V,	Passoth	PR,	Krämer	U,	Bauer	J,	Oschmann	P,	Kupfer	J,	et	al.	Manifestation	of	
atopic	 eczema	 in	 children	 after	 heart	 transplantation	 in	 the	 first	 year	 of	 life.	 Pediatr	
Dermatol.	Blackwell	Science	Inc;	2005	Mar;22(2):102–8.		

94.	 Batlles	 Garrido	 J,	 Torres-Borrego	 J,	 Bonillo	 Perales	 A,	 Rubí	 Ruiz	 T,	 González	 Jiménez	 Y,	
Momblán	De	Cabo	J,	et	al.	Prevalence	and	factors	linked	to	atopic	eczema	in	10-	and	11-
year-old	 schoolchildren.	 Isaac	 2	 in	 Almeria,	 Spain.	 Allergol	 Immunopathol	 (Madr).	 2010	
Jul;38(4):174–80.		

95.	 Kim	 BE,	 Leung	 DYM,	 Boguniewicz	 M,	 Howell	 MD.	 Loricrin	 and	 involucrin	 expression	 is	
down-regulated	 by	 Th2	 cytokines	 through	 STAT-6.	 Clinical	 Immunology.	 2008	
Mar;126(3):332–7.		

96.	 Brunner	PM,	Guttman-Yassky	E,	Leung	DYM.	The	immunology	of	atopic	dermatitis	and	its	
reversibility	 with	 broad-spectrum	 and	 targeted	 therapies.	 J	 Allergy	 Clin	 Immunol.	 2017	
Apr;139(4S):S65–S76.		



References	

	150	

97.	 Ponte	 GM,	 Baidal	 DA,	 Romanelli	 P,	 Faradji	 RN,	 Poggioli	 R,	 Cure	 P,	 et	 al.	 Resolution	 of	
severe	atopic	dermatitis	after	tacrolimus	withdrawal.	cell	transplant.	2007;16(1):23–30.		

98.	 Obayashi	N,	Suzuki	M,	Yokokura	T,	Naritaka	N,	Nakano	S,	Ohtsuka	Y,	et	al.	Management	
of	 tacrolimus-associated	 food	 allergy	 after	 liver	 transplantation.	 Pediatr	 Int.	 2015	
Dec;57(6):1205–7.		

99.	 Granot	E,	Yakobovich	E,	Bardenstein	R.	Tacrolimus	 immunosuppression	 -	 an	association	
with	 asymptomatic	 eosinophilia	 and	 elevated	 total	 and	 specific	 IgE	 levels.	 Pediatr	
Transplantation.	Blackwell	Publishing	Ltd;	2006	Sep;10(6):690–3.		

100.	 Zeiser	 R,	 Nguyen	 VH,	 Beilhack	 A,	 Buess	 M,	 Schulz	 S,	 Baker	 J,	 et	 al.	 Inhibition	 of	
CD4+CD25+	regulatory	T-cell	function	by	calcineurin-dependent	interleukin-2	production.	
Blood.	American	Society	of	Hematology;	2006	Jul	1;108(1):390–9.		

101.	 Perezabad	L,	 López-Abente	 J,	Alonso-Lebrero	E,	 Seoane	E,	Pion	M,	Correa-Rocha	R.	The	
establishment	of	cow's	milk	protein	allergy	in	infants	is	related	with	a	deficit	of	regulatory	
T	cells	(Treg)	and	vitamin	D.	Pediatric	research.	2017	May;81(5):722–30.		

102.	 Fuentes-Aparicio	V,	Alonso-Lebrero	E,	Zapatero	L,	Infante	S,	Lorente	R,	Muñoz-Fernández	
MA,	et	al.	Induction	of	Treg	cells	after	oral	immunotherapy	in	hen's	egg-allergic	children.	
Pediatr	Allergy	Immunol.	2014	Feb;25(1):103–6.		

103.	 VERHAGEN	J,	AKDIS	M,	TRAIDLHOFFMANN	C,	SCHMIDGRENDELMEIER	P,	HIJNEN	D,	KNOL	
E,	 et	 al.	 Absence	 of	 T-regulatory	 cell	 expression	 and	 function	 in	 atopic	 dermatitis	 skin.	
Journal	of	Allergy	and	Clinical	Immunology.	2006	Jan;117(1):176–83.		

104.	 San	Segundo	D,	Ruiz	JC,	Fernández-Fresnedo	G,	Izquierdo	M,	Gómez-Alamillo	C,	Cacho	E,	
et	al.	Calcineurin	 inhibitors	affect	circulating	regulatory	T	cells	 in	stable	 renal	 transplant	
recipients.	TPS.	2006	Oct;38(8):2391–3.		

105.	 Mouledoux	 JH,	 Albers	 EL,	 Lu	 Z,	 Saville	 BR,	 Moore	 DJ,	 Dodd	 DA.	 Clinical	 predictors	 of	
autoimmune	 and	 severe	 atopic	 disease	 in	 pediatric	 heart	 transplant	 recipients.	 Pediatr	
Transplantation.	2013	Dec	28;18(2):197–203.		

106.	 Ogle	BM,	West	LJ,	Driscoll	DJ,	Strome	SE,	Razonable	RR,	Paya	CV,	et	al.	Effacing	of	the	T	
cell	compartment	by	cardiac	transplantation	in	infancy.	The	Journal	of	Immunology.	2006	
Feb	1;176(3):1962–7.		

107.	 Roesner	 LM,	Floess	 S,	Witte	T,	Olek	S,	Huehn	 J,	Werfel	 T.	 Foxp3	+regulatory	T	 cells	 are	
expanded	in	severe	atopic	dermatitis	patients.	Allergy.	2015	Aug	26;70(12):1656–60.		

108.	 Czarnowicki	 T,	 Esaki	H,	Gonzalez	 J,	Malajian	D,	 Shemer	A,	Noda	 S,	 et	 al.	 Early	 pediatric	
atopic	 dermatitis	 shows	 only	 a	 cutaneous	 lymphocyte	 antigen	 (CLA)+	 TH2/TH1	 cell	
imbalance,	whereas	 adults	 acquire	CLA+	TH22/TC22	 cell	 subsets.	 Journal	 of	Allergy	 and	
Clinical	Immunology.	2015	Oct;136(4):941–3.		

109.	 Arbon	KS,	Albers	E,	Kemna	M,	Law	S,	Law	Y.	Eosinophil	count,	allergies,	and	rejection	in	
pediatric	heart	transplant	recipients.	Journal	of	Heart	and	Lung	Transplantation.	Elsevier;	
2015	Aug	1;34(8):1103–11.		

110.	 Hutchinson	 JA,	 Riquelme	 P,	 Sawitzki	 B,	 Tomiuk	 S,	Miqueu	 P,	 Zuhayra	M,	 et	 al.	 Cutting	
Edge:	 Immunological	 consequences	 and	 trafficking	 of	 human	 regulatory	 macrophages	



References	

	 151	

administered	 to	 renal	 transplant	 recipients.	 J	 Immunol.	 American	 Association	 of	
Immunologists;	2011	Sep	1;187(5):2072–8.		

111.	 Tan	J,	Wu	W,	Xu	X,	Liao	L,	Zheng	F,	Messinger	S,	et	al.	Induction	therapy	with	autologous	
mesenchymal	 stem	 cells	 in	 living-related	 kidney	 transplants:	 a	 randomized	 controlled	
trial.	JAMA.	American	Medical	Association;	2012	Mar	21;307(11):1169–77.		

112.	 Singer	BD.	Regulatory	T	cells	as	immunotherapy.	2014	Feb	6;:1–10.		

113.	 Riley	JL,	June	CH,	Blazar	BR.	Human	T	regulatory	cell	therapy:	take	a	billion	or	so	and	call	
me	in	the	morning.	Immunity.	2009	May;30(5):656–65.		

114.	 Wu	 DC,	 Hester	 J,	 Nadig	 SN,	 Zhang	W,	 Trzonkowski	 P,	 Gray	 D,	 et	 al.	 Ex	 vivo	 expanded	
human	regulatory	T	cells	 can	prolong	survival	of	a	human	 islet	allograft	 in	a	humanized	
mouse	model.	Transplantation.	2013	Oct	27;96(8):707–16.		

115.	 Tsang	JY-S,	Tanriver	Y,	Jiang	S,	Leung	E,	Ratnasothy	K,	Lombardi	G,	et	al.	Indefinite	mouse	
heart	 allograft	 survival	 in	 recipient	 treated	 with	 CD4(+)CD25(+)	 regulatory	 T	 cells	 with	
indirect	allospecificity	and	short	term	immunosuppression.	Transplant	Immunology.	2009	
Sep;21(4):203–9.		

116.	 Trzonkowski	P,	Bieniaszewska	M,	Juścińska	J,	Dobyszuk	A,	Krzystyniak	A,	Marek	N,	et	al.	
First-in-man	 clinical	 results	 of	 the	 treatment	 of	 patients	 with	 graft	 versus	 host	 disease	
with	human	ex	vivo	expanded	CD4+CD25+CD127-	T	regulatory	cells.	Clin	Immunol.	2009	
Oct;133(1):22–6.		

117.	 Marek-Trzonkowska	N,	Myśliwiec	M,	Dobyszuk	A,	Grabowska	M,	Derkowska	I,	Juścińska	J,	
et	al.	Therapy	of	type	1	diabetes	with	CD4(+)CD25(high)CD127-regulatory	T	cells	prolongs	
survival	 of	 pancreatic	 islets	 -	 results	 of	 one	 year	 follow-up.	 Clin	 Immunol.	 2014	
Jul;153(1):23–30.		

118.	 Brunstein	CG,	Miller	JS,	Cao	Q,	McKenna	DH,	Hippen	KL,	Curtsinger	J,	et	al.	Infusion	of	ex	
vivo	expanded	T	regulatory	cells	 in	adults	transplanted	with	umbilical	cord	blood:	safety	
profile	and	detection	kinetics.	Blood.	2011	Jan	20;117(3):1061–70.		

119.	 Di	 Ianni	M,	Falzetti	F,	Carotti	A,	Terenzi	A,	Castellino	F,	Bonifacio	E,	et	al.	Tregs	prevent	
GVHD	and	promote	immune	reconstitution	in	HLA-haploidentical	transplantation.	Blood.	
American	Society	of	Hematology;	2011	Apr	7;117(14):3921–8.		

120.	 Chandran	S,	Tang	Q,	Sarwal	M,	Laszik	ZG,	Putnam	AL,	Lee	K,	et	al.	Polyclonal	Regulatory	T	
Cell	 Therapy	 for	 Control	 of	 Inflammation	 in	 Kidney	 Transplants.	 American	 journal	 of	
transplantation	 :	 official	 journal	 of	 the	 American	 Society	 of	 Transplantation	 and	 the	
American	Society	of	Transplant	Surgeons.	2017	Jul	4;9:527.		

121.	 Baecher-Allan	 C,	 Brown	 JA,	 Freeman	 GJ,	 Hafler	 DA.	 CD4+CD25high	 regulatory	 cells	 in	
human	peripheral	blood.	The	Journal	of	Immunology.	2001	Aug	1;167(3):1245–53.		

122.	 Liu	W,	 Putnam	 AL,	 Xu-Yu	 Z,	 Szot	 GL,	 Lee	MR,	 Zhu	 S,	 et	 al.	 CD127	 expression	 inversely	
correlates	with	 FoxP3	 and	 suppressive	 function	 of	 human	CD4+	 T	 reg	 cells.	 J	 Exp	Med.	
Rockefeller	University	Press;	2006	Jul	10;203(7):1701–11.		

123.	 Hoffmann	P,	Eder	R,	Boeld	TJ,	Doser	K,	Piseshka	B,	Andreesen	R,	et	al.	Only	the	CD45RA+	
subpopulation	of	CD4+CD25high	T	cells	gives	rise	to	homogeneous	regulatory	T-cell	lines	



References	

	152	

upon	 in	 vitro	 expansion.	 Blood.	 American	 Society	 of	 Hematology;	 2006	 Dec	
15;108(13):4260–7.		

124.	 Patel	P,	Mahmud	D,	Park	Y,	Yoshinaga	K,	Mahmud	N,	Rondelli	D.	Clinical	grade	isolation	of	
regulatory	T	cells	 from	G-CSF	mobilized	peripheral	blood	 improves	with	 initial	depletion	
of	monocytes.	Am	J	Blood	Res.	e-Century	Publishing	Corporation;	2015;5(2):79–85.		

125.	 Hoffmann	P,	Eder	R,	Boeld	TJ,	Doser	K,	Piseshka	B,	Andreesen	R,	et	al.	Only	the	CD45RA+	
subpopulation	of	CD4+CD25high	T	cells	gives	rise	to	homogeneous	regulatory	T-cell	lines	
upon	in	vitro	expansion.	Blood.	2006	Dec	15;108(13):4260–7.		

126.	 Safinia	N,	Vaikunthanathan	T,	Fraser	H,	Thirkell	S,	Lowe	K,	Blackmore	L,	et	al.	Successful	
expansion	 of	 functional	 and	 stable	 regulatory	 T	 cells	 for	 immunotherapy	 in	 liver	
transplantation.	Oncotarget.	Impact	Journals;	2016	Feb	16;7(7):7563–77.		

127.	 Taylor	 PA,	 Lees	 CJ,	 Blazar	 BR.	 The	 infusion	 of	 ex	 vivo	 activated	 and	 expanded	
CD4(+)CD25(+)	immune	regulatory	cells	inhibits	graft-versus-host	disease	lethality.	Blood.	
2002	May	15;99(10):3493–9.		

128.	 Zhang	Z,	Zhang	W,	Guo	J,	Gu	Q,	Zhu	X,	Zhou	X.	Activation	and	Functional	Specialization	of	
Regulatory	 T	 Cells	 Lead	 to	 the	 Generation	 of	 Foxp3	 Instability.	 J	 Immunol.	 American	
Association	of	Immunologists;	2017	Apr	1;198(7):2612–25.		

129.	 Streitz	M,	Miloud	T,	Kapinsky	M,	Reed	MR,	Magari	R,	Geissler	EK,	et	al.	Standardization	of	
whole	blood	 immune	phenotype	monitoring	for	clinical	 trials:	panels	and	methods	from	
the	ONE	study.	Transplantation	Research.	BioMed	Central	Ltd;	2013;2(1):17–1.		

130.	 Nagai	 T,	 Gotoh	 Y,	 Watarai	 Y,	 Tajima	 T,	 Arai	 K,	 Uchida	 K.	 Pharmacokinetics	 and	
pharmacodynamics	 of	 basiliximab	 in	 Japanese	 pediatric	 renal	 transplant	 patients.	
International	 journal	 of	 clinical	 pharmacology	 and	 therapeutics.	 2010	 ed.	 2010	
Mar;48(3):214–23.		

131.	 Game	 DS,	 Hernandez-Fuentes	 MP,	 Lechler	 RI.	 Everolimus	 and	 Basiliximab	 Permit	
Suppression	 by	 Human	 CD4+CD25+	 Cells	 in	 vitro.	 American	 Journal	 of	 Transplantation.	
2005	Feb	11;5(3):454–64.		

132.	 Shedlock	 DJ,	 Talbott	 KT,	Morrow	MP,	 Ferraro	 B,	 Hokey	 DA,	Muthumani	 K,	 et	 al.	 Ki-67	
staining	 for	 determination	 of	 rhesus	 macaque	 T	 cell	 proliferative	 responses	 ex	 vivo.	
Cytometry	A.	Wiley	 Subscription	 Services,	 Inc.,	 A	Wiley	Company;	 2010	Mar;77(3):275–
84.		

133.	 Lumley	T,	Scott	AJ.	Two-sample	rank	tests	under	complex	sampling.	Biometrika.	2013	Nov	
26;100(4):831–42.		

134.	 Bland	 JM,	 Kerry	 SM.	 Statistics	 notes.	 Weighted	 comparison	 of	 means.	 BMJ.	 BMJ	
Publishing	Group;	1998	Jan	10;316(7125):129.		

135.	 Prelog	 M,	 Keller	 M,	 Geiger	 R,	 Brandstätter	 A,	 Würzner	 R,	 Schweigmann	 U,	 et	 al.	
Thymectomy	in	early	childhood:	Significant	alterations	of	the	CD4+CD45RA+CD62L+	T	cell	
compartment	in	later	life.	Clinical	Immunology.	Elsevier	Inc;	2009	Feb	1;130(2):123–32.		

136.	 MD	JG,	PhD	SÓM,	PhD	GS,	PhD	SLM,	MD	VL,	PhD	MB,	et	al.	Early	 thymectomy	 leads	 to	
premature	 immunologic	 ageing:	 An	 18-year	 follow-up.	 Journal	 of	 Allergy	 and	 Clinical	



References	

	 153	

Immunology.	American	Academy	of	Allergy,	Asthma	&	Immunology;	2016	Jul	1;:1–14.		

137.	 van	 den	 Broek	 T.	 Neonatal	 thymectomy	 reveals	 differentiation	 and	 plasticity	 within	
human	naive	T	 cells.	 J	Clin	 Invest.	American	Society	 for	Clinical	 Investigation;	2016	Mar	
1;126(3):1126–36.		

138.	 Dieterlen	M-T,	Mohr	FW,	Reichenspurner	H,	Barten	MJ.	Clinical	value	of	flow	cytometric	
assessment	of	dendritic	cell	subsets	in	peripheral	blood	after	solid	organ	transplantation.	
Cytometry.	2015	Mar	23;87(5):377–9.		

139.	 Hadad	U,	Martinez	O,	Krams	SM.	NK	cells	 after	 transplantation:	 friend	or	 foe.	 Immunol	
Res.	2014	Feb	13;58(2-3):259–67.		

140.	 Poli	A,	Michel	 T,	 Thérésine	M,	Andrès	E,	Hentges	 F,	 Zimmer	 J.	 CD56bright	natural	 killer	
(NK)	 cells:	 an	 important	 NK	 cell	 subset.	 Immunology.	 Blackwell	 Publishing	 Ltd;	 2009	
Apr;126(4):458–65.		

141.	 Van	Acker	HH,	Capsomidis	A,	 Smits	 EL,	Van	Tendeloo	VF.	 CD56	 in	 the	 Immune	System:	
More	Than	a	Marker	for	Cytotoxicity?	Frontiers	in	immunology.	Frontiers;	2017;8:892.		

142.	 Piccioli	 D,	 Tavarini	 S,	 Borgogni	 E,	 Steri	 V,	 Nuti	 S,	 Sammicheli	 C,	 et	 al.	 Functional	
specialization	of	human	circulating	CD16	and	CD1c	myeloid	dendritic-cell	subsets.	Blood.	
American	Society	of	Hematology;	2007	Jun	15;109(12):5371–9.		

143.	 Walsh	PT,	Strom	TB,	Turka	LA.	Routes	to	transplant	tolerance	versus	rejection;	the	role	of	
cytokines.	Immunity.	NIH	Public	Access;	2004	Feb;20(2):121–31.		

144.	 Shroff	 P,	Mehta	 RS,	 Chinen	 J,	 Karpen	 SJ,	 Davis	 CM.	 Presentation	 of	 atopic	 disease	 in	 a	
large	 cohort	 of	 pediatric	 liver	 transplant	 recipients.	 Pediatr	 Transplantation.	 Blackwell	
Publishing	Ltd;	2012	Jun;16(4):379–84.		

145.	 Rossberg	S,	Gerhold	K,	Geske	T,	Zimmermann	K,	Menke	G,	Zaino	M,	et	al.	Elevated	blood	
eosinophils	 in	 early	 infancy	 are	 predictive	 of	 atopic	 dermatitis	 in	 children	with	 risk	 for	
atopy.	Pediatr	Allergy	Immunol.	2016	Nov;27(7):702–8.		

146.	 Czarnowicki	T,	Gonzalez	J,	Bonifacio	KM,	Shemer	A,	Xiangyu	P,	Kunjravia	N,	et	al.	Diverse	
activation	and	differentiation	of	multiple	B-cell	subsets	in	patients	with	atopic	dermatitis	
but	not	in	patients	with	psoriasis.	J	Allergy	Clin	Immunol.	2016	Jan;137(1):118–129.e5.		

147.	 Muraro	 A,	 Lemanske	 RF,	 Hellings	 PW,	 Akdis	 CA,	 Bieber	 T,	 Casale	 TB,	 et	 al.	 Precision	
medicine	 in	 patients	 with	 allergic	 diseases:	 Airway	 diseases	 and	 atopic	 dermatitis-
PRACTALL	document	of	 the	European	Academy	of	Allergy	 and	Clinical	 Immunology	 and	
the	American	Academy	of	Allergy,	Asthma	&	Immunology.	2016.	pp.	1347–58.		

148.	 Ma	 CS,	 Deenick	 EK,	 Batten	 M,	 Tangye	 SG.	 The	 origins,	 function,	 and	 regulation	 of	 T	
follicular	helper	cells.	J	Exp	Med.	Rockefeller	University	Press;	2012	Jul	2;209(7):1241–53.		

149.	 Krystufkova	E,	Sekerkova	A,	Striz	I,	Brabcova	I,	Girmanova	E,	Viklicky	O.	Regulatory	T	cells	
in	 kidney	 transplant	 recipients:	 the	 effect	 of	 induction	 immunosuppression	 therapy.	
Nephrol	Dial	Transplant.	Oxford	University	Press;	2012	Jun;27(6):2576–82.		

150.	 Mirabet	 S,	 Gelpí	 C,	 Roldán	 C,	 Brossa	 V,	 Mendoza	 CA,	 Lopez	 L,	 et	 al.	 Assessment	 of	
immunological	 markers	 as	 mediators	 of	 graft	 vasculopathy	 development	 in	 heart	



References	

	154	

transplantation.	Transplantation	Proceedings.	2011	Jul;43(6):2253–6.		

151.	 la	Rosa	de	M,	Rutz	S,	Dorninger	H,	Scheffold	A.	 Interleukin-2	is	essential	for	CD4+CD25+	
regulatory	T	cell	function.	Eur	J	Immunol.	2004	ed.	2004	Sep;34(9):2480–8.		

152.	 Pion	 M,	 Jaramillo-Ruiz	 D,	 Martinez	 A,	 Munoz-Fernandez	 MA,	 Correa-Rocha	 R.	 HIV	
infection	 of	 human	 regulatory	 T	 cells	 downregulates	 Foxp3	 expression	 by	 increasing	
DNMT3b	 levels	 and	 DNA	 methylation	 in	 the	 FOXP3	 gene.	 AIDS.	 2013	 ed.	 2013	 Aug	
24;27(13):2019–29.		

153.	 Komatsu	N,	Okamoto	K,	Sawa	S,	Nakashima	T,	Oh-hora	M,	Kodama	T,	et	al.	Pathogenic	
conversion	of	Foxp3+	T	cells	 into	TH17	cells	 in	autoimmune	arthritis.	Nat	Med.	2013	ed.	
2014	Jan;20(1):62–8.		

154.	 Read	 S,	Malmström	V,	 Powrie	 F.	 Cytotoxic	 T	 lymphocyte-associated	 antigen	 4	 plays	 an	
essential	 role	 in	 the	 function	 of	 CD25(+)CD4(+)	 regulatory	 cells	 that	 control	 intestinal	
inflammation.	J	Exp	Med.	The	Rockefeller	University	Press;	2000	Jul	17;192(2):295–302.		

155.	 Borsellino	G,	 Kleinewietfeld	M,	 Di	Mitri	 D,	 Sternjak	 A,	 Diamantini	 A,	 Giometto	 R,	 et	 al.	
Expression	of	ectonucleotidase	CD39	by	Foxp3+	Treg	cells:	hydrolysis	of	extracellular	ATP	
and	immune	suppression.	Blood.	2007	Aug	15;110(4):1225–32.		

156.	 Dijke	 IE,	Hoeppli	RE,	Ellis	T,	Pearcey	 J,	Huang	Q,	McMurchy	AN,	et	al.	Discarded	Human	
Thymus	 Is	 a	 Novel	 Source	 of	 Stable	 and	 Long-Lived	 Therapeutic	 Regulatory	 T	 Cells.	
American	Journal	of	Transplantation.	2015	Sep	28;16(1):58–71.		

157.	 Howie	 SRC.	 Blood	 sample	 volumes	 in	 child	 health	 research:	 review	 of	 safe	 limits.	 Bull	
World	Health	Organ.	2011	Jan	1;89(1):46–53.		

158.	 Human	 subject	 protection	 Program	Guidance	 Document.	Maximum	Blood	Draw	 Limits.	
2014	Nov	24;:1–4.		

159.	 Gui	J,	Mustachio	LM,	Su	D-M,	Craig	RW.	Thymus	Size	and	Age-related	Thymic	Involution:	
Early	 Programming,	 Sexual	 Dimorphism,	 Progenitors	 and	 Stroma.	 Aging	 Dis.	 JKL	
International	LLC;	2012	Jun;3(3):280–90.		

160.	 Sauce	D,	Larsen	M,	Fastenackels	S,	Duperrier	A,	Keller	M,	Grubeck-Loebenstein	B,	et	al.	
Evidence	of	premature	immune	aging	in	patients	thymectomized	during	early	childhood.	J	
Clin	Invest.	American	Society	for	Clinical	Investigation;	2009	Oct;119(10):3070–8.		

161.	 Boyman	 O,	 Létourneau	 S,	 Krieg	 C,	 Sprent	 J.	 Homeostatic	 proliferation	 and	 survival	 of	
naïve	and	memory	T	cells.	Eur	J	Immunol.	2009	Jul	27;39(8):2088–94.		

162.	 Gudmundsdottir	H,	Turka	LA.	A	Closer	Look	at	Homeostatic	Proliferation	of	CD4+	T	Cells:	
Costimulatory	Requirements	and	Role	in	Memory	Formation.	The	Journal	of	Immunology.	
American	Association	of	Immunologists;	2001	Oct	1;167(7):3699–707.		

163.	 Surh	 CD,	 Sprent	 J.	 Homeostasis	 of	 naive	 and	 memory	 T	 cells.	 Immunity.	 2008	 Dec	
19;29(6):848–62.		

164.	 Geginat	J,	Lanzavecchia	A,	Sallusto	F.	Proliferation	and	differentiation	potential	of	human	
CD8+	 memory	 T-cell	 subsets	 in	 response	 to	 antigen	 or	 homeostatic	 cytokines.	 Blood.	
American	Society	of	Hematology;	2003	Jun	1;101(11):4260–6.		



References	

	 155	

165.	 Gupta	 S,	 Su	 H,	 Bi	 R,	 Agrawal	 S,	 Gollapudi	 S.	 Life	 and	 death	 of	 lymphocytes:	 a	 role	 in	
immunesenescence.	Immun	Ageing.	BioMed	Central;	2005	Aug	23;2(1):12.		

166.	 Penna	G,	Roncari	A,	Amuchastegui	S,	Daniel	KC,	Berti	E,	Colonna	M,	et	al.	Expression	of	
the	inhibitory	receptor	ILT3	on	dendritic	cells	is	dispensable	for	induction	of	CD4+Foxp3+	
regulatory	T	cells	by	1,25-dihydroxyvitamin	D3.	Blood.	American	Society	of	Hematology;	
2005	Nov	15;106(10):3490–7.		

167.	 Vijayendra	Chary	A,	Hemalatha	R,	Seshacharyulu	M,	Vasudeva	Murali	M,	Jayaprakash	D,	
Dinesh	 Kumar	 B.	 Vitamin	 D	 deficiency	 in	 pregnant	 women	 impairs	 regulatory	 T	 cell	
function.	J	Steroid	Biochem	Mol	Biol.	2015	Mar;147:48–55.		

168.	 Chambers	ES,	Hawrylowicz	CM.	The	impact	of	vitamin	D	on	regulatory	T	cells.	Curr	Allergy	
Asthma	Rep.	Current	Science	Inc;	2011	Feb;11(1):29–36.		

169.	 Maiya	 S,	 Sullivan	 I,	 Allgrove	 J,	 Yates	 R,	 Malone	 M,	 Brain	 C,	 et	 al.	 Hypocalcaemia	 and	
vitamin	D	deficiency:	an	important,	but	preventable,	cause	of	life-threatening	infant	heart	
failure.	Heart.	BMJ	Publishing	Group	Ltd;	2008	May	1;94(5):581–4.		

170.	 McNally	JD,	Menon	K,	Chakraborty	P,	Fisher	L,	Williams	KA,	Al-Dirbashi	OY,	et	al.	 Impact	
of	Anesthesia	and	Surgery	for	Congenital	Heart	Disease	on	the	Vitamin	D	Status	of	Infants	
and	Children.	Anesthesiology.	Anesthesiology;	2013	Jul;119(1):71–80.		

171.	 Graham	 EM,	 Taylor	 SN,	 Zyblewski	 SC,	Wolf	 B,	 Bradley	 SM,	 Hollis	 BW,	 et	 al.	 Vitamin	 D	
Status	 in	 Neonates	 Undergoing	 Cardiac	 Operations:	 Relationship	 to	 Cardiopulmonary	
Bypass	and	Association	with	Outcomes.	The	Journal	of	Pediatrics.	2013	Apr;162(4):823–6.		

172.	 Shroff	R,	Knott	C,	Gullett	A,	Wells	D,	Marks	SD,	Rees	L.	Vitamin	D	deficiency	is	associated	
with	short	stature	and	may	influence	blood	pressure	control	in	paediatric	renal	transplant	
recipients.	Pediatr	Nephrol.	Springer-Verlag;	2011	Dec;26(12):2227–33.		

173.	 Zittermann	 A,	 Schleithoff	 SS,	 Götting	 C,	 Fuchs	 U,	 Kuhn	 J,	 Kleesiek	 K,	 et	 al.	 Calcitriol	
Deficiency	 and	 1-Year	Mortality	 in	 Cardiac	 Transplant	 Recipients.	 Transplantation.	 2009	
Jan;87(1):118–24.		

174.	 Aly	 MG,	 Trojan	 K,	 Weimer	 R,	 Morath	 C,	 Opelz	 G,	 Tohamy	 MA,	 et	 al.	 Low-dose	 oral	
cholecalciferol	 is	 associated	 with	 higher	 numbers	 of	 Helios+	 and	 total	 Tregs	 than	 oral	
calcitriol	 in	 renal	 allograft	 recipients:	 an	 observational	 study.	 BMC	 Pharmacology	 and	
Toxicology.	BioMed	Central;	2016	Jun	14;17(1):2538.		

175.	 Ardalan	MR,	Maljaei	 H,	 Shoja	MM,	 Piri	 AR,	 Khosroshahi	 HT,	 Noshad	 H,	 et	 al.	 Calcitriol	
Started	 in	 the	Donor,	Expands	the	Population	of	CD4+CD25+	T	Cells	 in	Renal	Transplant	
Recipients.	Transplantation	Proceedings.	2007	May;39(4):951–3.		

176.	 Hellemans	 R,	 Bosmans	 JL,	 Abramowicz	 D.	 Induction	 Therapy	 for	 Kidney	 Transplant	
Recipients:	Do	We	Still	Need	Anti-IL2	Receptor	Monoclonal	Antibodies?	American	Journal	
of	Transplantation.	2016	Jul	5;17(1):22–7.		

177.	 Fleming	 JN,	Taber	DJ,	Pilch	NA,	Srinivas	TR,	Chavin	KD.	Yes,	We	Still	Need	 IL-2	Receptor	
Antagonists.	American	journal	of	transplantation	:	official	journal	of	the	American	Society	
of	Transplantation	and	the	American	Society	of	Transplant	Surgeons.	2016	ed.	2016	Jun	
20.		



References	

	156	

178.	 Whitson	 BA,	 Kilic	 A,	 Lehman	 A,	 Wehr	 A,	 Hasan	 A,	 Haas	 G,	 et	 al.	 Impact	 of	 induction	
immunosuppression	on	survival	in	heart	transplant	recipients:	a	contemporary	analysis	of	
agents.	Clin	Transplant.	2014	Dec	12;29(1):9–17.		
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Janus Face of Immune Suppression
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Laboratory of Immunoregulation, “Gregorio Marañón” Health Research Institute (IISGM), Madrid, Spain

Regulatory T cells (Tregs) play an important role in infections, by modulating host 
immune responses and avoiding the overreactive immunity that in the case of human 
immunodeficiency virus (HIV) infection leads to a marked erosion and deregulation of 
the entire immune system. Therefore, the suppressive function of Treg in HIV-infected 
patients is critical because of their implication on preventing the immune hyperactivation, 
even though it could also have a detrimental effect by suppressing HIV-specific immune 
responses. In recent years, several studies have shown that HIV-1 can directly infect 
Treg, disturbing their phenotype and suppressive capacity via different mechanisms. 
These effects include Foxp3 and CD25 downregulation, and the impairment of sup-
pressive capacity. This review describes the functional mechanisms of Treg to modulate 
immune activation during HIV infection, and how such control is no longer fine-tune 
orchestrated once Treg itself get infected. We will review the current knowledge about 
the HIV effects on the Treg cytokine expression, on pathways implying the participation 
of different ectoenzymes (i.e., CD39/CD73 axis), transcription factors (ICER), and lastly 
on cyclic adenosine monophosphate (cAMP), one of the keystones in Treg-suppressive 
function. To define which are the HIV effects upon these regulatory mechanisms is crucial 
not only for the comprehension of immune deregulation in HIV-infected patients but also 
for the correct understanding of the role of Tregs in HIV infection.

Keywords: Treg cells, HIV Infections, regulatory mechanisms, IL-2, immune hyperactivation

INTRODUCTION

Human immunodeficiency virus (HIV) infection is hallmarked by a depletion of CD4+ T-cell pool 
and a persistent immune activation that may lead to a progressive degradation and senescence of 
the immune system (1, 2). Chronic immune activation is considered at present as a better predic-
tor of HIV-1 disease progression than the extent of viral replication (2, 3). Furthermore, activated 
CD4+ T cells constitute the main target of HIV infection and its subsequent active replication (4); 
therefore, the onset of systemic immune activation will be favorable for the HIV spreading and 
viral persistence. One of the keystones responsible for preventing such immune hyperactivation 
and controlling immune cell proliferation are regulatory T cells (Tregs). Tregs are a subset of CD4+ 
T cells characterized by the high surface expression of the high-affinity interleukin 2 receptor alpha 
(CD25 or IL-2-Rα) and the nuclear transcription factor forkhead box P3 (Foxp3) (5–7). In the 
majority of infectious episodes, Tregs get activated and, thus, induced to proliferate in order to 
control overreactive immunity thanks to their suppressive capacity (8). Their suppressive function is 
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achieved by several suppressor mechanisms, including  disruption 
of metabolic pathways (CD39/CD73 axis, cyclic adenosine 
monophosphate (cAMP), and ICER pathways) (9–13), modula-
tion of APC maturation and function (CTLA-4 and PD1/PD-L1-
dependent tolerogenic APC induction) (14–19), production of 
anti-inflammatory cytokines (IL-10, TGF-β, and IL-35) (20–22), 
and induction of apoptosis (via Fas/Fas-ligand pathway, gran-
zyme A/B and perforin, TRAIL, the galectin-9/TIM-3 pathway, 
or galectin-1 production) (23–27). Tregs can suppress immune 
responses and, therefore, limit collateral tissue injury; however, 
their function could be also favorable for pathogen persistence 
by suppressing antigen-specific T-cell responses (28). In fact, it 
is believed that Treg may contribute to inefficient cell-mediated 
immunity on chronic HIV infection since some studies showed 
increased Treg frequencies in such phase (29–31). However, Treg 
may also have beneficial effects by limiting immune activation 
and, hence, restricting potential targets for HIV infection, as 
well as minimizing the pathological effects resulting from HIV-
mediated immune hyperactivation (9). Such beneficial versus 
detrimental effects of Treg in HIV infection have been a subject 
of controversy in recent years (30, 32–35). In addition, the fact 
that Tregs are a subset of CD4+ T cells expressing CXCR4 and 
CCR5 coreceptors makes these cells susceptible of being infected 
by HIV, complicating even more the comprehension of the real 
role of Tregs in HIV infection. Recent findings from our group 
demonstrated that HIV can directly infect Tregs producing a 
marked deregulation on the phenotype and functionality of the 
cells (36, 37), and decreased Treg absolute counts described in 
infected patients (38–40) supports the hypothesis that Treg 
deregulation might be related to the immune hyperactivation 
present in HIV-infected patients.

The aim of this review is to provide a detailed scope of those 
mechanisms and molecules that are crucial for either Treg modu-
lation or functionality but may also play a role in HIV infection 
(CD25, Foxp3, CD39/CD73, cAMP, ICER, and CTLA-4). The 
second part of the review will focus on how HIV direct infection 
of Tregs might jeopardize each of the mechanisms described in 
the first part by suppressing the Treg cornerstone molecules: 
CD25 and Foxp3. Finally, we will discuss how HIV-mediated 
Treg deregulation might contribute to the overall immune-
hyperactivation scene characterizing HIV-infected patients and 
their clinical progression.

Treg IMMUNE-MODULATION AND 
MECHANISMS OF ACTION

CD25/IL-2 Axis, the Master Regulator in 
the Maintenance of Balanced Immune 
Responses
Treg homeostatic role depends on the surface expression of the 
high-affinity interleukin 2 receptor alpha (CD25 or IL-2-Rα) 
and IL-2 uptake (41, 42), thus receiving the name of CD25/IL-2 
axis. The CD25/IL-2 axis is essential for Treg survival, expan-
sion, homeostasis and their suppressive function. Regarding 
the CD25/IL-2 axis role in Treg function, it is assumed that 
activated T cells are the main IL-2 producers; thus, there is a 

negative feedback control of immune activation through IL-2 
availability (37). As soon as the number of IL-2 secreting T 
cells and IL-2 concentration increase, Treg will react via cel-
lular expansion, uptaking the extracellular IL-2 and, thus, 
activating their suppressive function. Both Treg production of 
suppressive cytokines and IL-2 consumption by Treg are pivotal 
mechanisms to prevent an excessive T-cell expansion and to re-
establish the homeostasis of the immune system (43, 44). This 
mechanism guarantees that the relative Treg:T-effector ratio is 
continuously maintained even though the number of CD4+ 
T cells is significantly altered (41, 43). It has been shown that 
the Treg capacity to sense IL-2 is directly responsible for their 
function and IL-2 availability is an important mechanism by 
which Tregs exert their role (44). In humans, IL2RA gene poly-
morphisms affecting CD25 function have been associated with 
multiple sclerosis, type 1 diabetes, juvenile idiopathic arthritis, 
or lymphoproliferative-associated immunodeficiency (43, 45), 
highlighting the dependency of Treg in this receptor to exert 
their function. Furthermore, CD25/IL-2 signaling through 
STAT5 is essential to sustain Forkhead box P3 (Foxp3) expres-
sion on Treg (46, 47), which is a critical factor to keep Treg fate 
and function (6, 48). The CD25/IL-2 axis also plays a critical 
role in cAMP production, being cAMP a crucial regulator of 
immune cells. It has been shown that Treg activation by IL-2 
leads to a significant upregulation in the adenylyl cyclase (AC) 
activity and, hence, to the cAMP cytosolic accumulation (11). 
The high-affinity receptor, CD25, enables the Tregs to uptake 
extracellular IL-2 in advantage compared to other cells (41). IL-2 
removal by Treg will avoid the IL-2-associated downregulation 
of AC isoform 7 (AC7) in conventional T cell and, therefore, the 
reduction of intracellular cAMP levels (11). Favoring low cAMP 
levels in conventional T cells is associated with an increase in 
T  cell proliferation. The role of cAMP in immune response 
modulation will be extensively studied in following paragraphs.

In the context of HIV infection, CD4+ T cells undergo a 
marked activation followed by a status of exhaustion and senes-
cence (49). It would be expected to find an increased production 
of IL-2 due to the extended T-cell activation, which should acti-
vate the Treg response to limit an excessive activation/expansion 
of effector T cells. However, there is evidence that this mechanism 
is not working properly since it is observed that the CD4+ T cell 
pool is permanently activated, becoming finally exhausted (50) 
and the immune activation will persist in HIV-infected patients. 
Moreover, it was already described a reduction in IL-2-producing 
cells in moderate and advanced stages of HIV type-1 infection 
(51). An explanation would be that IL-2 expression is repressed in 
CD4+ T cells during chronic HIV infection due to the increased 
methylation of IL-2 promoter observed in infected patients (52). 
In addition to its role in the Treg/effector balance, IL-2 has proven 
to inhibit HIV-1 replication in cell lines by the induction of 
APOBEC3G (53). Moreover, the therapy with recombinant IL-2 
has been tested in HIV-infected patients with the goal of both to 
recover the CD4+ T cell counts and to mobilize the reservoir of 
latent virus activating the latently infected CD4+ T cells (54–56). 
However, despite a sustained increase of the CD4+ T cells count, 
these clinical trials involving recombinant IL-2 plus antiretrovi-
ral therapy (ART) did not show any clinical benefit (57). This 
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highlights that there are many factors involved and the modifica-
tion of IL-2 is not enough to control the fate of the disease.

All that points out the relevance of a deregulation in the CD25/
IL-2 axis as one of the mechanisms related to the immune imbal-
ance and subsequent hyperactivation found in HIV-infected 
patients.

Foxp3, a Determinant Factor of Treg 
Identity and Functionality
Foxp3 is a crucial transcription factor determining Treg identity, 
development, and maintenance (6, 48). Expression of Foxp3 can 
also be induced and converts conventional CD4+ T cells into 
induced Treg cells (iTreg) (6). This iTreg generation could be 
observed in periphery or in vitro, and is induced by T-cell recep-
tor (TCR) stimulation in the presence of IL-2 and TGF-β. Even 
though iTreg may be able to exert suppressive function as natural 
Treg, their Foxp3 is not stabilized by epigenetic modifications 
and, therefore, its expression is finally lost in vivo (58). Decreased 
Foxp3 expression in Treg is related to the switch to a cytokine-
secreting profile characteristic from other CD4+ T  cell helper 
lineages (48). Indeed, severe attenuation or ablation of Foxp3 
expression resulted in the acquisition of the ability to produce 
effector cytokines, such as IL-2, IL-4, IL-17, TNF-α, and IFN-γ 
(48), and correct Foxp3 expression will suppress Th17 differen-
tiation by inhibiting the function of the Th17 lineage-specifying 
transcription factor retinoid-acid receptor-related orphan recep-
tor (ROR)-γt (59). Moreover, as transcription factor, Foxp3 can 
regulate gene expression of several genes, between which can 
be found CD39, adenine cyclase 9, and many others. Within 
its regulation role, it is interesting to note that Foxp3 forms a 
cooperative complex with NFAT, which is required to repress the 
cytokine IL-2 transcription and for upregulation of the cytotoxic 
T lymphocyte-associated antigen 4 (CTLA-4) and CD25 expres-
sion (60–62), both relevant markers for Treg function. In HIV 
context, Foxp3 transfection demonstrated inhibitory effects upon 
HIV transcription in primary human CD4+ T cells (63, 64). HIV 
transcriptional downregulation could be associated with NF-κB-
dependent and -independent mechanisms (63), as well as to the 
Foxp3-dependent inhibition of NFAT activity. It was shown that 
Foxp3 decreases the binding of NFAT2 to the HIV promoter 
in vivo by its capacity to sequestrate it (61, 64).

Several articles describe increased relative frequencies of 
Tregs (CD4+ T cells expressing Foxp3) in HIV-infected patients 
(29, 65). This increased Treg proportion could be explained by 
a preferential depletion of conventional CD4+ T cells or by an 
increased expansion and/or induction of Tregs (65). Due to 
the absence of appropriate markers to distinguish natural from 
induced Treg, it is difficult to know whether the inflammatory 
or hyperactivated context of HIV infection promotes the dif-
ferentiation of conventional CD4+ T cells to iTreg. Jenabian et al. 
recently demonstrated that soluble CD40-ligand (sCD40L) levels 
are increased in plasma from HIV-infected patients, and this 
sCD40L induced Treg expansion and favored Treg differentiation 
from conventional CD4+ T cells (66). Since iTregs are not able to 
maintain a long-term Foxp3 expression and suppressive activity, 
and since they can even acquire a pro-inflammatory phenotype, 

further studies on the Treg dynamics are required to understand 
the role of iTregs in the context of HIV infection.

Extracellular ATP Metabolism and 
Signaling in T Cells: CD39/CD73 Axis
From among all the Treg mechanisms related to their suppres-
sive capacity, adenosine triphosphate (ATP) metabolism is one 
that is well documented. In this context, there are two essential 
players that constitute the CD39/CD73 axis. CD39 or nucleoside 
triphosphate diphosphohydrolase 1 (NTDPase 1) is an ectoen-
zyme that hydrolyzes ATP or ADP to AMP (10). This enzyme is 
expressed by a subpopulation of Treg and, orchestrated together 
with another ectonucleotidase named AMPase CD73 present on 
the Treg surface, they are able to process AMP into adenosine 
(67). Adenosine exerts immune inhibitory effects as discussed in 
following paragraphs. It is interesting to note that Foxp3 expres-
sion is directly related to adenosine production since retroviral 
transduction of CD4+ CD25− lymphocytes with Foxp3 induced 
the expression of CD39 (6, 10), a potent inhibitor of cell prolifera-
tion and indirect contributor to the high cAMP levels found in 
Treg via adenosine generation (9).

In order to understand the formation of adenosine, we will 
describe the origin and relevance of ATP, which is the CD39/
CD73 axis substrate. Extracellular ATP is released under hypoxia, 
inflammatory responses, metabolic stress, or other types of cell 
injury. The impact of extracellular ATP on the immune system 
is critical since its increase induces the activation of the inflam-
mosome and subsequent release of cytokines, such as IL-1β 
(68, 69), in response to damage-associated molecular patterns 
(DAMPS) and pathogen-associated molecular patterns (PAMPS) 
(70). Therefore, extracellular ATP is considered a danger signal 
liberated by damaged or dying cells that induces pro- and 
anti-inflammatory signals. In the context of immune chronic 
activation as in HIV infection, ATP released by activated T cells 
seems to have an autocrine effect, prolonging activation and IL-2 
secretion (71).

In contrast to ATP, adenosine exhibits anti-proliferative and 
inhibitory effects, hence giving to the CD39/CD73 activity an 
immune suppressive role (10). In fact, it was shown that induced 
Treg expressing CD39+ acquired higher suppressive capacity 
than CD39neg iTreg (72). Adenosine plays an antagonistic role on 
Treg compared to non-Treg responses by directly binding to the 
adenosine 2a receptor (A2AR), consequently inducing the ade-
nylyl cyclase activity and, therefore, increasing the intracellular 
cAMP level. ATP removal and A2AR activation elicits inhibitory 
functions in dendritic cells and activated T-cell subsets, inducing 
T-cell anergy (73); whereas in Treg, A2AR induces the generation 
of Foxp3+ Tregs (73) and enhances Treg immunosuppressive 
mechanisms (74, 75). Summing up, Treg could dampen immune 
activation as well as induce activated T-cell dysfunction through 
CD39/CD73 activity.

It is interesting to note that a study of CD39/CD73 distribution 
in Treg and conventional CD4+ T cells showed that even though 
CD39 is largely expressed on human Treg (CD4+ CD25hiFoxp3+ 
T cells), CD73 is not so widely expressed and <1% of Treg 
expressed both ectonucleotidases at their surface (76–78). One 
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hypothesis is that only few cells capable of hydrolyzing ATP to 
adenosine are necessary to induce a local suppression and that 
this pathway must be finely regulated to avoid any unwanted 
Treg-suppressive function. Moreover, it was described that CD73 
was present in cytoplasmic granules and that its expression at the 
surface of Treg might be transient, which would be another level 
of regulation of adenosine production (77, 78).

In the case of HIV infection, there is high expression of CD39 
in Treg cells, which remains unaltered even with ART (31, 79). 
CD39+ Treg frequency and number are elevated in HIV patients, 
and correlates negatively with CD4+ T-cell recovery and positively 
with plasma viral load and T-cell activation (80, 81). In addition, 
through a case-control study, a genetic variant of CD39 associated 
with lower expression of CD39 enzyme was linked to a slower 
progression to AIDS (81). Moreover, in vitro suppression assays 
demonstrated that the suppressive effect of CD39+ Treg upon 
gag-stimulated CD8+ cytokine production was partially inhib-
ited when adding CD39 blocking monoclonal antibodies (81). All 
this may highlight a negative role of CD39+ Treg in controlling 
HIV progression. However, there is still controversy regarding 
the role of CD39 in HIV infection, Schulze et al. demonstrated 
that HIV controllers were shown to have similar CD39+ Treg to 
healthy subjects (79). Additionally, it has been shown that Foxp3 
modulates the expression of CD39 at the surface of Treg and also 
regulates HIV promoter’s transcription activity. Moreover, CD39 
might also be contributing to hindering HIV infection as sug-
gested in following paragraphs.

In summary, Treg might have two contrary functions on HIV 
replication and disease progression. On the one hand, CD39 
expression may be involved in Treg-mediated suppression of 
HIV-specific responses and, thus, on disease progression. On 
the other hand, Foxp3 induce a negative effect on HIV transcrip-
tion, which could limit new particles production or induce HIV 
latency in Foxp3-expressing cells. However, one could claim that 
CD39+ Tregs may be critical for the inhibition of T-cell immune 
activation, which may reduce the niche for HIV replication 
(82, 83). In fact, blocking CD39 and, thus, inducing the decrease 
of cAMP levels in Treg were shown to abrogate the Treg-mediated 
suppression of HIV replication (84). Therefore, it is possible that 
CD39+ Foxp3+ Tregs could control HIV infection, especially 
during the first days of infection, prior to the HIV dissemination 
to the secondary lymphoid organs, phase where just a few effector 
T cells are activated (84).

CD38 and NAD+ as Precursor of 
Adenosine
Few years ago, an alternate route to producing extracellular 
adenosine was discovered. This axis had its pivotal role around 
the NAD+-glycohydrolase CD38, the 5′-ectonucleotidase CD73 
and the ecto-nucleotide pyrophosphatase/phosphodiesterase 
(PDE) CD203A (85). Leaded by CD38, main NAD+ consum-
ing enzyme (86), it has been shown that CD38/CD203A/CD73 
will transform NAD+ into adenosine (85), whose function is 
extensively described in this review. Horenstein et al. and oth-
ers demonstrated in different in vitro models that this alternate 
pathway may synergize, flank, or bypass the aforementioned 

described canonical catabolic pathway orchestrated by CD39 
(85–88). Regarding to the Treg population, it has proven to 
express CD38 (89, 90) and seems that its level of expression 
positively correlates with their suppressive function (90). Patton 
et al. demonstrated in a murine model that CD38high Tregs have 
higher suppressive capacity than CD38low Treg, which failed to 
upregulate CD73, key molecule for adenosine production, in 
both canonical and CD38 pathway. However, it is still under 
evaluation if Tregs are capable of processing NAD+ through this 
newly discovered pathway (85, 91).

Regarding to the role of CD38 in the context of HIV infection, 
this enzyme is commonly regarded as a T-cell activation marker, 
and peripheral blood CD38+ CD8 T cells have been strongly 
correlated with disease progression in untreated HIV infection 
(92, 93). It has been shown that rectal Treg frequency is positively 
related to CD38+ CD4+ and CD8+ rectal T cells in chronic HIV-
positive non-controllers (94). However, this may vary depending 
on the sampling site and time point of infection, since Tregs are 
inversely correlated to CD38+ CD8+ T cells in blood at primary 
HIV infection as others have shown (95). Summing up, CD38 
is not only a predictive marker of disease progression but also 
may be another mean for Treg to produce adenosine and exert its 
suppressive function.

ICER and cAMP, Differential Role  
on CD4+ T-Cell Subsets
Cyclic adenosine monophosphate is a derivative of ATP. cAMP 
acts as a secondary messenger involved in many biological pro-
cesses and in regulation of immune cells, playing an important 
role on determining the balance between suppression and activa-
tion. In fact, cAMP present on conventional T cells or on Treg is 
implicated in different signaling pathways.

cAMP Is a Major Mediator of  
Treg-Suppressive Potential
In Treg, the suppressive potential has been demonstrated to 
depend on cAMP (96). Indeed, Tregs tend to preserve their high 
levels of intracellular cAMP. To partially explain the maintenance 
of such high levels, it has been shown in murine nTreg cells that 
the expression of the cAMP degrading PDE3b is reduced by direct 
binding of Foxp3 to the PDE3B promoter (97), limiting Treg 
intracellular cAMP degradation. Treg can induce the intracellular 
cAMP production by the sequential processing of extracellular 
ATP to adenosine by the CD39/CD73 axis, inducing adenylyl 
cyclase activity in the target cell through A2AR (69, 75, 78). The 
importance of A2AR in mediating the inhibition of inflammation 
was demonstrated in A2AR null mice, where the transgenic ani-
mals suffered of massive tissue destruction and systemic inflam-
mation due to their inability to control inflammation (98). It is 
interesting to note that A2AR engagement using an agonist not 
only was able to induce TGF-β and Foxp3 expression on activated 
T cells (73) but was also able to increase the intracellular cAMP 
level on purified Treg. Therefore, A2AR engagement increases 
the number of Tregs, activates their immunoregulatory activity, 
and allows iTreg generation. Thus, it has already been described 
how IL-2R, A2AR activation, and Foxp3 expression contribute 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


5

López-Abente et al. Treg Mechanisms in the Context of HIV Infection

Frontiers in Immunology | www.frontiersin.org May 2016 | Volume 7 | Article 192

to the “supraphysiological” intracellular levels of cAMP found in 
Treg. Treg can mediate cAMP transfer to activated CD4+ T cell 
and dendritic cells through gap junction intercellular commu-
nications (GJICs) (75, 96, 99). The formation of such channels 
composed by two opposing hemichannels allows the connexion 
between adjacent cells (100), therefore increasing intracellular 
cAMP in the target cells (96). In the case of DCs, cAMP induces 
the rapid downregulation of the co-stimulatory molecules CD80 
and CD86, preserving their tolerogenic phenotype and indirectly 
regulating T-cell function (101). Furthermore, cAMP induction 
in DCs, following activation of adenosine and prostaglandin 
receptors, downregulates NF-κB activity not only decreasing the 
DC production of cytokines, such as TNF-α, IL-6, IL-12, IL-1α, 
and chemokines MCP-1 and MIP-1α, but also increasing the 
production of the anti-inflammatory cytokine IL-10 (102).

cAMP and ICER, Key Modulators of  
Conventional T-Cell Function
On conventional T cells, A2AR expression is induced after TCR 
stimulation via NF-AT-signaling pathway (73). This upregulation 
of A2AR expression was followed by an increase in intracellular 
cAMP level, demonstrated by the use of an A2AR-specific 
agonist (73). cAMP activation triggers a number of down-
stream signaling cascades on conventional CD4+ T cells. The 
main stream pathway is the activation of the cAMP-dependent 
protein kinase-A (PKA), which is involved in the regulation of 
several physiological processes as modulation of ion channels 
and transcription of genes (103). PKA will activate the transcrip-
tion factor CREB by phosphorylation, consequently triggering 
the interaction of phospho-CREB and the nuclear protein CBP, 
which is a coactivator that augments the activity of phosphoryl-
ated CREB. Afterwards, CREB binds to a DNA element known 
as the cAMP-regulated enhancer element (CRE) activating the 
transcription of cAMP-responsive elements (104). Thus, con-
sequently triggering the formation of the induced cAMP early 
repressor (ICER), which is generated from the 3′ region of the 
gene encoding the cAMP response element modulator (CREM) 
due to alternative promoter binding (105). ICER will bind to 
CRE and thereby represses the activity of its own promoter, 
constituting then a negative auto-regulatory loop (105). In fact, 
ICER was considered a master regulator of the cAMP response, 
inhibiting T-cell function, most specifically downregulating IL-2 
production on effector T cells, critical for T-cell growth (12, 106). 
When ICER is transgenically over-expressed in mice T  cells, 
these lymphocytes present proliferative defects hallmarked by 
decreased IL-2 production (13), similar to the effect on IL-2 
production resulting from the co-culture of CD4+ T cells and 
nTreg (12). In parallel, when intracellular cAMP levels rise on 
effector T cells, NFAT/ICER complexes are formed; this will play 
an important role on suppressing NFAT activity via its sequestra-
tion. Therefore NFAT will not be accessible for the cytokines and 
chemokines transcriptional induction, such as IL-2, IL-4, TNF-α, 
IL-13, MIP-1α, MIP-1β, and GM-CSF (107, 108). Taken together, 
all this information highlights the critical role of ICER induced 
by cAMP transferred from nTreg and which mediates suppres-
sion of several immune mediators, especially IL-2 production on 

effector T cells (109) and, hence, demonstrates the relevance of 
the cAMP/PKA pathway in suppressing T-cell responses.

HIV Enhances Intracellular cAMP,  
a Double-Edged Immune Sword
It has been shown that intracellular cAMP levels of T cells from 
HIV-infected patients are higher than those from healthy subjects 
(110, 111). In vitro studies corroborated the presence of higher 
cAMP levels in HIV-infected primary T cells and T cell lines com-
pared to uninfected cells (111, 112). Interestingly, HIV infection 
was not required to increase intracellular cAMP, since the T cell 
treatment with the envelope glycoprotein gp120 was already suf-
ficient to elicit such response and activate cAMP/PKA pathway 
through Treg function (113, 114). However, the mechanisms 
underlying gp120-mediated response are still unresolved. The 
potential benefit or hazard of intracellular cAMP in the context 
of HIV infection is still a matter of debate.

It has been shown that cAMP/PKA pathway can inhibit 
HIV-specific T-cell responses and such inhibition will favor viral 
replication. Besides inhibiting immune responses, HIV induces 
impairment on proliferation in CD4+ and CD8+ T-cell subsets, 
through the activation of the cAMP/PKA pathway by viral pro-
teins. In fact, the pre-treatment of the cells with a PKA inhibitor 
prevented the induction of anergy (112), highlighting the negative 
role of high intracellular cAMP resulting from HIV infection. In 
a similar fashion, CD39+ Tregs may be involved in the suppres-
sion of HIV-specific T-cell responses through the production of 
adenosine and consequent rise of cAMP in conventional T cells 
as shown by Nikolova et al (81). Similar to the PKA inhibitor 
experiment, it was demonstrated that the use of adenosine deami-
nase that hydrolyzes adenosine permits to revert the inhibition 
of immune responses and enhances the HIV-1-specific effector 
responses in an ex vivo model (115). On the other hand, Tregs 
could exert a direct inhibition of HIV infection and replication 
in conventional T cells by cell-to-cell contact. This mechanism is 
cAMP dependent and involved the PKA activation pathway (84). 
Therefore, cAMP may also play a positive role by inhibiting viral 
replication. In fact, there are a number of examples illustrating 
cAMP benefits; Banas et al. showed in infected monocytes and 
T-cell lines that the elevation of intracellular cAMP activates 
CREB protein that will compete for limiting amounts of CBP/
p300 thereby mediating a repressive effect on HIV LTR/enhancer 
transcriptional activity (116). Furthermore, the use of rolipram, a 
PDE4 inhibitor, prevented the degradation of cAMP consequently 
inhibiting the transcription of the genes under the control of 
HIV-LTRs (117, 118). Interestingly, the blockage of PDE4 activity 
also prevented the nuclear import of HIV DNA in memory T cells 
(118). cAMP may also limit viral infection by modulating the 
expression of the T-cell coreceptors needed for viral entry, indeed 
it was shown a downregulation of CCR5 and CXCR4 in a T-cell 
line using an agonistic-like anti-A2AR mAb that activated the 
cAMP/PKA pathway (119). Summing up, cAMP seems to play 
an important role on preventing HIV entry, DNA nuclear import, 
viral transcription, and viral replication. All this highlights the 
beneficial role of Treg on limiting HIV infection in conventional 
T cells since they remove ATP by generating adenosine and 
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transfer high amounts of cAMP to non-Tregs through GJICs that 
subsequently limit HIV replication.

CTLA-4
CTLA-4 is a negative immune-modulator receptor of the CD28 
superfamily of immune-regulatory molecules (such as CD80 or 
CD86) expressed in Tregs and with clear involvement in HIV dis-
ease. Its suppressive mechanisms have been extensively studied 
(14–17). Of note are Sakaguchi’s findings, where he demonstrated 
that nTreg-specific CTLA-4 deficiency or CTLA-4 blockade using 
anti-CTLA-4, impaired or abrogated nTreg-suppressive function 
in vivo and in vitro, respectively (14, 16). This is possible since 
nTreg will interact through CTLA-4 with activated or CD80/
CD86 expressing conventional CD4+ T cells and/or APCs, thus 
mediating suppression. It is claimed that such interaction may act 
synergistically with expression of ICER in conventional T cells 
mediated by Treg (12). On the other hand, CTLA-4 has been 
proved to be selectively upregulated in HIV-specific CD4+ T cells 
in HIV-infected patients, and its expression correlated positively 
with disease progression (49). Interestingly, HIV-gp120 protein 
enhanced Treg-mediated suppression through CTLA-4 upregula-
tion (114). Such enhancement is probably mediated by cAMP/
PKA pathway since cAMP itself was shown to induce CTLA-4 
upregulation in the absence of full T-cell activation (120). In 
fact, it could be reasonable to assume that CTLA-4 may syner-
gize with ICER since it will be also upregulated due to cAMP/
PKA downstream activation. However, despite the evidence 
of CTLA-4 involvement in HIV infection, other study showed 
that blocking CTLA-4 with an anti-CTLA-4 antibody did not 
demonstrated any differences in the frequency of HIV-p24gag-
conventional T cells when these cells were co-cultured with Treg 
(84). Therefore, CTLA-4 might not play a major role in the Treg-
suppressive activity in HIV infection. Taking all this information 
together, CTLA-4 would not act directly on the HIV replication, 
but would act through the suppression of HIV-specific CD4+ 
and CD8+ T cells function. Additionally, the presence of HIV 
or cAMP that induces CTLA-4 expression at the surface of Treg 
would increment this capacity.

HIV INFECTION IMPAIRS Treg ACTIVITY

Susceptibility of Treg to Infection
Tregs express HIV-coreceptors CCR5 or CXCR4 at levels compa-
rable to other CD4+ T cells (79), which renders Treg susceptible 
to HIV infection (36, 37, 121–123). Furthermore, naïve Tregs are 
capable of upregulating the membrane expression of CXCR4 and 
CCR5 upon TCR stimulation (122), increasing their susceptibil-
ity to infection. The two viral strains CXCR4 and CCR5-tropic 
HIV showed differential infection dynamics. We described 
in vitro that CXCR4 virus produce a stronger deregulation than 
CCR5-HIV in both phenotype and functionality when Tregs are 
infected (36). Other studies report that HIV-CCR5 infects Tregs 
at lower levels compared to Teff at both early and late points (121). 
By contrast, Tregs were more efficiently infected with CXCR4 
strain compared to Teff at early time points, but the difference 
cleared at later time points of the virus life cycle (121). Whether 

Tregs constitute a major target for HIV or if they are more sus-
ceptible than conventional T cells to infection has been a matter 
of debate in the past years. However, recent in vivo studies have 
shown that circulating Tregs are not preferentially infected by 
HIV compared with effector T cells (121), in fact HIV infection 
induces deep cellular deregulation in CD4+ T cells, including 
the Treg subset. The HIV-mediated Treg deregulation affects the 
cell number, their phenotype, and functionality. During chronic 
HIV infection, the absolute Treg numbers in peripheral blood 
decline (40) even though the Treg frequency among the total 
CD4+ T-cell population is increased. In addition, our group has 
described that direct HIV infection of Tregs modifies the Treg 
phenotype and induces a strong impairment in their suppres-
sive capacity (36). A similar outcome was observed in a study 
of HIV-infected patients with immune reconstitution disease 
after ART, they described that Treg exhibited reduced immu-
nosuppressive capacity that was associated with over-active 
CD4+ T-cell responses (124). We also demonstrated in vivo an 
impaired capacity of Tregs to keep the balance between Treg/
IL-2-producing cells in viremic HIV-infected patients due to 
direct Treg viral infection (37), and probably contributing to the 
immune hyperactivation observed in HIV patients.

These findings provide clarifying information to the debate 
concerning the beneficial versus the detrimental role of Tregs in 
HIV infection. Since the Treg number and function is impaired 
in the presence of HIV, the negative impact on the HIV-specific 
responses might be limited. However, Treg impairment has 
probably a higher impact in the absence of an adequate control 
of immune hyperactivation, which at present is the major factor 
related to the HIV disease progression in infected patients.

HIV Downregulates Foxp3 Expression and 
Impairs the Suppressive Activity of Treg
We demonstrated that HIV infection of Treg modifies its pheno-
type and functionality through a process mediated by intrinsic 
methylation mechanisms (36), possibly in a Treg attempt to 
protect its genome against the expression of foreign DNA (125). 
Foxp3 gene expression is strongly downregulated in HIV-
infected Treg, notably with CXCR4-tropic HIV, due to general 
increase in the CpG methylation pattern of two regulatory sites 
critical for Foxp3 expression in Tregs (36). It is known that DNA 
methylation in Treg can be addressed to two known DNA methyl 
transferases (DNMT1 and DNMT3b), since binding sites for 
DNMT1 and DNMT3b have been detected in Foxp3 locus (126). 
Interestingly, we have shown that the expression of DNMT3b 
was upregulated in HIV-infected Treg compared to non-infected 
Treg (36). Therefore, the DNMT3b increase might be responsible 
for the de novo methylation observed in Foxp3 promoter and, 
thus, be responsible for the subsequent downregulation of Foxp3 
expression observed in vitro in HIV-infected Treg (36).

As already described, Foxp3 expression is critical for Treg-
suppressive function (127). It was shown that in  vitro HIV-
infected Treg were less capable of suppressing the proliferation of 
T-effector cells in co-culture experiments (36, 128). These results 
support the impaired Treg-suppressive capacity that we observed 
in untreated HIV patients with high viral load (unpublished data). 
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However, other studies claim that HIV does not impair Treg-
suppressive function in patients (35, 129, 130) probably because 
they studied it in chronic infected patients, and it is known that 
the number of infected Treg is very low at the late stage of infec-
tion (121). Interestingly, the treatment of HIV-infected Treg with 
antiretroviral drugs, such as ZDV or T20, in vitro reverted the 
impairment of suppression since the loss of Foxp3 expression was 
avoided (36). Therefore, it seems that the Foxp3 downregulation 
may contribute to the Treg loss of suppressive function upon HIV 
infection. There are many suppressive mechanisms on Tregs sus-
ceptible to be affected by Foxp3 reduction as described previously. 
Foxp3 downregulation may have critical consequences on Foxp3-
transcriptional program, being PDE3B gene the most repressed 
by Foxp3 (60, 127); therefore, its repression might be abrogated if 
Foxp3 is downregulated and could have detrimental effects upon 
Treg. In fact, it was shown by Gavin et  al. that retroviral gene 
transfer and expression of PDE3B into Tregs was deleterious to 
Treg homeostasis (127). Such detrimental effect consisted in a 
significant reduction of PDE3B-expressing Treg numbers due to 
cell death or inefficient expansion, and it is most probably related 
to decreased cAMP intracellular levels due to its degradation by 
PDE3B (127). Other mechanism related to Foxp3 repression is 
associated with miR-142-3p transcriptional regulation (131). 
Foxp3 downregulates the miR-142-3p in order to keep the AC9/
cAMP active in Treg since miR-142-3p was described to target 
AC isoform 9 expression, thus, reducing the intracellular cAMP 
levels. Therefore, downregulation of Foxp3 expression will lead 
to miR-142-3p expression and this will have an indirect effect 
on Treg cAMP levels. Therefore, miR-142-3p might potentially 
contribute to the decrease in Treg absolute numbers and Treg 
function impairment shown in HIV, associated with the inability 
to maintain high cAMP levels. Besides this mechanisms affecting 
overall cAMP levels, it has been shown that the repression of 
Foxp3 using siRNA in hepatocellular carcinoma patients induces 
a downregulation of CTLA-4 in those Treg with lower Foxp3 lev-
els, compromising their function (132). Thus, similar outcomes 
may be expected from HIV-infected Treg whose Foxp3 gene is 
downregulated.

Besides transcriptional regulation, it is known that Foxp3 can 
also be regulated by various post-translational modifications, 
such as acetylation, ubiquitination, and phosphorylation, thus 
affecting its activity (133, 134). A decade ago, Li et al. and others 
showed that the transcriptional repression by Foxp3 involves a 
histone acetyltransferase (HAT) complex that includes HAT 
TIP60 and class II histone deacetylase 7 (HDAC7) (135, 136). 
Within this complex, TIP60 is the principal responsible for Foxp3 
acetylation and Foxp3-mediated transcriptional regulation via 
STAT3 in vivo (136). Therefore, the association of HDAC7 and 
TIP60 to the Foxp3 N-terminal domain resulted to be a require-
ment for Foxp3-mediated transcriptional repression in terms of 
suppression of IL-2 production in T cells after TCR stimulation 
(136). In the same line as the previous comment, there are a num-
ber of animal models such as the TIP60 conditional knock out 
mice supporting the relevance of Foxp3 complex formation (133). 
Indeed, several studies showed that the failure of Foxp3 to associ-
ate with TIP60 and HDAC7 leads to altered Foxp3-dependent 
transcription (higher promoter activity and production of IL-2) 

and epigenetic modifications, limiting nTreg function at inflam-
matory sites and decreasing the Treg population in peripheral 
immune organs, consequently resulting in accelerated fatal 
autoimmune disease (133, 136, 137).

In terms of HIV infection, it has been shown that HIV-1 
transactivator Tat protein represses TIP60 activity (138). Indeed, 
Tat induces the poly-ubiquitination and, thus, the degradation 
of TIP60 by the p300/CBP-associated E4-type ubiquitin-ligase 
activity (139), consequently affecting the Foxp3–TIP60–HDAC7 
complex formation. Therefore, it could be expected a limited Treg 
function or decreased Treg levels as shown in the animal models 
(133, 137) (See Figure 1). In fact, the HIV-dependent disruption 
of Foxp3 complex may be contributing to the low Treg absolute 
numbers detected in HIV patients (140, 141).

Finally, HIV infection also leads to a disturbance on inter-
leukin secretion profile (36) probably associated with Foxp3 
downregulation (48, 142). Indeed, HIV-infected Tregs have 
shown a significant increase in IL-4 production and a decrease 
in TGF-β production (36). Since Foxp3 has a deep influence on 
Treg-associated genes expression (62) and that Foxp3 expression 
is highly modified during HIV infection (36), we can assume 
that such dysregulation in the production of cytokines may affect 
Treg function, since this dysregulation correlates with Treg switch 
to a T helper type 2 cytokine profile that may contribute to the 
hyperactivation shown in HIV patients.

Impaired Balance between Regulatory  
T Cells and IL-2 Producing CD4+ T Cells 
in HIV Infection
The preserved and constant ratio between Treg and the number of 
activated T cells constitutes a homeostatic mechanism ensuring 
that T-cell activation and expansion remain under control (41). 
However, the persistent immune hyperactivation that drives HIV 
disease suggest that there is a dysfunction on such mechanism, 
since the Treg values are decreased despite high levels of activated 
T cells (34, 123, 140). In fact, a recent study indicates that the bal-
ance between Treg and IL-2 producing T-cell numbers is deeply 
disturbed in viremic HIV-infected patients (37). Such balance 
impairment is motivated by a HIV-mediated downregulation of 
IL-2 receptor alpha (CD25) at the surface of Treg from viremic 
patients, as confirmed by in vitro experiments of Treg infection 
with HIV (37). Therefore, the lower expression of CD25 observed 
in Treg from infected patients could affect their capacity of expan-
sion due to the impossibility of responding to extracellular IL-2 
produced by effector CD4+ T cells. Furthermore, decreased 
CD25 expression may also reduce Treg-suppressive function. 
Indeed, it has been reported in healthy donors that a lower 
CD25 expression correlates with impaired suppressive capacity 
and lower capability to maintain Foxp3 expression (143). CD25 
downregulation correlates with the reduction of STAT5 activation 
in HIV-infected Treg (37), being STAT5 a key player on CD25 
activation downstream cascade. Loss of phospho-STAT5 has 
been shown to abrogate Treg-suppressive activity and to induce 
the downregulation of Foxp3 expression (144). STAT5 and CD25 
genes contain differentially methylated regions, and many of 
these regions present DNA methylation-dependent enhancer 
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activity (145). Therefore, STAT5 and CD25 expression could 
be controlled by DNA methylation as occurs with Foxp3, thus 
explaining their downregulation upon infection. Therefore, the 
downregulation of Foxp3 expression, the functional impairment 
of Treg (36), and the impairment of CD25 pathway (37) observed 
in Treg from infected patients could be critical in the immune 
hyperactivation that hallmarks HIV disease.

HIV Modifies the Treg Cellular 
Transcriptome Following Infection
It was shown by using an ultrasensitive multiplexed NanoString 
gene expression assay that HIV-1 modifies the Treg transcrip-
tome after infection (128). Infected and non-infected Treg 
formed two distinct clusters showing differential expression in a 
total of 23 genes (128). HIV-infected Tregs show downregulation 
of genes linked to TCR signaling (PTPRC, TCR, IKBKE, CD3E), 
which may affect Treg antigen recognition and activation, and 
CD27 and PPAR-gamma that are related to suppressor function 
and enhancement of Treg function, respectively (146, 147). 
Furthermore, many other genes involved in function and Treg 
lineage were downregulated (TRAF6, STAT5, ETS-1, LEF-1) 
(148–151) but also Treg function inhibitor genes were upregu-
lated after infection (LTA; IL-18RAP, BCL6, IL-7) (152–155), 
probably contributing to the HIV-dependent Treg impairment. 
Moreover, LEF-1, a gene that contributes together with Foxp3 
in controlling transcription in Treg (151), and STAT5a, essential 
for Foxp3 expression, were downregulated (36, 46). However, in 
the Angin et al. study, Foxp3 downregulation was not detected 

and suggested a possible destabilization of the master transcrip-
tion factor by downregulation of ETS-1 (148). Despite of these 
results, in recent years, we have shown that indeed HIV infec-
tion downregulates Foxp3 expression (36). Summing up, HIV-1 
infection seems to exert Treg deregulation through a number of 
pathways simultaneously. The transcription pattern modifica-
tion of critical genes involved in Treg function will probably 
play a detrimental role allowing HIV-1 hyperactivation and 
pathogenesis.

MECHANISM SUMMARY

In Figure 1, we have gathered most of the Treg suppressor mecha-
nisms covered in the review and how HIV-dependent dysregula-
tion of Foxp3, CD25, and STAT5 may hinder Treg function.

Upon viral entry and replication (Figure  1 ①), HIV-1 Tat 
protein induces the poly-ubiquitination and degradation of 
TIP60, consequently disrupting the Foxp3–TIP60–HDAC7 
complex formation, critical for Foxp3 function. Furthermore, 
Tregs suffer a downregulation of CD25 expression and, hence, 
a reduction in phosphorylated STAT5 levels. Additionally, HIV 
infection leads to DNMT3b upregulation, this methylase will 
methylate two regulatory sites critical for Foxp3 expression, 
inhibiting Foxp3. Moreover, STAT5 is essential to sustain Foxp3 
expression, its downregulation further compromises Foxp3 level. 
With a reduced expression of Foxp3 (Figure 1 ②), miR142-3p and 
PDE3B expression will not be downregulated; therefore, PDE3B 
will start to degrade intracellular cAMP and miR142-3p will block 
AC9 mRNA, inhibiting cAMP production. Furthermore, Foxp3 
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induces CD39 gene expression; therefore, the lack of Foxp3 could 
result in decreased levels of CD39 and, hence, lower conversion 
of extracellular ATP to adenosine (Figure  1 ③). Low levels of 
extracellular adenosine will result in decreased signaling through 
A2AR and, hence, less induction of AC activity and lower cAMP 
production in either Tregs or conventional T cells. After viral 
infection, Treg may not be able to maintain their cAMP supra-
physiological levels (Figure 1 ④), hence transferring less cAMP 
to conventional T cells through GJICs compared to optimal 
conditions. Insufficient cAMP levels in conventional T cells upon 
cellular contact, together with the decreased endogenous produc-
tion of cAMP (Figure 1 ⑤), will result in lower ICER production 
via PKA activation and, therefore, NFAT will maintain the induc-
tion of pro-inflammatory cytokines, such as IL-2. NFAT will also 
bind to HIV-promoter enhancing HIV genes transcription. HIV-
infected Treg may not only be unable to suppress the activity and 
IL-2 production by conventional T cells, but also will not be able 
to sense an increase in extracellular IL-2 levels as a result of T-cell 
hyperactivation (Treg CD25 is downregulated), thus impairing 
Treg proliferation and suppressive response. In addition, CD25 
downregulation renders Treg less capable of consuming IL-2, this 
means higher IL-2 availability for conventional T cells. IL-2 cap-
tured by conventional T cells induces activation of PDE and AC7 
downregulation, thus leading to intracellular cAMP degradation. 
Low intracellular cAMP is related to increased T-cells prolifera-
tion and activation. As a result of these HIV-mediated alterations 
of regulatory mechanisms, the balance between activated T cells 
and Treg will be broken, compromising the homeostatic fine-
tuned balance of the immune system.

CONCLUDING REMARKS

Retroviruses, such as HIV, have coexisted with the human race 
for millions of years. By that, host species have evolved to protect 
themselves by different mechanisms, such as restriction factors, 
but also by modulating the immune system to reach a fine-tuned 
response against the virus and other pathogens. As a consequence, 
virus counter-evolution leads to an evolutionary arms race. This 
phenomenon is well illustrated in Leigh Van Valens’s Red Queen 
Hypothesis, where two evolutionary systems, such as host/patho-
gen are constantly developing in order to maintain its fitness rela-
tive to the system they are co-evolving with. In this review it has 
been described how Treg exert a number of immune-modulatory 

mechanisms capable of hindering viral entry, replication and 
transcription but also guaranteeing the immune system homeo-
stasis. However, HIV is capable of infecting and abrogating Treg 
function by inducing the downregulation of key molecules essen-
tial to enable Treg-dependent suppression. Impairment of Treg 
immune-modulatory function and induction of hyper-immune 
activation, provide an immunological condition favorable for 
viral infection and replication. The fact that HIV might exert a 
suppressive effect upon Treg function help us to understand that 
Treg role might be detrimental for HIV fitness and disease pro-
gression. This hypothesis means that the beneficial role of Treg on 
preventing immune hyperactivation outweighs the detrimental 
effect of Treg upon HIV CD4+ and CD8+-specific responses, 
which has been a matter of controversy in recent years. Up to date, 
it has been extensively described by others the pros and cons of 
Treg immunomodulatory mechanisms in HIV-infected patients 
and its effect upon disease progression. However, the increasing 
evidence of HIV’s direct impact upon the Treg population adds 
an additional layer of complexity considering the dysregulation 
of HIV-infected Treg and the contribution of such alterations to 
the disease progression. Understanding the immune-regulatory 
mechanisms that are impaired or deregulated will facilitate to 
unveil the rationale behind the immune hyperactivation that hall-
marks HIV disease. This will open new avenues to find potential 
targets that could restore the immune homeostasis and, hence, 
decrease the systemic immune activation and exhaustion that 
determine the disease progression.
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Human immunodeficiency virus type-1 induces a
regulatory B cell-like phenotype in vitro
Jacobo Lopez-Abente1, Adrián Prieto-Sanchez1, Maria-Ángeles Muñoz-Fernandez2,3,
Rafael Correa-Rocha1 and Marjorie Pion1,2,3

Individuals infected with human immunodeficiency virus type-1 (HIV-1) usually show a general dysregulation and
hyper-activation of the immune system. A direct influence of HIV-1 particles on B-cell phenotypes and functions has
been previously described. However, the consequences of B-cell dysregulation are still poorly understood. We evaluated
the phenotypic changes in primary B cells after direct contact with HIV-1 particles in comparison with different types
of stimuli. The functionality of treated B cells was challenged in co-culture experiments with autologous CD4+ and
CD8+ T cells. We demonstrated that HIV-1 induces a phenotypic change in B cells towards a regulatory B-cell
phenotype, showing a higher level of IL-10, TGF-β1, EBI3 or IL-12(p35) mRNA expression and acquiring an
immunosuppressive profile. The acquisition of a Breg phenotype was confirmed by co-culture experiments where HIV-
treated B cells reduced the proliferation and the TNFα production of CD4+ or CD8+ T cells. This suppressive ability of
HIV-treated B cells was dependent on cell-to-cell contact between these B cells and effector cells. To our knowledge,
these data provide the first evidence that HIV-1 can directly induce a regulatory B cell-like immunosuppressive
phenotype, which could have the ability to impair specific immune responses. This dysregulation could constitute one
of the mechanisms underlying unsuccessful efforts to develop an efficient vaccine against HIV-1.
Cellular & Molecular Immunology advance online publication, 17 July 2017; doi:10.1038/cmi.2017.48

Keywords: HIV-1; immune hyper-activation; regulatory B cells

INTRODUCTION
Human immunodeficiency virus type-1 (HIV-1) infection is
associated with B-cell dysregulation and perturbations in the
production of antibodies, which can lead to hypergammaglo-
bulinemia, polyclonal activation of the B-cell compartment,
depletion and impaired function of memory B cells. These
perturbations might induce B-cell hyperactivity, ineffective
recall responses and dysregulation of class switch recombina-
tion (CSR), which leads to the production of non-specific IgG,
IgE and IgA antibodies.1–3 As a consequence, the B-cell
compartment becomes exhausted, leading to defective
responses to opportunistic pathogens and compromised B-cell
responses to vaccination.4,5

Dysregulation of B cells can occur irrespective of T cells.
Direct contact between viral particles and B cells, such as the

gp120/C-type lectin interaction with B-cell receptor engage-
ment (BCR) in the presence of CD40L at the virion membrane,
are signals strong enough to activate the B-cell
compartment.6–9 In our previous work, we investigated the
extent of B-cell dysregulation in a T cell-free context.7 We
determined that HIV-mediated cell activation, AID mRNA
expression and CSR induction were induced by BCR engage-
ment through the c-Jun N-terminal kinase (JNK) and the
spleen tyrosine kinase (SYK)/BCR pathways.6 However, even if
HIV-mediated dysregulation of B cells has been demonstrated,
its functional significance is still poorly understood.

It was previously described that CD21, CD24, CD38 and
CD27 expression levels were deeply altered at the surface of B
cells during HIV-1 infection.7,10 All of these markers are
associated with a relatively new B-cell compartment named
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regulatory B cells (Bregs). Bregs are formed by different B-cell
subsets with regulatory functions and with a pivotal impact on
the immune response in infection, cancer or autoimmune
diseases.11,12 Several studies have attempted to determine which
markers define human Breg cells in peripheral blood. The Breg
subsets in humans have alternatively been classified as CD19+
CD24hiCD38hi13 or CD19+CD24hiCD27+.14,15 More recently,
other B-cell subsets, such as CD19+CD38+CD1d+IgM+CD147
+, CD25hiCD71hiCD73lo or circulating CD39+CD73+ B cells,
were also classified as Breg cells (reviewed in ref. 15). Although
a general Breg phenotype is still not well defined, it is widely
accepted that the presence of suppressive capacity is the best
indicator for the identification of Breg cells. The majority of
mechanisms of suppression described to date are related to the
ability of Breg cells to produce IL-10 and to inhibit the
production of pro-inflammatory cytokines.16,17 However,
IL-10-independent mechanisms of suppression have also been
described in several studies and in the review written by Ray
et al.18 HIV-1 infection has been associated not only with an
increase in IL-10 in peripheral blood but also with an increase
in Breg frequency in the early stages of infection, which
consequently leads to the inhibition of anti-HIV-1-specific T
cells.19,20 The Breg frequency was correlated with the appear-
ance of markers of HIV-1 disease progression and with the loss
of anti-HIV-1 CD8+ T-cell function.21 Therefore, the presence
of Bregs is potentially related to the lack of a correct immune
response in HIV-1 infection. Regarding potential mechanisms,
it has been suggested that microbial translocation might be
partially responsible for the high frequency of IL-10-producing
B cells in untreated HIV-1 individuals.20,22 Microbial translo-
cation in the gut induces the expression of TLR ligands and
CD40L in peripheral blood, which are stimuli required to
activate Breg cells in vitro. Nevertheless, mechanisms explaining
the increase in Breg cells and IL-10 expression in HIV-1-
infected individuals have not yet been fully determined.
Comprehension of the mechanisms of Breg-cell differentiation,
function and expansion in the context of HIV-1 infection could
help to better understand the immune dysregulation and to
improve the efficacy of vaccines in the generation of neutraliz-
ing antibodies.

We describe for the first time the ability of HIV-exposed
B cells to develop a Breg-like phenotype in vitro. The
increased frequency of a Breg-like phenotype was not due
to specific expansion of Breg subsets already present in the
pool of cells. Interestingly, HIV-exposed B cells were able to
produce IL-10, TGF-β1 and IL-35, which are cytokines
associated with the Breg-cell phenotype. Moreover, HIV-
exposed B cells were able to block CD4+ and CD8+ T cell
proliferation and TNFα production in a cell-to-cell contact
interaction in part involving the HIV-1 envelope protein.
These results could provide a partial explanation for the
increased frequency of Breg cells in HIV-1-infected indivi-
duals and the extent of immune system dysregulation in
HIV-1 infection.

MATERIALS AND METHODS
Isolation of B cells from peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated
with a Ficoll-Hypaque density gradient (Rafer, Zaragoza, Spain)
from buffy coats obtained from the transfusion center of
Madrid, following national guidelines. B cells were purified
using anti-human CD19 MicroBeads (positive selection,
Miltenyi, Bergisch Gladbach, Germany) and the purity was
496%. In several experiments, B cells were also isolated using
unaltered CD19 purification Microbeads (negative selection,
Miltenyi). PBMCs and isolated B cells were cultured with
RPMI 1640 medium (Biochrom, Cambridge, UK) supplemen-
ted with 5% heat-inactivated FCS and a mix of antibiotics
(125 μg/ml ampicillin, 125 μg/ml cloxacillin and 40 μg/ml
gentamicin; Sigma Aldrich, St Louis, MO, USA).

Virus stock production
HIV-1 stocks were produced by infection of activated PBMCs
with NL4-3 virus stocks. NL4-3 stocks came from previous
transient transfections of pNL4-3 (NIH AIDS Reagent Pro-
gram, Division of AIDS, NIAID, NIH) in 293 T cells (ATCC,
LGC Standards). HIV-1, HIV-89.6, HIV-Ba-L and HIV-LAI
(BRU) were generated by infecting activated PBMCs with cell-
free virus (cat# 1966; 510 and 2522, respectively). HIV-1 89.6
came from Dr Ronald Collman; HIV-1 Ba-L from Dr Suzanne
Gartner, Dr Mikulas Popovic and Dr Robert Gallo; and HIV-1
LAI (BRU) from Dr Jean-Marie Bechet and Dr Luc Mon-
tagnier. HIV-1 transmitted/founder viruses (T/F), HIV-WITO,
HIV-THRO, HIV-CH058 and HIV-CH077, were generated by
transfecting infectious molecular clone pWITO.c/2474 (cat#
11739), pTHRO.c/2626 (cat# 11745), pCH058.c/2960 (cat#
11856) and pCH077.t/2627 (cat# 11742) into 293 T cells. T/F
plasmids were from Dr John Kappes and Dr Christina
Ochsenbauer. All virus isolates (virus or plasmids) were
obtained via the AIDS Research and Reference Reagent
program, Division of AIDS, NIAID, NIH. The resulting virus
stocks were expanded in activated PBMCs. Physical titers of
HIV-1 were evaluated by quantification of HIV-1 p24gag by an
ELISA kit (Innogenetics, Ghent, Belgium). The 50% tissue
culture infectious dose (TCID50) of each isolate was deter-
mined in activated PBMCs using the Spearman Karber formula
(ACTG Lab Man, 25 May 200423). We calculated the ratio
TCID50/ng by dividing TCID50/ml by ng/ml of p24gag

obtained for each HIV-1 isolate. For HIV-1NL4-3, which was
essentially used in this study, we tested five different viral
productions, with a TCID50/ng mean of 290.8± 247 (range
± SD: 40–665 TCID50/ng of p24gag). Other viral ratios were as
follows: HIV-1-Ba-L (958 TCID50/ng), HIV-1-LAI(BRU) (393
TCID50/ng), HIV-1-WITO (84 TCID50/ng), HIV-1-THRO
(67 TCID50/ng), HIV-1-CH058 (90 TCID50/ng) and HIV-1-
CH077 (395 TCID50/ng).

Culture and treatment of B cells
B cells were treated for 24 h to quantify intracellular IL-10, and
48 h to analyze gene expression and cytokine production. B
cells were treated with HIV-1NL4-3 (25 ng of p24gag/106 B cells)
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as positive controls. We treated B-cells with CD40L
(eBioscience, San Diego, CA, USA; 200 ng/ml)+IL-4 (Immu-
noTools, Friesoythe, Germany; 20 ng/ml), which induces B-cell
differentiation, or with CpG-B oligodeoxynucleotide-2006
(CpG; Eurogentec SA, Liege, Belgium; 10 μg/ml)+CD40L
+LPS (Sigma Aldrich; 1 μg/ml), which induces IL-10-
producing Breg cells and a Breg phenotype in vitro.14 Alter-
natively, B cells were activated with CD40L+IL-4+HIV-1NL4-3
or with CpG+CD40L+LPS+HIV-1NL4-3. A mock condition was
defined using supernatant from activated and non-infected
PBMC cell culture. A non-treated (NT) condition was defined
as B cells cultured only with medium as a negative control.

For the study of cell-surface markers and intracellular IL-10
labeling, B cells were also treated for 48 h with 20 μg/ml HIV-1
IIIB gp120 recombinant protein (cat# 11784, from Immu-
noDX, LLC, NIH AIDS Reagent Program). B cells were treated
with a combination of 10 μM of zidovudine (AZT, GSK,
Madrid, Spain) and 20 μM of enfuvirtide (T20, Roche, Basel,
Switzerland) for 1 h before adding virus. Alternatively,
HIV-1NL4-3 (25 ng of p24gag/106 B cells) was treated for 1 h
with an anti-HIV-1 gp120 monoclonal antibody used at a 1:5
ratio (volume antibody: volume virus; cat# 2343, neutralizing
monoclonal antibody clone, ID6, raised against a recombinant
LAV-1 gp160, from Dr Kenneth Ugen and Dr David Weiner),
with human AB-serum used at a ratio of 1:5 (volume serum:
volume virus; Sigma Aldrich), HIV-1 Neutralizing Serum #1
used at a ratio of 1:5 (volume serum: volume virus; cat# 1984,
from Dr Luba Vujcic) or with 50 μg/ml of anti-human CD40L
(clone 24-31, Biolegend, San Diego, CA, USA) before adding
this treated virus to B-cell culture. Anti-HIV-1 gp120 mono-
clonal antibody, HIV-1 IIIB gp120 recombinant protein and
HIV-1 neutralizing serum #1 were obtained via the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH. SF162-
gp120 monomeric (gp120 m) and gp140 trimeric proteins
(gp140t) were obtained from Dr Leo Stamatatos.24 Trimeric
gp140 was formed by a fusion site between gp120 and gp41
that has been mutated to result in a fused gp140 soluble
protein; most of the proteins exist in a trimeric form. Gp120 m
and gp140t were tested at 10 and 50 μg/ml; only results from
the 10 μg/ml conditions are shown, as 50 μg/ml treatment with
monomeric gp120 and trimeric gp140 was toxic.

Flow cytometry for determination of B-cell phenotype
Cells were stained to verify the purity of isolated B cells or to
define B-cell phenotype using anti-CD3, anti-CD4, anti-CD8,
anti-CD71, anti-CD20, anti-CD19, anti-CD38, anti-CD24,
anti-CD27, anti-CD1d and anti-CD5 (Beckman Coulter, Brea,
CA, USA); anti-PD-1, and anti-PD-L1 (BD Biosciences, San
Jose, CA, USA) and anti-FasL (Abcam, Cambridge, UK).
Viability of B cells was analyzed with 0.5 μg/ml of 7-amino-
actinomycin D (7AAD, Sigma Aldrich). For intracellular
labeling of anti-Granzyme B (Biolegend), cells were washed,
surface-stained, stained for viable cells with Fixable Viability
Dye eFluor450 (eBiosciences), and fixed/permeabilized (Cyto-
fix/Cytoperm, BD biosciences). For intracellular labeling of
cytokines IL-10 (Miltenyi Biotec) or TNFα (Biolegend), cell

cultures were supplemented with PMA (10 ng/ml)+ionomycin
(0.25 μg/ml, both from Sigma Aldrich), and GolgiStop (BD
biosciences) for the last 5 h of incubation before staining and
permeabilization. Cells were then analyzed by flow cytometry
by using a Gallios cytometer (Beckman Coulter), and the data
were analyzed by using FlowJo 7.6.1 software (Tree Star Inc.,
Ashland, OR, USA).

B-cell proliferation and determination of B-cell phenotype
Freshly isolated B cells were first labeled with carboxyfluor-
escein succinimidyl ester (CFSE) (CFSE from Life Technolo-
gies, Carlsbad, CA, USA) following the manufacturer’s
recommendations. B cells were mock-treated or treated with
HIV-1NL4-3 (25 ng of p24gag/106 B cells) for 5 days. B-cell
phenotype and intracellular IL-10 were then analyzed by flow
cytometry after surface and intracellular marker labeling.
Frequencies of proliferating Breg cells or IL-10-producing B
cells were determined by flow cytometry following the loss of
CFSE signal.

Cytokine mRNA quantification by real-time polymerase
chain reaction
RNA was extracted from 2× 106 non-treated or treated B cells
with Trizol LS Reagent (Life Technologies, Santa Clara, CA,
USA). Overall, 100–500 ng of total mRNA were reverse
transcribed into cDNA with the GoScript Reverse Transcrip-
tion System (Promega, Madison, WI, USA). cDNA was used in
the real-time polymerase chain reaction (RT-PCR) with
Brilliant II SYBR Green QPCR Master Mix (Agilent Technol-
ogies). The RT-PCR reaction conditions were: 95 °C 30 s, 60 °C
1min and 72 °C 1min for 40 cycles. Primers used to amplify
cytokine mRNA are described in Supplementary Table 1. The
fold-change of gene mRNA expression levels was calculated by
the 2−ΔΔCt equation.

Cytokine production quantified by ELISA assays
B cells were NT or treated with CD40L/IL-4, CD40L/IL-4/
HIV-1NL4-3, CpG/CD40L/LPS, CpG/CD40L/LPS/HIV-1NL4-3 or
mock-treated for 48 h, and IL-10, IL-12 (Diaclone, Besancon,
France), TGF-β1 (Cusabio, Hubei, China) and IL-35 (USCN
Life Science, Houston, Tx, USA) were quantified from super-
natants of cell cultures by ELISA assay.

Proliferation assay
B cells were NT or treated with CD40L/IL-4, CD40L/IL-4/
HIV-1NL4-3, CpG/CD40L/LPS, CpG/CD40L/LPS/HIV-1NL4-3 or
mock-treated for 48 h. B cells were washed once with PBS and
then washed with acid buffer (PBS-glycine, pH 3.2). Briefly, B
cells were washed with 0.2 M glycine buffer containing 0.15 M

NaCl (pH 3.2), which was employed to remove cell-surface
bound virus, followed by PBS washes. Autologous CFSE-
labeled CD19-depleted PBMCs (50 000 cells, named ‘effector
cells’ or EC) (CFSE from Life Technologies) were co-cultured
with HIV-1-exposed B cells or stimulated B cells (100 000 cells)
and subsequently stimulated with anti-CD3/anti-CD28-coated
magnetic beads (50 000 beads, Life Technologies). After 72 h,
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the frequencies of proliferation of CD8 and CD4 T cells were
determined by flow cytometry, following the loss of CFSE
signal to determine the suppressive capacity of the B cells.

TNFα production assay
B cells were NT or treated with several stimuli and/or
HIV-1NL4-3 for 48 h. B cells were washed once with PBS and
then washed with acid buffer (PBS-glycine, pH 3.2) followed by
PBS washes. Autologous CD19-depleted PBMCs (50 000 cells,
EC) were co-cultured with HIV-1-exposed B cells or stimulated
B cells (100 000 cells) and then stimulated with anti-CD3/anti-
CD28-coated magnetic beads (50 000 beads). After 72 h, the
frequencies of TNFα-producing CD8 and CD4 T cells were
determined by flow cytometry, and the reduction in TNFα
expression was calculated as follows: 100− ((TNFα expression
in EC co-cultured with treated B cells× 100)/TNFα expression
in EC co-cultured with mock-treated B cells).

Apoptosis/necrosis assays
Overall, 50 000 EC were co-cultured with HIV-1-exposed B
cells or stimulated B cells (100 000 cells) and subsequently
stimulated with anti-CD3/anti-CD28-coated magnetic beads.
After 72 h, CD3+ T cells were isolated by anti-CD3 magnetic
beads (Dynabeads, Thermo Fisher, Waltham, MA, USA) and
lysed to detect the lactate dehydrogenase (LDH) activity
following the manufacturer’s recommendations (Promega).
Semi-quantitative analysis of cleaved caspase-3 and -9 or full-
length caspase-3 and -9 proteins in the mock and stimulated B
cell conditions were performed by western blotting. Isolated
CD3+ T cells from the 72 h co-culture (EC: B cells) were
resuspended in 50 μl of lysis buffer (20 mM HEPES pH 7.5,
150mM NaCl, 2.5mM MgCl2, 250 mM sucrose, 0.05% NP-40,
0.5% Triton X-100, all from Sigma Aldrich), with a cocktail of
proteases inhibitors (Thermo Scientific, Waltham, MA, USA).
Antibodies used for western blotting analysis were anti-caspase-
3, anti-caspase-9 (Cell Signaling Technology, Danvers, MA,
USA) and anti-actin (Sigma Aldrich). The level of protein was
revealed using Immun-Star Western C Chemiluminescent Kit
(Bio-Rad, Hercules, CA, USA) and measured using ImageJ
software (NIH). Quantity of cleaved proteins was quantified as
follows: (intensity of cleaved caspase bands× 100/(intensity of
full-length band+intensity of cleaved caspase bands)).

Proliferation assay with neutralization of immune
suppression markers
A total of 50 000 EC were co-cultured with mock-treated B
cells, HIV-1-exposed B cells or stimulated B cells (100 000
cells) and subsequently stimulated with anti-CD3/anti-CD28-
coated magnetic beads. Anti-IL-10 (JES3-19F1, Biolegend),
anti-IL-35 (IL27-IL-35 EBI3 Subunit Peptide, Novus Biologi-
cals, Abingdon Oxon, UK), anti-PD-1 (EH12.2H7, Biolegend),
anti-TGF-β1 (19D8, Biolegend), anti-TRAIL (RIK-2, Biole-
gend), anti-PD-L1 (29E.2A3, Biolegend); anti-FasL (NOK-1,
Biolegend) and their isotype controls, purified Rat IgG1, Rat
IgG2b and mouse IgG1 were added. After 72 h, the frequencies
of proliferating CD8 and CD4 T cells were determined by flow

cytometry by following the loss of CFSE signal to analyze the
suppressive capacity of the B cells.

Transwell assay
Transwells of 0.4 μm pore size were used (Millicell, Merck
Millipore, Billerica, MA, USA). CFSE-labeled EC (50 000 cells)
were added to the lower chambers of 96-well plates and
subsequently stimulated with anti-CD3/anti-CD28-coated
magnetic beads, whereas non-treated or stimulated B cells
(100 000) were added to the upper chambers in the transwells.
As controls for the transwell assay, CFSE-labeled EC (50 000)
and B cells (100 000 cells) were also co-cultured in the same
plate in the lower chambers with anti-CD3/anti-CD28-coated
magnetic beads. After 72 h of co-culture/transwell, EC were
gathered and EC proliferation was analyzed by flow cytometry
following the loss of CFSE signal. Percentage of relative
proliferation was quantified as follows: (% of proliferation of
EC in HIV-1-treated B cell condition× 100/ % of proliferation
of EC in mock-treated B-cell condition).

Statistical analysis
Results are expressed as the mean± s.e.m. The comparisons
between the frequency of Breg subsets, proportions of cyto-
kines quantified by ELISA, mRNA between non-treated and
treated B cells, B-cell proliferation, suppression of EC prolif-
eration in co-culture experiments and suppression of EC
proliferation between transwell and co-culture conditions were
done using the non-parametric Wilcoxon test for paired
samples. Statistical comparison of apoptosis (caspase-3/-9
cleavage) or necrosis (LDH expression) between different
conditions was performed by paired Student's t-test. The
statistical correlation between variables was calculated by the
Spearman rank correlation analysis. P values o0.05 were
considered statistically significant. All analyses were performed
using SPSS 17.0 Inc. software (IBM, Armonk, NY, USA).

RESULTS
Induction of Breg phenotype in vitro in stimulated B cells
We have previously demonstrated that HIV-1 induces changes
in the phenotype of B cells7 including modifying the expression
of surface markers, such as CD27, CD24 and CD38, which
have been associated with a Breg phenotype.13,14,25 We studied
the acquisition of two Breg phenotypes in in vitro experiments
previously described in the literature, CD19+CD24hiCD38hi
and CD19+CD24hiCD27+. Total B cells were cultured for 24 h
in the presence of HIV-1NL4-3 or, as a control, in the presence
of other stimuli (CD40L/IL-4 and CpG/CD40L/LPS). CD40L/
IL-4 induces B-cell differentiation,26 and CpG, CD40L and LPS
was shown to induce the differentiation of B cells towards Breg
cells in vitro.14 The B cells were first analyzed for viability, and
none of the treatments used in this study induced cell death
(Figure 1a). The CD19+CD24hiCD38hi and CD19
+CD24hiCD27+ frequencies were markedly modified after
stimulation. All stimuli induced a significant increase in
CD19+CD24hiCD38hi frequency, and a higher induction was
obtained in cells stimulated with HIV-1NL4-3 (7.34± 2.13%) or
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CD40L/IL-4/HIV-1NL4-3 (7.50± 2.59%) in comparison to the
mock-treated condition (1.69± 0.54%, Figure 1b). The fre-
quency of the Breg phenotype CD19+CD24hiCD27+ was
significantly decreased when treated with HIV-1NL4-3
(3.36± 0.53%), CD40L/IL-4/HIV-1NL4-3 (3.79± 0.60%), CpG/
CD40L/LPS (1.27± 0.29%) and CpG/CD40L/LPS/HIV-1NL4-3
(1.35± 0.41%) in comparison to the mock-treated condition
(7.64± 0.94%, Figure 1c).

Breg cells are also defined by other surface markers
associated with their suppressive function. Therefore, we
analyzed the expression of PD-1, PD-L1, CD71 and FasL at
the surface of B cells and Granzyme B intracellularly, which are
pivotal for Breg function.27 B cells treated with HIV-1NL4-3 or
with Breg-associated stimuli (CpG/CD40L/LPS) induced a
significant modification in PD-1, PD-L1 and CD71 expression
at the surface of the B cells (Figure 1d). In summary, previously
described Breg-associated phenotypes must be challenged when
studied in culture since the two subsets presented in this work
showed different reactions to stimulation. It is interesting to
note that not only the frequency of the CD19+CD24hiCD38hi
Breg phenotype showed an increase after B cell stimulation but

also the CD71 and PD-1/PD-L1 axis, which takes part in Breg
suppressive mechanisms.

IL-10-producing B cells in vitro
IL-10 is the major marker of functional Breg cells. Therefore,
we investigated whether the HIV-1-associated dysregulation of
B cells is linked to their IL-10 production in vitro. After 24 h of
stimulation, we analyzed the production of intracellular IL-10
in the total viable B-cell population (Figure 2a). As expected,
CpG/CD40L/LPS, which is the stimulus that steers B cells
towards a Breg phenotype, induced a significant increase in the
frequency of IL-10-producing B cells in comparison to mock-
treated B cells (2.74± 1.56% and 0.22± 0.06%, respectively,
Figure 2b). Surprisingly, HIV-1NL4-3 alone was able to induce a
significant increase in the frequency of IL-10-producing B cells
(1.53± 0.73%, Figure 2b). HIV-1NL4-3 was also able to
significantly increase the frequency of IL-10-producing B cells
when combined with CD40L/IL-4 or with CpG/CD40L/LPS.

We also quantified the frequency of IL-10-producing cells
in CD19+ cells expressing classical Breg phenotypes
(CD24hiCD38hi and CD24hiCD27+, Figure 2c) and in non-
Breg populations (see gates A and B in Figure 2c, respectively).

Figure 1 Acquisition of a Breg phenotype in HIV-1-treated B cells. B cells were treated with CD40L/IL-4, HIVNL4-3, CD40L/IL-4/HIVNL4-3,
CpG/CD40L/LPS and CpG/CD40L/LPS/HIVNL4-3 for 24 h. B cells were also mock-treated (mock) or not-treated (NT). Twenty-four hours post
stimulation, the percentage of (a) viable B cells (7AADneg cells), (b) CD19+CD24hiCD38hi cells, (c) CD19+CD24hiCD27+ cells and (d) B
cells expressing PD-1, PD-L1, CD71, FasL and Granzyme B were determined by flow cytometry. Data are shown as the average± s.e.m. of
seven experiments for each condition. *Po0.05 when comparing mock-treated condition versus treated conditions.
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As expected, a significantly higher frequency of IL-10-positive
cells was found in the two Breg populations in comparison to
the non-Breg populations (gates A and B in Figure 2c) in all the
conditions tested, with the exception of the CD40L/IL-4
condition (Figures 2d and e). Even if the percentage of CD19
+CD24hiCD27+ was decreased when B cells were treated with
HIV-1NL4-3 (Figure 1c), they still showed high expression of
IL-10 (Figure 2e). Therefore, the loss of the CD27 marker at
the surface of B cells already described in HIV-1-infected
individuals highlights that even if the phenotype of these cells is
perturbed, their function could still be preserved. However, the
frequency of IL-10-producing B cells with Breg phenotypes was

o20% in all cases, showing that the definition of a Breg
phenotype must be refined in the context of HIV-1 infection.

As the percentages of IL-10-producing B cells were low,
IL-10 was also quantified in cell-culture supernatants
(Figure 2f). HIV-1NL4-3 alone was able to increase the IL-10
production to a higher level than B cells activated with Breg-
associated stimuli (Figure 2f).

We analyzed the phenotypic changes observed in B cells in
the presence of additional virus isolates, such as dual-tropic
HIV-1-89.6, CCR5-tropic HIV-1-Ba-L, CXCR4-tropic HIV-1-
LAI(BRU) and four CCR5-tropic transmitted/founder viruses
(WITO, THRO, CH058 and CH077). The frequency of
CD24hiCD38hiIL-10+ subsets was significantly increased when

Figure 2 IL-10 production in HIV-1-treated B cells. B cells were treated for 24 h and analyzed by flow cytometry. (a) Total IL-10-producing
cells were analyzed within viable cells (histogram) using intracellular labeling (dot plot). (b) Average percentage of IL-10-producing viable
B cells was analyzed. Data are shown as the average± s.e.m. of seven experiments for each condition. (c) Gates were established for Breg
subsets, such as CD19+CD24hiCD38hi and CD19+CD24hiCD27+, and for non-Breg subsets, gate A (corresponding to CD19
+CD24intCD38int) and Gate B (corresponding to CD19+CD24negCD27neg). The percentage of IL-10-positive cells was detected in (d)
CD24hiCD38hi or in gate A or in (e) CD24hiCD27+ or in gate B. (f) Production of IL-10 was also analyzed 48 h post stimulation in the
supernatant of cell cultures by ELISA (pg/ml). *Po0.05 when comparing mock-treated condition versus treated conditions. Data are shown
as the average± s.e.m. of seven experiments.
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B cells were treated with HIV-89.6 and HIV-1-Ba-L
(Figure 3a), as observed with HIV-1NL4-3 (Figure 2d). However,
only HIV-1NL4-3 was able to induce a clear increase in
CD24hiCD27+IL-10+ expression (Figure 3b). In addition,
percentages of total IL-10-producing B cells were significantly
increased when B cells were treated with HIV-1NL4-3, HIV-1-
89.6 and HIV-1-BaL (Figure 3c). It was interesting to note that
the CXCR4-tropic HIV-1-LAI (BRU) and the transmitted/
founder viruses did not induce phenotypic changes in B cells,
and we wondered whether a longer incubation time could
induce Breg-like phenotype frequency modifications. Never-
theless, changes observed in in vitro experiments were not
restricted to the HIV-1NL4-3 isolate; in fact, they were observed
with diverse HIV-1 isolates.

In summary, even though Breg-associated phenotypes were
modified in different ways, these B cells were still the major
source of IL-10 production. It is interesting to note that HIV-1
is a strong inducer of IL-10, which is the major marker for
Breg-cell function. The combination of HIV-1NL4-3, CpG,
CD40L and LPS, which are stimuli that could be frequently
found in HIV-1+ individuals who suffer from bacterial
translocation or immune activation, would increase this effect,
which could constitute the main cause of the hyper-expression
of IL-10 in HIV-1+ individuals.

HIV-1NL4-3 induced a Breg phenotype
When B cells were treated with HIV-1NL4-3, we detected an
increase in CD19+CD24hiCD38hi and IL-10-producing B-cell
subsets; nevertheless, whether these increases were due to the
generation of new Breg-related subsets or to an expansion of an
already existing Breg population was not clear. Therefore,
CFSE-labeled B cells were mock-treated or treated with
HIV-1NL4-3 for 5 days, and cellular proliferation was observed
following the loss of the CFSE signal. HIV-1-treated B cells
showed a higher level of proliferation than mock-treated B cells
(Figure 4a), as previously described.7 However, no difference in
proliferation frequency was detected between CD19
+CD24hiCD38hi and CD19+CD24−CD38− (non-Breg phe-
notype) in mock-treated or in HIV-1-treated conditions, even
though CD19+CD24−CD38− subsets showed a slight
increase in proliferation frequency (Figures 4b and c). The
viability of CD19+CD24hiCD38hi and CD19+CD24−CD38−
subsets was identical (data not shown). In addition, we
analyzed the proliferative capacity of IL-10+ or IL-10neg
(IL-10-) B-cell subsets when treated with HIV-1NL4-3, and no
significant differences were observed between both subsets in
mock- or in HIV-1-treated conditions (Figure 4d). Taken
together, increased frequency of Breg-associated phenotypes
appears not to be due to an expansion of Breg subsets already
present in B-cell culture.

Figure 3 Breg-like phenotype induction when B cells were treated with different virus isolates. B cells were treated for 48 h and analyzed
by flow cytometry. (a) Average percentage of CD24hiCD38hiIL-10+, (b) CD24hiCD27+IL-10+ or (c) total IL-10-producing cells were
analyzed in viable cells. The average+ s.e.m. of nine experiments for mock and HIV-1NL4-3, six experiments for HIV-1-89.6, five
experiments for HIV-1-Ba-L and HIV-1-LAI(BRU), and three experiments for T/F viruses (WITO, THRO, CH058 and CH077) are shown.
*Po0.05 when comparing mock-treated condition versus HIV-treated conditions.
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Increased frequency of IL-10-producing cells was related to
direct contact with viral particles
HIV-1-treated B cells showed a Breg-like phenotype that was
related to an increase in IL-10 expression. We studied whether
such changes were associated with viral or cellular components
present in the viral membrane, including through HIV-1-Env
(neutralizing antibody raised against a recombinant LAV-1
gp160 or using recombinant gp120/gp140 derived from IIIB
(CXCR4-tropic) or SF162 (CCR5 tropic)), direct B-cell infec-
tion or CD40L that could be found at the surface of the viral
particles. Therefore, we treated HIV-1NL4-3 with an anti-HIV-1

neutralizing serum (or a human AB-serum as control), with
anti-gp120 or with anti-human CD40L for 1 h before adding
this treated virus to the B cells. Alternatively, B cells were
treated with full-length gp120 IIIB or with AZT+T20 for 1 h
before adding HIV-1 to the cells. Breg phenotype (CD19
+CD24hiCD38hi or CD19+CD24hiCD27+) and intracellular
IL-10 production were analyzed by flow cytometry. As already
observed, HIV-1NL4-3 was able to induce an increase in CD19
+CD24hiCD38hi frequency and a decrease in CD19
+CD24hiCD27+ frequency (Figures 1b and c and 5a and b).
None of the treatments were able to reverse the effect of
HIV-1NL4-3 on the CD19+CD24hiCD38hi phenotype
(Figure 5a). The use of full-length HIV-1-gp120 IIIB was not
sufficient to induce the Breg phenotype. However, full-length
HIV-1-gp120 IIIB induced an increase in the CD19
+CD24hiCD27+ B cell subset (Figure 5b). Treatment of
HIV-1NL4-3 with anti-HIV-1 neutralizing serum, anti-gp120
or anti-CD40L was able to partially but significantly reverse the
effect of HIV-1NL4-3 on B cells regarding the CD19
+CD24hiCD27+ phenotype. These data suggest that HIV-1
Env, CD40L or other HIV-1-derived proteins could be directly
implicated in the B-cell phenotype changes (Figure 5b).

As IL-10 expression is a clear marker of phenotypic change
in B cells, we analyzed the intracellular IL-10 expression in
treated B cells. As expected, HIV-1 treatment induced an
increase in the frequency of IL-10-producing B cells, which was
only significantly reversed using anti-HIV-1 neutralizing
serum. There was no significant difference in the expression
of IL-10 in B cells treated either with HIV-1 treated with
human AB-serum or with HIV-1 treated with anti-HIV-1
serum, most likely due to the higher variability when using
human AB-serum (Figure 5c). To determine whether the viral
envelope is related to such IL-10 expression, we treated cells
with SF162-gp140 trimeric (gp140t) and SF162-gp120 mono-
meric (gp120m) proteins. Cells treated with gp120m and
gp140t showed increased expression of intracellular IL-10, even
if IL-10 expression detected in gp120m-treated B cells was not
significantly different from mock-treated cells (Figure 5d). In
contrast, gp140t-treated cells showed a significant increase in
IL-10 expression in comparison to mock-treated cells, even
though this increase was not comparable to the one observed
when the cells were treated with HIV-1NL4-3 (Figure 5d). Taken
together, envelope proteins and unidentified proteins related to
HIV-1 were implicated in IL-10 production by B cells as anti-
HIV-1 serum could have various HIV-1 targets. CD40L and
HIV-1-envelope might be implicated in Breg phenotype
induction (Figure 5b), implying that a direct contact between
the virus and a B-cell is required for the B-cell phenotypic
changes observed in in vitro experiments. However, direct
infection of B cells was not responsible for Breg-like phenotype
induction since the use of AZT+T20 was not able to reverse the
signal induced by HIV-1. As B cells were isolated by positive
selection, which could influence B-cell reactions, we analyzed
these results using B cells isolated by negative selection. Similar
results were obtained with negatively selected B cells
(untouched B cells), as HIV-1NL4-3 treatment increased the

Figure 4 HIV-treated B-cell proliferation. CFSE-labeled B cells were
treated for 5 days and analyzed by flow cytometry. (a) Histogram
plot of CFSE-labeled mock- and HIVNL4-3-treated cells (left panel).
Proliferation was analyzed as the loss of CFSE signal. Average
percentage of B-cell proliferation (a, right panel), average
percentage± s.e.m. of five experiments. (b) Gates were established
for the Breg subset, CD19+CD24hiCD38hi, and for the internal
control, CD19+CD24−CD38− . One representative experiment out
of four total experiments is shown. (c) Average percentage of B-cell
proliferation in CD24hiCD38hi and in CD24−CD38− populations
in mock- or HIV-1NL4-3-treated conditions. Average percentage± s.e.m.
of four experiments. (d) Histogram plot of proliferation (loss of
CFSE signal) gated on IL-10+ and IL-10neg (IL-10− ) B-cell when
cells were treated with HIVNL4-3 (left panel). Average percentage of
B-cell proliferation in IL-10+ and in IL-10− populations in mock-
or HIV-1NL4-3-treated conditions were studied. Average percentage
± s.e.m. of four experiments. *Po0.05 when comparing mock-
treated versus HIV-treated conditions. ns, non-significant.

Breg-like phenotype induction by HIV-1
J Lopez-Abente et al

8

Cellular & Molecular Immunology



frequency of IL-10-producing cells, which was not reversed by
the use of anti-CD40L or anti-gp120 (Supplementary Figure 1).
As the reversion of the HIV-1 effect upon B cells was not
observed with the compounds used in this study, we can
assume that different proteins at the surface of the HIV-1
particles (from human or viral origin) must be implicated in
this phenomenon.

Pro- or anti-inflammatory cytokine mRNA expression
As shown in Figure 2, B-cell stimulation by HIV-1 induced a
marked increase in IL-10 production. Thus, we analyzed and
quantified TGF-β1 and IL-35 anti-inflammatory cytokines by
ELISA assay, but quantification of these cytokines was either
heterogenic (TGF-β1, Supplementary Figure 2a) or undetect-
able (IL-35, data not shown). Therefore, total mRNA from
stimulated B cells was extracted 48 h post stimulation, and
IL-10, TGF-β1, IL-21, IL-35 (composed by EBI3 and p35),
IL-12 (composed by EBI3 and p40) and IL-27 (composed by
p28 and EBI3) transcripts were then quantified by quantitative
PCR (Figure 6f). IL-27 (measured as p28 expression) and IL-21
were not detectable by quantitative PCR (data not shown).

As expected, in the presence of CpG/CD40L/LPS, a sig-
nificant increase in IL-10, TGF-β1, EBI3 and p35 transcripts
was detected (Figures 6a–d). HIV-1NL4-3 alone was also able to
induce a very strong increase in IL-10, TGF-β1, EBI3 and p35
transcript expression, confirming the induction of the Breg-like
phenotype observed in Figures 1 and 2. The induction of anti-
inflammatory cytokine expression was identical regardless of
whether the B cells were treated with HIV-1NL4-3 or with the
Breg-associated stimuli (CpG/CD40L/LPS; Figures 6a–d).

Expression of p40 transcripts was also upregulated when
cells were treated with HIV-1NL4-3 alone or in combination
with CD40L/IL-4 in B cells (Figure 6e). Altogether, p40 and
p35 are the two subunits that form IL-12 (Figure 6f). We
quantified the amount of IL-12 produced in the supernatant of
cell cultures by ELISA assay. IL-12 was hardly detectable in the
majority of conditions analyzed, but it was detectable when B
cells were treated with HIV-1NL4-3 alone or in combination
with CD40L/IL-4 (Supplementary Figure 2B). Taken together,
HIV-1-stimulated B cells were able to express not only
transcripts that encode for anti-inflammatory cytokines (IL-10,
IL-35 and TGF-β1) but also for p40 (IL-12). These data could

Figure 5 Breg-like phenotype was acquired through direct cell-virus contact but not by direct infection. B cells or virus were treated with
various compounds before mixing, and cell phenotype was analyzed after 48 h by flow cytometry (a) Average percentage of CD24hiCD38hi,
(b) CD24hiCD27+ or (c) total IL-10-producing cells were analyzed in viable cells. Average± s.e.m. of nine experiments for mock,
HIV-1NL4-3 and HIV-1NL4-3+ATZ+T20, and five experiments for gp120 IIIB, HIV-1NL4-3+AB-serum, HIV-1NL4-3+anti-HIV serum,
HIV-1NL4-3+anti-gp120 and HIV-1NL4-3+anti-CD40L conditions are shown. (d) Total IL-10-producing cells were analyzed in viable cells
after B cell treatment with HIV-1NL4-3 or with 10 μg/ml of monomeric gp120 (gp120m) or trimeric gp140 (gp140t). Average± s.e.m. of
four experiments for mock, HIV-1NL4-3, gp120m and gp140t are shown. *Po0.05. ns, non-significant.
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partially explain the dysregulation of B cells associated with
HIV-1 infection.

HIV-1-stimulated B cells acquired a functional suppressive
capacity
As B cells exposed to HIV-1 acquire a regulatory phenotype
(CD19+CD38hiCD24hi phenotype and the expression of
IL-10, IL-35 and TGF-β1 transcripts), we studied whether
these cells could also acquire a regulatory function. We
analyzed the suppressive capacity of these cells by measuring
their ability to block the proliferation and TNFα production of
EC. EC are autologous CD19-depleted PBMCs; thus, they
include CD4+ and CD8+ T cells. First, we measured the
proliferation of autologous EC labeled with CFSE and co-
cultured with non-treated, mock-treated or stimulated B cells.

The treated B cells were washed with acid buffer, which was
employed to remove cell-surface bound virus, before co-
culture. EC were labeled for CD4 and CD8, and their ability
to proliferate following the loss of CFSE signal was analyzed by
flow cytometry (Supplementary Figure 3). The results showed
that NT-, mock- or CD40L/IL-4-treated B cells did not change
the capacity of CFSE-labeled CD4+ or CD8+ T cells to
proliferate in co-culture assays (Supplementary Figure 3B and
Figure 7), indicating an absence of suppressive function of
these B cells. As expected, CpG/CD40L/LPS-treated B cells
were able to significantly diminish the proliferation of EC when
compared with mock-treated B cells (Figure 7). B cells treated
with HIV-1NL4-3 alone were also able to diminish markedly the
proliferation of EC, with a mean percentage of inhibition of
57.25± 11.91% for CD4+ T cells and 57.64± 9.92% for CD8+

Figure 6 mRNA expression levels of cytokines in HIV-1-treated B cells. B cells were treated with CD40L/IL-4, HIV-1NL43, CD40L/IL-4/
HIV-1NL4-3, CpG/CD40L/LPS and CpG/CD40L/LPS/HIV-1NL4-3 for 48 h. Cells were also mock-treated or not-treated (NT). Forty-eight hours
post stimulation, mRNA was extracted from NT or treated B cells, and expression of IL-10 (a), EBI3 (b), p35 (c), TGF-β1 (d) or p40 (e)
mRNA was determined by real-time PCR. *Po0.05 when comparing mock-treated condition versus treated conditions. Average± s.e.m. of
six experiments for each condition are shown. (f) Scheme of the constituent subunits of IL-12 (p40 and p35), IL-27 (EBI3 and p28) and
IL-35 (p35 and EBI3).
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T cells when compared with mock-treated B cells (Figure 7). It
is interesting to note that the addition of HIV-1NL4-3 together
with CpG/CD40L/LPS induced greater suppression on EC
proliferation than these stimuli alone (Figure 7).

We also studied the ability of the treated B cells to block
TNFα production in EC (Supplementary Figure 4). We
measured the frequency of TNFα-producing cells in autologous
EC co-cultured with non-treated, mock-treated or stimulated B
cells. Only three out of six experiments performed (one of
which is shown in Supplementary Figure 4) showed a marked
reduction of TNFα when EC were co-cultured with HIV-1NL4-3-,
CD40L/IL-4/HIV-1NL4-3-, CpG/CD40L/LPS- or CpG/CD40L/
LPS/HIV-1NL4-3-treated B cells in comparison to the TNFα
values quantified in co-culture EC+ mock-treated B cells. In
the other three experiments, we were not able to detect
suppression of TNFα expression for any of the conditions
tested.

TNFα is associated with inflammation, immune system
hyper-activation and senescence in HIV-1+ individuals.
Another parameter recently described (the CD4/CD8 ratio)
was found to be associated with an increased immune
activation, an immune-senescent phenotype, and a greater risk
of morbidity/mortality in HIV-1+ individuals.28,29 Because of
the importance of the CD4/CD8 ratio in immune activation/
inflammation in HIV-1 disease progression, we correlated the
percentage of reduction in TNFα production by EC when co-
cultured with stimulated B-cells in comparison to EC co-
cultured with mock-treated B cells and the CD4/CD8 ratio.
HIV-1NL4-3-, CpG/CD40L/LPS- and CpG/CD40L/LPS/HIV-
-1NL4-3-treated B cells were able to decrease the TNFα

production of EC when the ratio of CD4/CD8 was ~ 2 (normal
value of CD4/CD8 in healthy individuals). A strong correlation
between the CD4/CD8 ratio and the percentage of reduction in
TNFα production in EC (Figures 8a, c and d) when EC were
co-cultured with B cells treated with stimuli that induced a
Breg phenotype was found. This correlation was not detected
when B cells were treated with CD40L/IL-4 in co-culture
experiments (Figure 8b), showing that the reduction in TNFα
production in EC was dependent on the regulatory state of the
treated B cells. In HIV-1-infected individuals treated with
active anti-retroviral therapy, which recover a normal value
of the CD4/CD8 ratio, HIV-1-induced Breg phenotype could
have a role in the decreasing TNFα levels observed in these
treated HIV-1+ individuals.30,31 In summary, we describe for
the first time that the presence of HIV-1 induces a Breg-like
phenotype in B cells, which acquire regulatory functions
showing a suppressive capacity on activated CD4+ or CD8+
T cells.

HIV-1-treated B-cell suppressive capacity was not related to
cell death
One can argue that such a suppressive capacity might be related
to an increase in T cell death, leading to a lack of EC
proliferation or lack of TNFα production. Moreover, induced
cell death of effector T cells is one of the suppressive
mechanisms of Breg function already described.27 Therefore,
we quantified T-cell death by different assays after co-culturing
non-treated or treated B cells with CFSE-labeled EC. HIV-1NL4-3-
and CpG/CD40L/LPS-treated B cells induced a significant
reduction of CFSE-labeled CD4+ and CD8+ T cell frequency
after 3 days of co-culture (Figures 7 and 9a). This reduction
could be either due to a limited proliferation of these cells or
due to specific cell death. We isolated CD3+ T cells using anti-
CD3 magnetic beads from the co-culture and quantified the
lactate dehydrogenase (LDH), a method for the detection of
necrosis, liberated by these cells after 3 days. When cells were
co-cultured with mock-treated B cells or with stimulated B
cells, no difference in LDH liberation was detected, suggesting
that HIV-1NL4-3- or CpG/CD40L/LPS-treated B cells did not
induce necrosis of CD3+ T cells (Figure 9b). As caspases are a
family of proteases having crucial roles in programmed cell
death, essentially apoptosis, CD3+ T cells were isolated from
the B cell/EC co-culture, and the expression of cleaved caspase-
3 and caspase-9 was analyzed by western blotting in the CD3+
T-cell fraction after 3 days of co-culture (Figure 9c). No
changes were observed in EC co-cultured with mock-treated B
cells or stimulated B cells; only in the condition where EC were
co-cultured with HIV-1NL4-3-treated B cells did we observe a
significant decrease in the detection of cleaved caspase-3 (there
was no significant reduction for the caspase-9 signal,
Figure 9d). Taken together, we demonstrate that HIV-1NL4-3-
or CpG/CD40L/LPS-treated B cells neither induce necrosis nor
apoptosis in EC in co-culture. The low frequency of EC
detected in these co-cultures was related to a suppression of
T cell proliferation.

Figure 7 Anti-proliferative function of HIV-1-treated B cells.
Proliferation of autologous effector cells (EC) treated with CFSE and
co-cultured with not-treated (NT) or treated B cells (ratio Breg:EC
of 2:1) at day 3 post co-culture. As a control, EC were also
cultured alone without B cells (EC non-activated and EC activated).
Average± s.e.m. of the percentage of proliferative CD4+ and CD8+
T cells measured in anti-CD3/anti-CD28-stimulated EC in the
presence of B cells. Values from five different donors are shown.
*Po0.05 when comparing mock-treated condition versus treated
conditions and #Po0.05 when comparing activated and non-
activated EC cells.
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HIV-1-treated B cell suppressive mechanism is acting
through cell-to-cell contact
HIV-1-treated B cells showed a Breg phenotype and suppres-
sive function that was not related to the T-cell death induction
(Figure 9). We studied whether such actions could be
associated with an already known suppressive mechanism
through IL-10, TGF-β, IL-35, PD-1 or PD-L1. We co-
cultured mock-treated B cells or HIV-1-treated B cells with
CFSE-labeled EC in combination with various neutralizing
antibodies or peptides, such as anti-IL-10, anti-IL-35 (subunit
peptide derived from EBI3), anti-PD-1, anti-TGF-β, anti-
TRAIL, anti-PD-L1 or anti-FasL. Subsequently, CD4+ or
CD8+ T-cell proliferation was analyzed by flow cytometry
after 3 days of co-culture. EC non-activated (NA) and EC
activated, cultured alone were used as proliferation controls
(Figure 10a). As previously shown, mock-treated B cells did not
induce suppression of CD4+ or CD8+ T cells proliferation
(Figure 7). HIV-1-treated B cells induced the suppression of
T-cell proliferation, but none of the neutralizing antibodies
studied were able to reverse such suppression (Figure 10a). The
suppressive mechanism of HIV-1-treated B cells was not
mediated by the expression of IL-10, IL-35, PD-L1, PD-1,
TGF-β, FasL or TRAIL. With the aim of knowing whether
these factors inducing suppression could act in combination,
we co-cultured mock-treated B cells or HIV-1-treated B cells
with CFSE-EC with anti-IL-10, anti-PD-1, anti-PD-L1 and
anti-FasL, alone or in combination. CD4+ or CD8+ T cell
proliferation was analyzed by flow cytometry after 3 days, and

no changes were observed in EC proliferation when co-
cultured with HIV-1-treated B cells alone or with antibody
combinations (we show only the CD4+ T cell population,
Figure 10b). In summary, HIV-1-treated B cells had a
suppressive function over EC that was independent of IL-10,
PD-L1/PD-1 and FasL alone or in combination.

Transwell experiments were performed to examine
whether the suppressive mechanism induced by treated
B cells over EC required direct cell-to-cell contact. Our results
indicate that separation of the two cell types by a 0.4 μm
pore size membrane compromised the suppressive activity of
the stimulated B cells, supporting a cell-to-cell contact depen-
dence as previously observed (Figure 5). Co-culture experi-
ments in the same plate were performed as a control for the
suppressive ability of HIV-1NL4-3-treated B cells. When cells
were co-cultured in a transwell system comparing mock-
treated B cells or HIV-1-treated B cells, no change in EC
proliferation was observed (Figure 11). Even though we could
not determine the specific markers responsible for the sup-
pressive function of the HIV-1NL4-3-treated B cells, cell-to-cell
contact seems to be essential for these cells to suppress EC
function.

DISCUSSION
To our knowledge, we have observed, for the first time, that B
cells treated with HIV-1 particles developed the following: (1)
the CD19+CD24hiCD38hi Breg phenotype; (2) the expression
of immunosuppressive cytokines (IL-10, TGF-β1 and IL-35);

Figure 8 Reduction of TNFα expression in CD4+ or CD8+ T cells after co-culture with HIV-1-exposed B cells. Intracellular expression of
TNFα by CD4+ and CD8+ T cells was analyzed after co-culture of effector cells (EC) and non-treated (NT) or treated B cells (ratio Breg:
EC=2:1). Correlation between the ratio of CD4/CD8 and the percentage of reduction in TNFα expression in co-culture experiments when
(a) HIV-1NL4-3-exposed, (b) CD40L/IL-4-exposed, (c) CpG/CD40L/LPS-exposed and (d) CpG/CD40L/LPS/HIV-1NL4-3-exposed B cells were
calculated considering the mock-treated B-cell co-culture as the baseline reference level. Black squares and solid lines represent the
results from CD4+ T cells, and open squares and dotted black lines represent the results from CD8+ T cells. Each square represents one
experiment.
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(3) Breg-like functions, such as the reduction of T-cell
proliferation; and (4) a reduction in TNFα production in
T cells through cell-to-cell contact in vitro.

Previously, we described a loss of CD27 and CD24hi, and an
increase in CD38hi expression at the surface of HIV-1-treated
B cells, which can explain the opposite effect of HIV-1 in the
current results on Breg phenotypes CD19+CD24hiCD38hi and
CD19+CD24hiCD27+.7 The loss of CD27 in B cells in the
presence of HIV-1 provides an explanation for previous articles
showing a loss of CD27+ memory B cells and a major presence
of CD27 (naive)-B cells in HIV-1-infected individuals.10,32

Considering the doubts about the phenotype that correctly
identifies Breg cells, whether the acquisition of a CD19
+CD24hiCD38hi phenotype is directly responsible for the
increase in suppressive Breg-like cell function observed in this
work must be further established. Although the suppressive

capacity of CD19+CD24hiCD38hi B cells was previously
shown to be related to IL-10 production but not to TGF-β
production,13 in our work neither IL-10 nor TGF-β were
essential for the functionality of HIV-1-induced Breg-like cells,
which makes us hypothesize that, in our model, the induction
of this phenotype might not be necessarily related to the
regulatory function.

One important finding of this work is that the presence of
HIV-1 induces B cells to secrete IL-10, even if the suppressive
effect in our culture system seems to be independent of IL-10
production. However, we can hypothesize that the suppressive
or regulatory effect of this cytokine might act on a number of
immune subsets that could affect immune mechanisms impair-
ing HIV-1-specific immune responses in vivo. Because we have
already shown that HIV-1 particles were able to deregulate B
cells by BCR engagement through the c-Jun N-terminal kinase

Figure 9 Effector cell (EC) death in co-culture with treated B cells. B cells were treated with CD40L/IL-4, HIV-1NL4-3 or with CpG/CD40L/
LPS for 48 h. Cells were also mock-treated (mock). Forty-eight hours post stimulation, cells were co-cultured with autologous CFSE-
labeled-EC for 3 days. (a) Frequency of CD4+ or CD8+ T cells in co-culture was analyzed by flow cytometry in total viable cells (7AADneg
CFSE-EC). Average± s.e.m. of six experiments for each condition are shown. *Po0.05 when comparing mock-treated condition versus
treated conditions. (b) After 3 days of co-culture, CD3+ T cells were isolated by magnetic beads, and LDH release from 100 000 cells was
analyzed. Percentage of necrosis was calculated as follows: (LDH released by CD3+ T cells from co-culture with treated B cells×100/LDH
released by CD3+ T cells from co-culture with mock-treated B cells). Average± s.e.m. of six experiments for each condition are shown.
LDH released in mock-treated B cell co-culture was considered as baseline-level=100%. (c) Isolated CD3+ T cells from co-culture were
also lysed and analyzed for detection of cleaved caspase-3, caspase-9 and actin by western blotting. One representative experiment (out of
3) is shown. (d) Intensity of cleaved and non-cleaved caspase-3 and caspase-9 was quantified, and the percentage of cleaved caspase was
calculated as follows: (intensity of cleaved caspase×100/(intensity of cleaved+intensity of non-cleaved caspase)). Average± s.e.m. of three
experiments for each condition are shown. *Po0.05 when comparing mock-treated condition versus treated conditions.
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(JNK) and the spleen tyrosine kinase (SYK)/BCR pathways,6

and considering that inhibition of Src family kinases such as
SYK reduces constitutive IL-10 production by B cells,33 we
hypothesize that direct contact between B cells and HIV-1
could induce the production of IL-10 via the SYK/BCR
engagement. Further experiments would be necessary to
confirm this hypothesis.

Regarding IL-10, its effects on the pathogenesis of HIV-1 are
quite controversial. Indeed, several studies have shown that low
serum levels of IL-10 are linked to increased susceptibility to
HIV-1 infection and accelerated progression to AIDS, particu-
larly in the later stages of the disease.34,35 Other studies have
shown that IL-10 is upregulated during viremic HIV-1 infec-
tion and that low levels of IL-10 are associated with a protective

role in acute HIV-1 infection.19,36,37 High IL-10 levels may
promote viral replication by suppressing innate and adaptive
immune responses. In addition, in this study we also detected
high TGF-β1 expression levels in HIV-1-exposed B cells, which
was determined to be more frequent among individuals with
higher plasma viral loads. TGF-β1 stimulates the expression of
CTLA-4 on CD4+ T cells, which correlates with disease
progression and loss of HIV-1-specific CD4+ T cellular
functions.37,38 In addition, we demonstrated for the first time
that HIV-1-treated B cells expressed mRNA encoding IL-35
subunits. It was recently demonstrated that IL-35 could convert
human B-cells into Breg cells,39,40 favoring even more the
switch to a Breg phenotype, thus fostering innate and adaptive
immune system dysregulation.

Figure 10 Effector cell (EC) proliferation and neutralizing assay. Proliferation of autologous EC treated with CFSE and co-cultured with
mock- or HIV-1NL4-3-B cells (ratio Breg:EC of 2:1) at day 3 post co-culture. As a control, EC were also cultured alone without B cells (EC
non-activated (NA) and EC activated). (a) Co-cultures were performed in the presence of isotype controls or neutralizing antibodies or
peptide against IL-10 (α-IL-10), IL-35 (subunit peptide anti-IL-35), PD-1 (α-PD-1), TGF-β1 (α-TGF-β1), PD-L1 (α-PD-L1), TRAIL (α-TRAIL)
or FasL (α-FasL) at different concentrations (0.5; 1 and 10 μg/ml). At day 3 post co-culture, EC cells were labeled with anti-CD4 and anti-
CD8, and the proliferation of CD4+ and CD8+ T cells was measured by flow cytometry as the loss of CFSE signal. One representative
experiment is shown. (b) Co-cultures were performed in the presence of isotype controls or a combination of neutralizing antibodies against
IL-10 (α-IL-10), PD-1 (α-PD-1), PD-L1 (α-PD-L1) or FasL (α-FasL) (10 μg/ml each). At day 3 post co-culture, proliferation of CD4+ T cells
was measured in anti-CD3/anti-CD28 stimulated EC in the presence of B cells by flow cytometry. One representative experiment is shown.
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HIV-1-related effects on phenotypes and cytokine profiles of
B cells were correlated with a clear reduction in the prolifera-
tion of effector cells, showing that HIV-1-treated B cells acquire
a Breg-like suppressive function. In addition to the anti-
proliferative effects, HIV-1-exposed B cells also modulated
TNFα production by effector cells. This ability is lost when the
CD4/CD8 ratio is decreased. We hypothesized that in HIV-1-
infected individuals who suffer from immune system deteriora-
tion marked by CD4 lymphopenia, even though B cells were
induced towards a Breg-like phenotype, such a regulatory
phenotype would not be strong enough to prevent the
production of TNFα. This could explain the high levels of
TNFα in plasma associated with the depletion of CD4+ T cells.
Moreover, in treated HIV-1+-individuals who recover a normal
value of the CD4/CD8 ratio, the HIV-1-induced Breg pheno-
type could have a role in the decrease in TNFα levels. All these
results are crucial to understand the extent of dysregulation of
the immune system ongoing in HIV-1 infection, and provide a
rationale for the impairment of immune responses, in parti-
cular in the case of HIV-1+ individuals who suffer from
bacterial translocation. In these individuals, the levels of TLR
ligands and CD40L in the peripheral blood are high; regarding
our results, their presence associated with HIV-1 particles
would increase their effects on B cells, which could constitute
the main source of the hyper-expression of IL-10 observed in
HIV-1-infected individuals.

Despite the increased production of IL-10, IL-35 and TGF-β
and the increased expression of surface markers PD-1 and PD-
L1 observed on B cells, we did not demonstrate that the
suppressive function of HIV-1-treated B cells was related to
these factors. However, these markers are well described in the
literature to be part of IL-10-dependent and IL-10-independent
Breg mechanisms of action.18 None of the blocking antibodies
for the factors studied in this work, IL-10, IL-35, TGF-β, PD-1,
PD-L1, TRAIL or FasL, alone or in combination, were able to

reverse the suppressive function of the HIV-1-treated B cells,
although we determined that it was related to cell-to-cell
contact between B and effector cells. The use of anti-HIV-1
neutralizing serum in addition to the use of anti-retroviral
drugs (AZT and T20) showed that the increased frequency of
IL-10-producing B cells and the induction of the Breg
phenotype CD19+CD24hiCD38hi were not related to direct
infection of the cells, but were related to a mix of viral or/and
human components currently undefined but present at the
virion surface. As monomeric gp120 and particularly trimeric
gp140 were able to increase the frequency of IL-10-producing
cells, even though they did not achieve the level detected when
cells were treated by full-length viral particles, we hypothesized
that the viral envelope is implicated in Breg-like phenotype
induction, but that other viral or human proteins currently
undefined but present at the viral surface might be implicated
in heightened Breg signal induction.

During HIV-1 infection, several soluble factors have been
implicated in HIV-1 disease progression and B-cell dysregula-
tion. One of these factors is the B cell-activating factor
(BAFF).41 High levels of BAFF have been directly associated
with high levels of IL-10 and high frequencies of IL-10-
producing B-cells in viremic HIV-1-infected
individuals.20,42,43 Remarkably, their levels in aviremic slow
progressors/elite controllers were comparable to those detected
in healthy donors.44 It is interesting to note that the presence of
IL-10 in association with BAFF has the ability to induce the
expression of the mannose C-type lectin receptor and mannose
receptor at the surface of B cells, receptors that can bind HIV-1
gp120. This linkage triggers the immunoglobulin CSR that
elicits the production of specific and non-specific polyclonal
IgG, IgA and IgE responses.8 Therefore, the presence of high
levels of BAFF and IL-10, even in treated individuals, may be
related to chronic activation of B cells, which could lead to
immune exhaustion and non-specific Ig production.43 Our
work adds a new piece to the puzzle of B-cell dysregulation,
and we hypothesized that HIV-1 particles could directly
participate through the viral envelope and potentially through
other undefined proteins present at the virion’s surface in
association with previously described microbial compounds
and/or soluble factors (such as BAFF) in B-cell dysregulation. It
would be very interesting to further investigate whether the
association of HIV-1 particles with BAFF or microbial translo-
cation could induce a higher frequency of Breg-like phenotypes
in HIV-1+ individuals.

In summary, HIV-1 particles induced a Breg-like phenotype
and suppressive capacities in the B-cell population. As it was
previously described that HIV-1 particles could be found attached
to the surface of B cells,45 and thus potentially transported to
lymph nodes, the results presented here are essential to partially
explain the profound dysregulation and inefficiency of the
immune responses against HIV-1. An increase in Breg frequency
and IL-10 secretion, artificially induced by the direct contact
between HIV-1 particles and B cells, could provoke suppression
of HIV-specific effector cells. Owing to the importance of an
adequate immune response and homeostasis of the HIV-1

Figure 11 Cell-to-cell contact assay. Proliferation of autologous EC
treated with CFSE was analyzed by flow cytometry when either co-
cultured or cultured in a transwell plate with mock- or HIV-1NL4-3-B
cells (ratio Breg: EC of 2:1) at day 3 post co-culture. EC-CFSE were
directly co-cultured or cultured in a transwell system with mock-
treated or HIVNL4-3-treated B cells. The percentage of relative
proliferation was calculated as follows: (% of CD4+ or CD8+ T cell
proliferation in HIV-1NL4-3-treated condition*100 / % of CD4+ or
CD8+ T cell proliferation in mock-treated condition) in co-culture or
in transwell assay. Average± s.e.m. of five experiments for each
condition is shown. *Po0.05 when comparing Co-culture versus
Transwell conditions.
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infection, this mechanism of immune dysregulation must be
taken into consideration and further studied.
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Introduction 

Heart transplants in paediatric patients constitute a successful method to treat severe 

symptomatic cardiomyopathies (1). Following transplantation, most of the transplant 

programs employ induction immunosuppression, a relatively intense prophylactic therapy 

used at the time of transplantation based on the empiric observation that more potent 

immunosuppression is required to prevent acute rejection early (2). Induction therapy may 

include high-dose therapy with maintenance drugs, or include specialised induction agents 

(e.g., interleukin 2 receptor antagonists or lymphocyte depletion agents such as rabbit anti-

thymocyte globulin (rATB)). The induction therapy can reduce the risk of acute rejection (2,3) 

and enables the delay of high dose calcineurin inhibitors administration, which has 

nephrotoxic effects (4). Even if the employment of specialised induction agents is extended in 

most of the countries, it has not been established whether the use of these agents is inevitable 

to meet this need nor is it clear whether their use optimises the risk/ benefit ratio (2). 

Moreover, the knowledge of immune mechanisms has experienced an important development 

in the last decade, and new immune populations have been identified. However, little is 

known about the specific effects of immunosuppressive drugs on these new subsets and their 

consequences in the revised knowledge of the immune responses. 

Between the induction drugs, the interleukin 2 receptor antagonist currently utilized in the 

clinics is Basiliximab (BXM), a humanised therapeutic monoclonal antibody that targets the IL-2 

receptor alpha chain (IL-2Ra or CD25). The CD25 aminoacids involved in IL-2 interaction 

overlap with the BXM epitope and therefore the antibody can completely block the 

interactions between IL-2 and CD25 (5,6). The target of BXM are activated effector T cells, 

which upregulate CD25 upon activation, and undergo IL-2 mediated T-cell proliferation, 

compromising allograft survival (7). However, regulatory T cells (Treg) also express high levels 

of CD25 constitutively (8), and they rely on CD25 not only for their proliferation and survival 

but also for detection of excessive proliferation of effector cells (9,10). Treg cells play a crucial 

role in the fine-tune regulation of immune processes intrinsic to transplant acceptance (11,12), 

and it has been shown that Treg can promote transplantation tolerance and the indefinite 

allograft survival by suppressing immune responses to allograft-specific antigens (13,14). These 

cells prevent the activation and expansion of effector T cells implicated in cellular rejection, 

and can also induce the death of B cells preventing humoral rejection processes as yet proven 

in animal models of cardiac transplant (15). In fact, it has been shown that Treg/Teff (effector 



T-cell) balance is crucial in the development of the graft rejection response or the allograft 

tolerance (12).  

Therefore, even though BXM may be able to prevent acute rejection by hindering IL-2 

mediated T effector expansion, it will also compromise the onset of tolerance by affecting Treg 

proliferation and function. In adult transplanted patients, it is claimed that BXM does not 

affect circulating Foxp3+ cells frequency and function, albeit they express low CD25 levels due 

to receptor modulation or shedding (16-19).  However, others have shown that CD25 blockade 

may reduce Treg cells through late apoptotic events probably related to deprivation of IL-2 

mediated survival signals in Tx patients (20,21), and can compromise Treg identity by 

generating a population of T cells lacking suppressive function and capable of producing 

proinflammatory cytokines (22). Considering these contradictory reports, it is necessary to 

challenge the effect upon Treg/Teff balance of BXM as immunosuppressor since there is 

current controversy about its impact on Treg cells. 

In the pediatric context, the role of the Treg subset could be notably relevant. The plasticity of 

the pediatric immune system and the preserved thymic production of Treg could provide a 

better capacity to develop intrinsic tolerance in children. In fact, Tregs have been proven 

crucial in the development of operational tolerance in children (23,24) and decreased Treg 

levels have been related to acute rejection in paediatric liver allograft recipients (25). 

Preserved thymic function and increased Treg values in children could be a key factor for the 

low rates of rejection and increased survival in transplanted infants (26). However, little is 

known about the BXM effect upon Treg in transplanted children. De Goër de Herve et al. shows 

that BXM does not affect Treg frequency among the CD4 population, but BXM treated patients 

developed allergies more rapidly after liver grafting, highlighting that BXM mediated CD25 

blocking may affect Treg phenotype and functionality (27). These findings are consistent with 

our previous results demonstrating the importance of Treg levels in the establishment of food 

allergy in infants (28), or in the acquisition of tolerance in allergic children (29), which also 

point out the relevance of preserving Treg values to promote immune tolerance in children. 

In the case of heart-transplanted children, the BXM-mediated Treg impairment could be even 

more problematic. In most of the pediatric cardiac surgeries, thymus must be removed to gain 

adequate exposure to the retrosternal operative field. Therefore, heart-transplanted children 

will have an insufficient capacity to regenerate the Treg population due to the absence of the 

thymus, and depletion of the Treg pool would compromise seriously the main mechanism of 

immune tolerance. Therefore, BXM-mediated impairment of the Treg peripheral pool in these 



children could increase the risk of graft rejection, but also the incidence of autoimmune 

disorders (30) or allergic diseases (31), which cause morbidity and diminished quality of life in 

pediatric heart transplant recipients. Therefore, our first objective was to assess in vitro if BXM 

had detrimental effects upon Treg´s survival, proliferation, Foxp3 expression and functionality 

compared to other T-cell populations. Afterwards, we analysed the effect of BXM induction 

therapy upon Treg in a cohort of heart transplanted children, comparing Treg values and the 

evolution on time of this subset in patients treated Vs non-treated with BXM.  

 

 

 

  



Material and methods 

 

Human samples 

Peripheral blood mononuclear cells (PBMC) employed in in vitro experiments were obtained 

from buffy coats from the Transfusion Centre of Madrid using a Ficoll-Hypaque density 

gradient (Rafer).  

Blood samples were obtained from heart transplanted pediatric patients (n=6) either treated 

(n= 2) with BXM (Simulect®, Novartis Pharma, Switzerland) in a dose of 12 mg/m2 on Days 0 

and 4 after transplantation (Tx) or without BXM (n= 4). Patients also received maintenance 

therapy consisting of short-term steroids, mycophenolate mofetil (MMF, CellCept®, Hoffmann-

La Roche Ltd, Switzerland) and Tacrolimus (Prograf®, Astellas Pharma Inc., Japan). The study 

was conducted after the approval of the ethics committee and according to the principles 

expressed in the Declaration of Helsinki. Informed consents from the legal guardians were 

obtained before patient´s enrolment. Peripheral blood samples (<3 ml) were drawn before 

transplantation and at 10, 15, 30, 45, 60, 90, 120, 180, 270, 360 days post-Tx. Day-0 

corresponds to the day of transplantation, and the sample from Day-0 (baseline sample, BL) 

was collected before the transplantation procedure and the administration of 

immunosuppressive therapy. The blood samples were always processed within 2h after 

extraction. 

 

Culture and treatment of PBMCs 

PBMCs from buffy coats were treated with BXM (Simulect®, Novartis Pharma) to analyze its 

effect on CD4, CD8 and Treg viability, proliferation, Foxp3 expression and cytokine secretion. 

Briefly, CFSE-labeled PBMCs (CFSE from Life Technologies) were cultured with RPMI 1640 

medium (Biochrome) supplemented with 10% heat-inactivated FCS, 500 U/mL IL-2 and a mix 

of antibiotics (125 µg/mL cloxacillin, 125 µg/mL ampicillin and 40 µg/mL gentamicin; Sigma-

Aldrich). PBMC were then stimulated with anti-CD3/anti-CD28-coated magnetic beads (Life 

Technologies) at 0.5:1 or 1:1 ratio (bead:PBMC), treated with 10 µg/ml of BXM and cultured 

for 72h. This concentration was chosen considering the serum concentration which is reached 

in pediatric patients treated with basiliximab (32), and looking for maximal suppressive effect 

(33).  After culture, all the samples were analyzed by flow cytometry. 

 



Analysis of immune subsets  

Immune cells in peripheral blood from transplanted patients were followed by flow 

cytometry. Different T-cell subsets were analyzed using a combination of specific antibodies 

(see supplemental Table). We determined by flow cytometry (Gallios Cytometer, Beckman 

Coulter, France) the frequency and absolute counts of CD4+ T cells and CD8+ T cells, including 

markers for the following subsets: naive (CD45RA+CD27+), activated (HLA-DR+), central 

memory (CD45RA−CD27+), effector memory (CD45RA−CD27−), as previously described (34). 

Absolute counts and frequency of Treg cells in peripheral blood were quantified measuring 

either with CD3+CD4+CD25+Foxp3+ or CD3+CD4+Foxp3+ cells. Of note, anti-CD25 clones BC96 

(eBioscience. San Diego, CA) and 2A3 (BD Biosciences) were used, these clones compete 

unsuccessfully with Basiliximab (BXM) for CD25 binding (35), enabling us to track BXM-

dependent CD25 blockade by the absence of anti-CD25 signal.  Foxp3, together with CTLA-4 

and Ki-67 were analysed by intracellular staining with the Anti-Human Foxp3 Staining Set 

(eBiosciences) according to the manufacturer’s instructions. Naïve, activated, central memory, 

effector memory, TemRA (CD45RA+CD27−) and recent thymic emigrants (RTEs, 

CD45RA+CD27+CD31+) subsets of Treg cells were also analysed. Absolute numbers of immune 

subtypes were determined using Flow-Count Fluorospheres (Beckman-Coulter). 

 

 

Analysis of cytokine secreting T cells 

Analysis of cytokine-secreting CD4+ T cells and Treg cells was performed in viable PBMCs 

(using Fixable Viability Dye eFluor 450 or eFluor 780, eBioscience). Briefly, CD4+ T cells were 

activated for 5h with PMA (50 ng/ml) and Ionomycin (1 ug/ml) (both from Sigma-Aldrich), 

including the addition of Golgi-stop (Beckton Dickinson). Intracellular staining of IL-2, IL-4, IFN-

γ, TNF-α and IL-17 was done following the instructions of the Cytofix/Cytoperm Kit (Beckton 

Dickinson). To analyse cytokine-secreting Treg cells, viable PBMCs were activated for 5.5h, 

including the addition of Brefeldin A (Sigma-Aldrich). Instructions of the Anti-Human Foxp3 

Staining Set (eBiosciences) were followed for intracellular staining of Foxp3, IL-10, IL-17, IL-4 

and samples were acquired by flow cytometry. The frequency of cytokine-secreting cells was 

calculated in total CD4+ T cells or CD4+Foxp3+ population for the Treg. 

 

 

 

 



Analysis of cytokines in plasma 

Plasma levels of different cytokines were measured in plasma samples obtained from 

peripheral blood of transplanted patients by flow cytometry. Plasma was centrifuged to 

eliminate remaining blood cells and debris followed by cryopreservation (-80ºC) until analysis. 

The DIAplex Human Th1 /Th2 / Inflammation Complete kit was used to quantify IFN-γ, IL-2, IL-

10, IL-8, IL-6, IL-4, IL-17a, IL-1ß, TNF-α and IL-12p70 plasma levels. 

 

 

Statistical analysis 

Statistical analysis was performed using SPSS Software (IBM). T-student test for paired 

samples was used for comparison between treated and untreated conditions in each of the in 

vitro experiments. Because only two patients were enrolled in the BXM-treated group, and n=2 

is not enough to perform reliable statistics, no statistical analysis was performed in the in vivo 

study. 

  



RESULTS  

In vitro BXM treatment has a direct effect on both Treg cell values and Foxp3 expression 

Due to the current controversy regarding the effect of BXM on Treg, we firstly analyzed in vitro 

the specific effect of BXM on Treg without the influence of other immunosuppressive drugs or 

heterogeneity between patients. We studied the BXM effect on T cells after 72h of culture and 

employing: i) non-activating conditions, which could be indicative of the BXM effect on an 

immune system in a quiescent status; ii) employing anti-CD3/CD28 coated beads, which mimic 

antigen-presenting cells, activate T cells and then, could be indicative of the BXM effect on an 

immune system activated by the presence of alloantigens. 

To confirm the BXM-dependent blockage of CD25 in Treg, we treated PBMCs with BXM in 

vitro, and we stained cells with a competing anti-CD25 antibody, which will not be able to bind 

CD25 if there is already BXM bound to the receptor (35). Treatment of PBMC with a single 

dose of 10 Pg/ml BXM was enough to block all the CD25 present in CD4+ T cells including Tregs 

as early as 4 hours of culture, and the blockade remained after 72h in all the six experiments 

(Supplemental Figure 1). Afterwards, because CD25 was not available in BXM-treated cells, we 

followed the Treg subset independently of their CD25 availability analyzing total (CD25+ and 

CD25neg) CD4+Foxp3+ cells. Without activation, BXM induced a marked decrease in Treg 

frequency (p= 0.003), but no significant effects were observed in total CD4+ (p= 0.282) and 

CD8+ T cells (p= 0.160) after 72h culture (Figure 1A). The same result was observed when 

PBMCs were stimulated with anti-CD3/CD28 beads (Treg: p< 0.001; T-CD4+: p= 0.375; T-CD8+: 

p= 0.224) (Figure 1B). In addition to the Treg proportion, we also observed a significant 

reduction in the Treg counts after 72h in the presence of BXM, but not in total CD4+ T-cell 

counts (Figure 1C, 1D). The reduction in BXM-treated Treg counts compared with untreated 

Tregs was approximately of 70% in both conditions (Supplemental Figure 2A), unstimulated 

(mean variation ± SEM: –72.0% ± 1.6; p= 0.007) and stimulated with anti-CD3/CD28 (mean 

variation ± SEM: –66.1% ± 1.8; p= 0.044). However, this BXM-mediated reduction in cell 

number was not observed for total CD4+ T cells in both unstimulated (mean variation ± SEM: 

+3.9% ± 7.8; p= 0.595) or stimulated conditions (mean variation ± SEM: –16.7% ± 5.3; p= 0.079) 

(Supplemental Figure 2A).  To discard that such decrease in the proportion and number of Treg 

could be the result of increased Treg mortality due to a higher BXM toxicity in these cells, we 

analyzed cell viability after 72h culture. The results showed that BXM did not induce changes 

in the viability of Treg (p= 0.687) and total CD4+ T cells (p= 0.123), but BXM produces a slight 

decrease in the viability of CD8+ T cells (p= 0.043) in stimulating conditions (Figure 1E). In non-



stimulating conditions, BXM treatment did not modify viability of Treg, total CD4+ and CD8+ T 

cells (p> 0.05) (Supplemental Figure 2B).  

Besides Treg frequency and counts, the Foxp3 expression on Tregs, measured as Foxp3 

median fluorescence intensity (MFI) in Foxp3+CD4+ cells, was also significantly reduced under 

BXM treatment (Figure 1F) in all six experiments. Reduction of Foxp3 expression was observed 

in both, non-stimulating conditions (p= 0.012), and stimulating conditions (p= 0.006), 

indicating that BXM also has a direct impact on the expression of Foxp3, the key regulator of 

the Treg function. 

 

BXM specifically suppresses CD4+Foxp3+ cell (Treg) proliferation in vitro 

It is known that CD25 signaling cascade is necessary to promote T-cell proliferation. Therefore, 

after discarding BXM effects on Treg viability, we investigated the effect of BXM on 

proliferation as a potential mechanism of the observed decrease in Treg values. PBMC were 

CFSE labelled at day 0 before anti-CD3/CD28 bead stimulation and cultured in the presence of 

BXM. 72 hours later, we analyzed by flow cytometry CFSE signal intensity, whose level 

decreases upon cellular division. We found that Treg proliferation significantly decreased in 

the presence of BXM (p= 0.027), and such effect was not detected in total CD4+ (p= 0.204) and 

CD8+ T cells (p= 0.843; Figure 2A, B), thus indicating that BXM induces a specific decrease of 

proliferation in the Treg subset.  

CFSE staining could have detrimental effects on lymphocyte function and viability, and it has 

been reported that CFSE-labelling of human PBMCs can account for up to 50% cell death and 

modifies activation markers (36). Therefore, to further confirm the effect of BXM on Treg 

proliferation, we also analyzed Ki-67, a nuclear and nucleolar protein antigen present in all 

proliferating cells during the active part of the cell cycle. Ki-67-positive cells represent actively 

dividing cells, and Ki-67-negative likely represent cells that have subsequently stopped dividing 

and entered into quiescence (37). Therefore, Ki67 will reflect which proportion of proliferating 

cells remains after 72h culture in the presence or absence of BXM. Results showed that in the 

absence of stimulation (Figure 2C), BXM induced a pronounced decrease in Ki67 frequency in 

Treg cells (p= 0.008) and a lighter decrease in total CD4+ T cells (p= 0.012). However, in the 

presence of activating conditions (Figure 2D), BXM induced a significant decrease in Ki67+ 

expressing Treg (p= 0.004) but not in total CD4+ T cells (p= 0.163). 

 



BXM modifies the cytokine secretion pattern of Treg cells 

It is known that IL-2 primes Treg for IL-10 production (38), therefore production of such anti-

inflammatory cytokine could be affected in Treg following the CD25 blockade by BXM. 

Moreover, it has been shown that Treg can be differentiated to Th1 (39) or Th17 (40) 

phenotype after the loss of Foxp3 expression. Because we have shown a reduced Foxp3 MFI in 

the presence of BXM, we were interested in evaluating the cytokine secretion pattern in 

treated Treg cells. When we stimulated with anti-CD3/CD28 beads, BXM treatment did not 

modify the frequency of IL-4 and IL-17 secreting Tregs (p= 0.700 and p= 0.838 respectively; 

Figure 3B, 3C). However, BXM produced a significant reduction in the proportion of IL-10-

secreting Treg cells in all the six experiments (p= 0.027), which is the main mechanism of 

immune suppression of the Treg subset (Figure 3A). In non-stimulating conditions, we found 

an increase in the proportion of IL-10 (p= 0.015), IL-4 (p= 0.039) and IL-17 secreting cells (p= 

0.016) in BXM treated Tregs (Supplemental Figure 3A-C), suggesting that BXM effect on Treg 

could also favor a switch of Treg cells into a more pro-inflammatory phenotype in a “resting” 

scenario.  

To analyze whether BXM impact over Treg function was just restricted to cytokine production, 

we examined the expression of inhibitory molecules CTLA-4 and CD39, implicated in Treg 

suppressive function (41,42). We found that BXM treatment did not modify the frequency of 

CTLA-4-expresing Tregs in both unstimulated and stimulated conditions (p= 0.123, p= 0.450 

respectively) (Supplemental Figure 4A, 4B). In the same way, no differences were observed in 

CD39+ Treg frequency with BXM treatment in unstimulated (p= 0.154) and cells stimulated 

with antiCD3/CD28 (p= 0.675) (Supplemental Figure 4C, 4D). 

 

Basiliximab blocks CD25 in Treg from heart transplanted children for at least 30 days 

Six patients included in the waiting list for cardiac transplantation were enrolled in the study 

after informed consent (Table 1). The median age of patients was 5.19 years (range: 0.14-

13.96). Two patients received an immunosuppressive regime consisting of short-term steroids, 

mofetil mycophenolate (MMF) and Tacrolimus, and including 2 doses of Basiliximab (BXM) as 

induction therapy (12 mg/m2 at day 0 and 4 post-Tx). The other four patients received the 

same immunosuppressive regime but without BXM induction therapy. BXM group: 2 females, 

meanrSEM age:10.67 r 3.69 years at Tx; BXM untreated group: 4 males, meanrSEM age:3.42 

r 2.06 years at Tx). Patients were clinically followed for at least one year after transplantation. 



In the period of study (1-year post-transplant) only Patient 2 showed signs of cardiac graft 

rejection 21 days after transplantation, diagnosed by alterations in the electrocardiography 

and echocardiography monitoring (an increase in myocardial thickness was detected). 

Rejection grade 1R and positive C4d staining were confirmed in the cardiac biopsy, and a 

diagnosis of cardiac graft humoral rejection was established. As treatment, Patient 2 received 

3 boluses of methylprednisolone together with Immunoglobulin, and 4 doses administered 

weekly of Rituximab (375 mg/m2 per week). 

Because CD25 is a critical receptor for the survival and functionality of Tregs (9), we followed 

over time the BXM effect on CD25 availability on patients. Tregs at Day-0 were identified as 

CD4+Foxp3+CD25+ (Figure 4A), and all enrolled patients showed normal values (43) of Treg 

before transplantation. Ten days after the introduction of suppressive therapy, patients non-

treated with BXM maintained preserved frequencies of CD25+Foxp3+ Treg. However, Treg cells 

from the two patients treated with BXM could not be stained with competing CD25 antibodies 

indicating a complete blockade of CD25 in all Foxp3+ Tregs. The BXM-mediated block of CD25 

in CD4+Foxp3+ cells was present for at least 30 days (Figure 4A and 4B), being Foxp3+CD25- 

the only Treg cells detectable during BXM effect. The availability of CD25 was recovered 45 

days post-transplant (post-Tx) (Figure 4B), which matches with Basiliximab peripheral 

clearance (32). From day +45 until four months after transplantation, frequencies of 

Foxp3+CD25+ Treg cells in BXM group remained stable and with comparable values to those 

from BXM-untreated patients. However, when we analyzed Treg absolute counts (cells per Pl 

of blood), we observed that Treg number did not reach pre-transplant levels after BXM 

treatment and remained low compared to the BXM-untreated group along the 4-month 

follow-up (Figure 4C). 

 

Basiliximab treated pediatric patients show decreased values of Foxp3-expressing Treg cells 

IL-2/CD25 signal has been proven to regulate the Foxp3 expression, proliferation and survival 

of Treg (9), and then the BXM-mediated CD25 blockade could affect to the phenotype and 

circulating values of Treg cells in treated patients. We followed over time the evolution of the 

Treg subset independently of their CD25 availability, analyzing total (CD25+ and CD25neg) 

CD4+Foxp3+ cells.  

Both frequencies and absolute counts of circulating Foxp3+ expressing CD4+ T cells seem to be 

decreased in BXM-treated patients in comparison to patients not receiving BXM. Compared 



with values measured before administration of immunosuppressive regime (baseline), patients 

non-treated with BXM showed a mean increase of 7.1% in the Treg frequency during the first 

month and then, Treg frequency dropped progressively along the first year post-Tx, reaching 

mean frequencies 29.9% lower than baseline (Figure 5A). In BXM-treated patients, Treg 

frequency remained >20% lower than baseline along the first three months after Tx, then 

turned into a slight increase and finally dropped reaching frequencies 36.2% lower than 

baseline (Figure 5A). Regarding absolute counts (cells per µl of blood) of CD4+Foxp3+ cells, an 

increase over 10% in cell number was observed during the first two months in patients non-

treated with BXM, then Treg counts started to decrease from the third month reaching a 

32.4% mean reduction after 1 year. However, children treated with BXM reached a decline of 

55.9% in Treg counts along the first month, maintaining approximately just a half of the Treg 

counts measured before Tx along the first year post-Tx (Figure 5B). It is interesting to note that 

the recovery in the CD25 availability after BXM clearance (day 45) was not followed by a 

significant recovery in the percentage and absolute counts of CD4+Foxp3+ in BXM-treated 

patients. 

To see whether the cell-number reduction associated to BXM was restricted to Treg, we 

extended the analysis to total CD4+ and CD8+ T cells analyzing the percentage of variation 

from baseline. The three subsets of T cells (Treg, total CD4+ and CD8+ T cells) experienced 10-

15% increase in the absolute counts after 1 month in the group non-treated with BXM. 

Patients receiving BXM (notably patient 2) show a reduction in absolute counts of Treg, CD4+ 

and CD8+ T cells, being this reduction more pronounced in Treg (55.9% reduction), indicating 

that Treg population seemed more sensitive to BXM than the other T cells (figure 5C). From 

the 4th to the 6th-month post-Tx (Figure 5D), these differences were less evident, and both 

cohorts of patients showed a similar reduction (20-25%) from baseline in Treg and total CD4+ 

T-cell subsets. Only CD8+ T-cell counts seem to be increased 7.6% from baseline in BXM-

treated patients. 

 

Effect of BXM treatment on the phenotype and proliferation of Treg from heart-transplanted 

pediatric patients 

As observed in vitro, CD25 blockade seems to induce also a decrease in the Foxp3 expression 

on Tregs in vivo, at the light of the reduction in the median fluorescence intensity (MFI) which 

appears in cells from BXM-treated patients. Mean±SEM values of Foxp3 MFI at Day-0 (baseline 

before Tx) were 2.91±0.26 for the –BXM group and 3.36±1.39 for BXM-treated patients. At day 



+10 post-Tx, in 3 of the 4 patients that did not receive BXM, their Foxp3 MFI remained next or 

even higher to baseline levels (Figure 6A). However, the two BXM-treated patients showed a 

huge decrease (>40%) in Foxp3 MFI at day +10 (mean±SEM MFI= 1.91±0.85), which was still 

present, but less pronounced, one-month post-Tx (mean±SEM MFI= 2.16±0.73; Figure 6B).   

Regarding the BXM effects on the phenotype of Foxp3-expressing CD4+ T cells, we observed 

that BXM-treated patients showed a lower proportion of naïve cells (Figure 6C) and a higher 

proportion of memory cells than BXM-untreated patients along the 1-year follow-up (Figure 

6D). We also analyzed the expression on Tregs of functional markers CTLA-4 and CD39. The 

frequency of CTLA-4-expresing Tregs was slightly higher in the BXM group along the first two 

months, and then, the BXM-treated patients showed lower frequencies of this marker on Treg 

from the third month onwards (Figure 6E). The frequency of CD39-expressing Tregs in the 

BXM-treated patient was higher during the first six months than in patients non-treated with 

BXM (Figure 6F). On the other hand, the mean frequency of proliferating Treg cells, measured 

by the presence of Ki67 marker in Foxp3+ cells, seemed to be higher in the patient treated 

with BXM along the first month after Tx, and then dropped under the values observed in the 

group non-treated with BXM for the rest of the follow-up (Figure 6G).  

Unfortunately, due to limitations in the quantity of blood available in one of the patients, we 

could only obtain values for the last three markers in one of the BXM-treated patients, which 

was the only one experiencing a humoral rejection episode at day +21 post-Tx. This fact, joined 

to the high heterogeneity in the CTLA-4, CD39 and Ki67 expression between the patients non-

treated with BXM makes tough to draw conclusions regarding the effects of BXM on 

proliferation and the expression of these functional markers on Treg from patients. This 

limitation in the volume of blood that can be obtained with safeness from these pediatric 

patients was also a limiting factor to analyze other parameters such as the frequency of 

cytokine-secreting Tregs, and unfortunately, we have not enough data about whether the 

effects of BXM on Treg also have consequences in the frequency of IL10-producing Tregs and 

other cytokines, as observed in vitro. We try to analyze IL-10 concentration in plasma, but the 

IL-10 concentration was undetectable in most of the patients and we could not know whether 

IL-10 plasma levels were different between the two groups of patients (Supplemental Figure 

5E). 

 

 



 

Removal of Basiliximab from the immunosuppressive regime did not increase values of 

effector and activated CD4 and CD8 T cells in patients 

IL-2 uptake is essential as proliferation and survival signal for activated T cells upon antigen 

recognition. Therefore, the fact that IL-2R (CD25) is not blocked in the T-cell surface of BXM-

untreated patients could constitute a potential risk for effector and activated T-cell expansion 

and subsequent risk of graft rejection. However, once we analyzed the number of circulating 

activated (Act; CD45RA-HLA-DR+), effector memory (EM; CD45RA-CD27-), and central memory 

cells (CM; CD45RA-CD27+) in both CD4+ and CD8+ T subsets, we observed that counts of none 

of these T-cell phenotypes were substantially increased in the BXM-untreated patients in 

comparison to the BXM-treated group (Figure 7A-F). The number of activated and EM CD4+ T 

cells was quite similar in both groups of patients along the 1-year follow-up. In patients non-

treated with BXM, we observed a higher increase on the CM CD4+ T-cell absolute numbers 

from the 4th month onwards (Figure 7E). However, such increase was not accompanied by any 

clinical adverse effects. Regarding CD8+ T cells, patients non-treated with BXM maintained 

very low counts of activated and EM CD8+ T cells along the 1-year follow-up, which differs 

from BXM-treated patients, showing activated and EM CD8+ T-cell mean counts notably higher 

(Figure 7B, D). The number of CM CD8+ T cells did not differ substantially between both 

cohorts of patients. 

The ratio of Treg and effector cells has been described as a valuable marker to monitor 

allospecific T-cell responses in peripheral blood and has been related to the absence of 

rejection (18,44). Interestingly, patients treated with BXM showed Treg/Teff mean ratios lower 

than patients non-treated with BXM along the 12-month follow-up. BXM-treated patients 

showed lower Treg/CD4-Teff ratios along the first three months, and after the fourth month, 

the ratio was similar compared to untreated patients (Figure 7G). Regarding the Treg/CD8-Teff 

ratio, values are notably lower in the first two months post-Tx in BXM-treated patients, and 

this difference was less evident from the second month onwards. 

We also analyzed the frequency of cytokine-secreting T cells, which could trigger inflammatory 

responses and represent a risk for transplanted patients. We observed that frequency of IFN-J-

secreting CD4+ T cells was clearly lower in patients not treated with BXM along the 1-year 

follow-up (Figure 8A). The frequency of TNF-D and IL-2 secreting CD4+ T cells was only 

measured in one of the BXM-treated patients, and percentage of TNF-D secreting CD4+ T was 

slightly higher in the BXM non-treated group but remained stable in the first year (Figure 8C). 



However, from month 4 onwards there was an increase in the frequency on the BXM treated 

patient, consequently overpassing pre-transplant levels. The frequency of IL-2-secreting CD4+ 

T cells in BXM-treated patient seems to be lower along the follow-up compared to frequencies 

observed in BXM-untreated patients (Figure 8E). We also measured the frequency of IL-17, and 

IL-4-secreting CD4+ T cells, but we did not observe remarkable differences between the two 

cohorts of patients (Figures 8G, 8H).  

We also analyzed IFN-J and TNF-D production in CD8 T cells, which are known to be an 

important source of both cytokines, and have proven to contribute to the rejection response 

(45,46). We observed that the frequency of IFN-J and TNF-D producing CD8 T cells remained 

low in the BXM non-treated group along the 1-year follow up (Figure 8 B and D). In contrast, 

the BXM group presented an increase in both subsets from the fourth month onwards, 

although this group has not manifested any clinical symptoms that could be associated to such 

increase. Due to the role of IL-2 in optimizing effector T-cell generation and CD8 differentiation 

into memory cells, we also studied their own capacity to produce IL-2 (Figure 8 F), and IL-2 

producing CD8 T cells described the same pattern as IL-2+ CD4 cells but with a lower 

frequency.  

Finally, we also measured plasma concentration of IFN-J, TNF-D, IL-2, IL-4, IL-10 and IL-17. 

Probably by the effect of the immunosuppressive regime, these cytokines were undetectable 

in most of the plasma samples. (Supplemental Figure 5 A – F). All of the patients non-treated 

with BXM showed some blips of increased plasma levels in some of the cytokines at different 

time points, but there is not a clear pattern in any of the patients that could be considered 

indicative of an activation of immune responses. In the case of BXM-treated patients, all 

plasma samples from patient 2 showed undetectable cytokine levels, but in patient 1 we 

observed increased plasma levels of IFN-J, TNF-D, IL-2, IL-4 and IL-17A from the 7th month to 

the end of the 1-year follow up. However, the presence of undetectable levels in most the 

samples make difficult to obtain definitive conclusions about cytokine plasma concentration in 

both cohort of patients. 

 

 

 

 



Study limitations 

Although the results of this study constitute an important contribution to the better 

knowledge of the immune responses in transplanted children, and could be of relevance to 

improve the design of immunosuppressive regimes, our study has some limitations. First, 

because the number of pediatric heart transplantations performed worldwide is very low, the 

number of available patients is rather small to really determine a meaningful outcome. In 

addition, the number of heart transplant patients receiving BXM treatment was also low, and 

there were significant differences in the age and gender between BXM-treated and BXM-

untreated groups. Due to the higher risk of acute rejection in older patients, induction therapy 

is preferentially administered to the oldest patients, and it is responsible for the different age 

between the two cohorts of patients. The limitations in the in vivo study are balanced by our in 

vitro results, which are more solid and would allow to further confirm the findings regarding 

BXM effect on Tregs. 

  



Discussion 

Even though the use and effectiveness of immunosuppressive drugs have notably improved in 

the last decades, the achievement of immune tolerance and the indefinite graft survival is still 

an unattainable challenge. The discovery of regulatory cells implicated in the maintenance of 

immune homeostasis has created a big expectation in the pursuit of the ultimate goal 

following transplantation, which is to induce immunological tolerance by “re-educating” the 

host’s immune response. In this context, Tregs have shown to play a crucial role preventing 

graft rejection, and there is evidence suggesting that Tregs could provide graft tolerance in the 

context of transplantation (47,48).  

However, this mechanism of intrinsic tolerance could be compromised by the use of 

immunosuppressive drugs. Because of Tregs share markers and drug targets with those cell 

populations mediating rejection, it became crucial to define the effect of these drugs on 

regulatory cells clearly and to assess the drug balance between being permissive with Treg 

functionality/survival and targeting effector cells. Between the immunosuppressors employed, 

basiliximab target specifically IL2RA (CD25), which is crucial for the survival and function of 

Treg cells. At present, there is a controversy regarding the use of BXM as induction therapy 

(49-52), a drug approved by the U.S. FDA in 1998, before of the establishment of the crucial 

role of Treg cells in tolerance. The induction therapy has shown to achieve an absolute risk of 

reduction for acute rejection of only 1-4% in standard risk patients (49), which is not high. 

However, up to date no large randomized trials have examined the effect of employing 

induction therapy anti-IL2RA versus no induction in patients receiving triple maintenance 

therapy (MMF, TAC, steroids). Moreover, little is known about the specific effect of these 

drugs in the immune homeostasis of pediatric patients, and there are no data about the 

consequences of these treatments in thymectomyzed patients, where the capacity of 

production of new Tregs is seriously compromised. Here we investigated the effect of 

basiliximab induction versus no induction in a small group of heart transplanted children 

receiving triple maintenance therapy, providing relevant conclusions which could help to the 

decision making in the instauration of the appropriate immunosuppressive regime in 

transplanted children. 

We have shown that CD25 blockade in Treg cells from pediatric patients lasts for 30 - 45 days. 

This time window matches with the elimination of basiliximab in serum reported in pediatric 

patients (32) and findings from other groups in liver or kidney transplanted children (27,32). 

Independently of the CD25 availability, the BXM-mediated IL-2 signalling deprivation causes a 



decrease in Treg (Foxp3+CD4+ cells) numbers in comparison with BXM-untreated patients, 

which remains for at least 4 months. The decrease in the number of Foxp3+ Tregs was also 

corroborated by our in vitro results. This is contradictory with results provided by several 

authors (16,17,27,53), showing that frequency of Foxp3-expressing CD4+ T cells remains 

unchanged in transplanted patients treated with BXM. All these articles analyzed percentages 

of Foxp3+ cells, which is a relative frequency that could be influenced by changes in other 

subsets of T cells. However, we analyzed the absolute counts of Foxp3+ cells per Pl of blood, 

which is a better indicator of the real number of cells available in periphery. Moreover, in 

comparison with the rest of studies, our cohort of heart-transplanted patients was 

thymectomized, and probably the regeneration and production of new Tregs is seriously 

compromised in these patients. The fact that Treg frequency and absolute numbers were more 

affected by BXM than total CD4 and CD8 cells, had a clear impact on Treg/Teff ratio, which has 

shown to be critical for rejection freedom (18,44), and BXM-treated patients showed lower 

Treg/EM CD4+ and CD8+T cells, notably in the first months after BXM treatment. Even if other 

studies in transplanted children did not detect changes in the Foxp3+CD4+ T cell population 

associated with BXM, they could detect a faster onset of food allergies in the BXM treated 

group, highlighting a possible defect in Treg functionality resulting from CD25 blockade (27). 

Another novelty of our study is that we tried to identify which is the mechanism responsible 

for the BXM-mediated Treg depletion. Apoptosis mediated by the interaction of an antibody 

with receptor is well documented to be the primary mechanism of T cell depletion by antibody 

(54). However, Wang et al. demonstrated that in the presence of BXM, CD4+CD25+ T cells 

were not depleted from the circulating pool through monoclonal antibody activation-

associated apoptosis (16). We also discarded in vitro a direct effect of BXM on the viability of 

Tregs. However, even if the analysis of proliferation was not conclusive in patients, the in vitro 

results clearly demonstrated that BXM treatment markedly decreases the proliferation of Treg 

cells. Moreover, we observed a BXM-mediated impairment of Treg proliferation in 

unstimulated and stimulated cells, indicating a potential effect of BXM in both, the 

homeostatic proliferation of Treg in a quiescent status, and also in the proliferation of Tregs in 

response to the expansion of effectors cells that could mediate graft rejection. Vignali et al. 

reports a high Treg homeostatic proliferation proportional to the increase of plasmatic IL-7 

after induction therapy. However, this phenomenon is unlikely to appear in our patients, 

because the IL-7/IL-7R pathway in Treg is sensitive to MMF and TAC, which constitute together 

with corticoids the maintenance therapy administered to the patients of this study (21,55). In 

contrast to the high impact over Treg, total CD4 T-cell frequency and proliferation capacity was 



not affected in vitro nor in vivo by BXM, suggesting that BXM may have deeper effects over 

Treg compared to the total CD4 population, which is the main target of this drug. This is 

probably related to a higher demand of IL-2 to keep proliferation by Treg, which will agree 

with other studies where in contrast to Treg, non-Treg cells have been shown to proliferate 

upon antigen stimulation in an IL-2 deficient environment (56).  

We also observed in vitro and in vivo that another consequence of the BXM-mediated IL-2 

signaling deprivation is a clear decrease in the Foxp3 expression on Tregs. This finding agrees 

with other studies in the context of anti-CD25 antibody treatment of multiple sclerosis (57) 

and correlates with our previous studies where altered levels of CD25 affected Foxp3 

expression (58). The level of Foxp3 protein expression in Tregs is critical for suppressor 

function, given that experimentally induced reduction in Foxp3 amounts resulted in impaired 

suppressor function (59). Sustained Foxp3 expression in mature Treg cells is necessary for the 

maintenance of the Treg cell phenotype and suppressor function, and therefore, the BXM-

mediated downregulation of Foxp3 would have a clear impact on the suppressive capacity of 

Treg in treated patients. Downregulation of Foxp3 in Tregs has also been associated with a 

switch to a secretion pattern of pro-inflammatory cytokines (59). In fact, the IL-4 gene is 

directly suppressed by Foxp3 gene (60), and our previous findings indicated that Foxp3 

downregulation in HIV-infected Treg resulted in increased IL-4 production (39). Komatsu et al. 

also showed that Treg acquired a Th17 phenotype after Foxp3 attenuation (40), which may 

dampen its suppressor function and promote an inflammatory milieu (61). In unstimulated 

conditions, we observed in vitro that BXM increase the frequency of IL-4 and IL-17 secreting 

Tregs, but also increases the frequency of IL-10 secreting Tregs. Therefore, we cannot conclude 

that BXM induced a switch of phenotype in Treg to a pro-inflammatory profile. In stimulated 

conditions, which could mimic the answer of Tregs in a scenario of immune activation against 

the graft, IL-4 and IL-17 secretion by Treg was not modified with BXM, but a clear reduction in 

the frequency of IL-10 producing Tregs was observed. This is consistent with the necessity of 

IL-2 signalling to prime IL-10 production in Treg (38) and it may be also related to the Foxp3 

downregulation (39,62). Regarding other functional markers as CTLA4, BXM did not modify the 

CTLA4 expression in vitro, but we observed a lower tendency of CTLA-4+Foxp3+CD4+ cell 

frequency after the 3rd-month post-Tx in the only BXM treated patient where CTLA4 

expression was measured. Huss et al. described a decrease in the percentage of CTLA-4+ Treg 

from multiple sclerosis patients treated with daclizumab (blocking anti-CD25 monoclonal 

antibody) (63), and because Foxp3 is needed for upregulation of CTLA-4 (64), an altered CTLA-

4 expression could be expected under Foxp3 downregulation.  



If one translates all these results to a physiological context, in a patient that has previously 

received BXM therapy, if an immune response is initiated against an alloantigen, Treg 

proliferation levels will not match the proliferation of CD4 and CD8 cells, leading then to a 

decrease in the balance between Treg/Teff, crucial for tolerance maintenance. This hypothesis 

is supported by our findings showing that BXM has a higher suppressor effect upon Treg 

proliferation under activation conditions, which will render the immune system with a lower 

level of Treg sentinels to neutralize the T-cell effector proliferation. Because these patients 

were thymectomized, the replenishment of the Treg pool in response to the Treg depletion 

will be deficient, and these patients will be unable to restore an adequate Treg/Teff ratio. In 

addition to their decreased number and the imbalance with effector cells, Tregs will suffer a 

downregulation of Foxp3 and an impairment in their capacity of secreting IL-10, compromising 

its overall suppressive function in the period with the higher incidence of acute graft rejection 

(26).  

We cannot discard that the rest of immunosuppressants administered in the maintenance 

therapy could also have a detrimental effect on Treg subset. In fact, calcineurin inhibitors such 

as TAC inhibits the production of IL-2, and this could also interfere with the number and 

function of Treg cells (65). However, considering the controversy about the risk/benefits of 

employing BXM induction, the little or null effect decreasing the absolute risk for acute 

rejection reported by several authors (3,4,52), and the clear detrimental effect on Treg 

corroborated by our in vitro results, the employment of BXM in transplanted children is clearly 

in doubt. The employment in heart-transplanted children of induction therapy with IL-2R 

antagonist has increased in the last years (26). However, considering our findings, the costs of 

basiliximab treatment, and limited capacity of cell regeneration in thymectomized patients, we 

conclude that routine administration of basiliximab cannot be justified in heart transplanted 

children.  

Besides the better preservation of Treg without BXM as corroborated in vitro, we have shown 

that the removal of BXM does not seem to induce an increase in the frequency and absolute 

numbers of effector or activated CD4 or CD8 populations, which could potentially promote 

graft rejection. Even, we observed higher values of some of these subsets in BXM-treated 

patients. Th1 cytokines such as IFN-J, TNF-D or IL-2, promote the activation of CD8 

cytotoxicity, macrophage dependent hypersensitivity and activation of complement (66). TNF-

D producing CD8 cells cardiac infiltrates increase with rejection progression (46), and IFN-J-

secreting CD8+ T cells have been shown to contribute to the rejection response (45). However, 

no substantial changes associated with BXM removal could be observed when we studied the 



frequencies of these cytokine secreting CD4 or CD8 T cells, and the presence of some of these 

pro-inflammatory cells was even higher in BXM-treated patients.  

In conclusion, our findings demonstrate in heart transplanted children that anti-IL2RA 

induction therapy produces a serious impairment of Treg counts and function by affecting 

their proliferative capacity, Foxp3 expression, and IL-10 secretion capacity. Even though BXM is 

normally cleared 45 days after administration, it cannot be discarded that could have late 

consequences upon immune homeostasis and the protective role of Treg population, which 

match just with the period with the higher incidence of rejection in these patients. In the other 

hand, removal of basiliximab induction from the treatment of heart-transplanted children did 

not compromise the graft survival at least for 12 months, since no substantial changes in the T-

cell phenotypes that could be involved in graft rejection were detected. These results highlight 

that the removal of BXM induction therapy in heart transplanted children does not favor a 

higher immune activation and probably does not constitute a potential hazard for these 

patients. However, the preservation of the Treg population if patients does not receive BXM 

induction could be crucial to maintain the intrinsic mechanism of tolerance and to decrease 

the incidence of rejection. 
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Figure Legends 

 

Figure 1. In vitro effect of BXM treatment on the values of T-cell subsets. Frequency of 
CD4+Foxp3+ (gated on CD4+ T cells), total CD4+ and CD8+ T cells (both gated in lymphocytes) 
after 72h culture within PBMC without activation (A) or activated with anti-CD3/CD28 beads at 
0.5:1 bead:cell ratio (B). Cell number of CD4+Foxp3+ Treg (C) and CD4+ T cells (D) after 72h in 
PBMC without stimulation (Unstim) or stimulated with anti-CD3/CD28 beads at 0.5:1 bead:cell 
ratio for 72h (Stim). (E) Viability after 72h culture in CD4+Foxp3+, CD4+ and CD8+ cells within 
PBMC stimulated with anti-CD3/CD28 beads at 0.5:1 bead:cell ratio. (F) Median fluorescence 
intensity (MFI) of Foxp3 in the CD4+Foxp3+ cell population within PBMC unstimulated or 
activated with beads for 72h. Each line represents values for untreated (–BXM, solid circles) 
and BXM treated (+BXM, solid triangles) conditions for each donor, n = 6. ns: non-significant; *: 
p<0.05; **: p<0.01; ***: p<0.001 statistical differences between untreated (–BXM) and treated 
(+BXM) condition in T-test for paired samples. 

 

Figure 2. BXM specifically suppresses CD4+Foxp3+ cell proliferation in vitro. (A) Histograms 
from a representative donor showing proliferation as a reduction in the CFSE intensity in Treg, 
and total CD4+ and CD8+ T cells. Solid line: BXM untreated, Broken line: BXM treated, Grey 
curve: Non-stimulated cells. (B) Values of proliferation (% CFSE+ cells) in CD4+Foxp3+, CD4+ 
and CD8+ T cells within PBMC cultured 72h with 0.5:1 bead:cell stimulation. Frequency of 
Ki67+ cells on CD4+Foxp3+ (Treg) and CD4+ T cells in PBMC without stimulation (C) or 
stimulated with anti-CD3/CD28 beads at 0.5:1 bead:cell ratio (D) after 72h. Each line 
represents values for untreated (–BXM, solid circles) and BXM treated (+BXM, solid triangles) 
conditions for each donor, n = 6. ns: non-significant; *: p<0.05; **: p<0.01; ***: p<0.001 
statistical differences between untreated (–BXM) and treated (+BXM) condition in T-test for 
paired samples. 

 

Figure 3. BXM decrease the proportion of IL-10 secreting Tregs. Graph showing the % of IL-10 
(A), IL-17 (B) and IL-4(C)-secreting CD4+Foxp3+ cells within PBMC stimulated with 0.5:1 
bead:cell ratio for 72h. Each line represents values for untreated (–BXM, solid circles) and BXM 
treated (+BXM, solid triangles) conditions for each donor, n = 6. ns: non-significant; *: p<0.05; 
**: p<0.01; ***: p<0.001 statistical differences between untreated (–BXM) and treated (+BXM) 
condition in T-test for paired samples. 

 

Figure 4. Effect of BXM on Treg values in heart-transplanted children. Dot-plots showing the 
proportion in gated CD4+ T cells of CD25+Foxp3+ Treg cells (A). Graph showing values of 
percentage in total CD4+ T cells (B) and the absolute counts (cells per Pl of blood) (C) of Treg 
cells identified as CD3+CD4+CD25+Foxp3+ cells. Individual values for children treated (n=2) 



and non-treated with basiliximab (n=4) along 120-days follow-up, and a line representing 
mean values in each group are represented. 

 

Figure 5. Effect of BXM on values of Foxp3-expresing cells in heart-transplanted children. 
Graph showing the percentage of change from baseline values (BL before Tx; dotted line) for 
the frequency of Foxp3+ cells in total CD4+ T cells (A) and the absolute counts of CD4+Foxp3+ 
T cells (B). Individual values for children treated (n=2; triangle and broken line) and non-
treated with basiliximab (n=4; circles and solid line) along 1-year follow-up, and a line 
representing mean values in each group are represented. Percentage of change from baseline 
(BL) for CD4+Foxp3+ cells, total CD4+ T cells and total CD8+ T cells 1 month after 
transplantation (C) or in the period of 4-6 month after transplantation (D).  

 

Figure 6. Effect of BXM on the phenotype of Treg cells in heart-transplanted children. Graph 
showing the percentage of change from baseline values (BL; dotted line) for the median 
fluorescence intensity (MFI) at day 10 post-Tx (A) and 1-month post-Tx (B). Frequencies of 
naïve (C), memory (MEM; D), CTLA-4+ (E), CD39+ (F), and Ki67+ (G) cells in Foxp3-expressing 
CD4+ T cells. Individual values for children treated (n=2; triangle and broken line) and non-
treated with basiliximab (n=4; circles and solid line) along 1-year follow-up, and a line 
representing mean values in each group are represented. 

 

 

Figure 7. Values of circulating differentiated T cells in heart-transplanted children. Graph 
showing the absolute counts (cells per Pl of blood) of activated (Act) CD4+ (A) and CD8+ (B) T 
cells. Absolute counts of effector (EM) CD4+ (C) and CD8+ (D) T cells. Absolute counts of 
central memory (CM) CD4+ (E) and CD8+ (F) T cells. Ratio between the absolute counts of 
Foxp3-expressing CD4+ T cells and effector CD4+ T cells (G) or effector CD8+ T cells (H). 
Individual values for children treated (n=2; triangle and broken line) and non-treated with 
basiliximab (n=4; circles and solid line) along 1-year follow-up, and a line representing mean 
values in each group are represented. 

 

Figure 8. Frequencies of cytokine-secreting T cells in heart-transplanted children. Graph 
showing the frequency of IFNJ-secreting CD4+ T cells (A), IFNJ-secreting CD8+ T cells (B), TNFD-
secreting CD4+ T cells (C), TNFD-secreting CD8+ T cells (D), IL2-secreting CD4+ T cells (E) IL2-
secreting CD8+ T cells (F), IL17-secreting CD4+ T cells (G), and IL4-secreting CD4+ T cells (H). 
Individual values for children treated (n=2 for A, B, G and H; n=1 for C, D, E, F figures; triangle 
and broken line) and non-treated with basiliximab (n=4; circles and solid line) along 1-year 
follow-up, and a line representing mean values in each group are represented. 
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Figure	5	
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Figure	6	
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Figure	8	
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ID Sex Age at Tx BXM Immunosuppression Rejection episodes Observations 

Patient 1 F 8 years Yes TAC, MMF, Pred No  

Patient 2 F 14 years Yes TAC, MMF, Pred, RIT* Humoral - Day +21 *RIT treatment - Day +26 

Patient 3 M 14 months No TAC, MMF, Pred No  

Patient 4 M 3 years No TAC, MMF, Pred No  

Patient 5 M 2 months No TAC, MMF, Pred No  

Patient 6 M 9 years No TAC, MMF, Pred No  
       

BXM - Basiliximab, TAC - tacrolimus, MMF - mofetil mycophenolate, Pred - Metil prednisolone, RIT - rituximab 

	
	

	
	
	

Table	1.	Characteristics	of	the	patients	included	in	the	study 



Supplemental	Figure	1	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
	
	
Supplemental	Figure	1.	BXM	blocks	CD25	receptor	in	vitro.	(A)	Dot-plots	showing	BXM	

effect	over	CD25	within	the	total	CD4+	T-cell	population	on	untreated	(-BXM)	or	BXM	

treated	(+BXM)	PBMC	from	a	healthy	volunteer	after	4h	culture	and	72h	culture.	One	

representative	experiment	from	6	is	showed.	CD25	median	fluorescence	intensity	(MFI)	

in	CD4+Foxp3+	cells	(B)	and	total	CD4+	T	cells	(C)	within	untreated	(solid	circle)	or	BXM	

treated	(solid	box)	stimulated	PBMC.	Each	line	represents	values	for	untreated	(–BXM,	

solid	circles)	and	BXM	treated	(+BXM,	solid	triangles)	conditions	for	each	donor,	n	=	6.	

ns:	non-significant;	*:	p<0.05;	**:	p<0.01;	***:	p<0.001	statistical	differences	between	

untreated	(–BXM)	and	treated	(+BXM)	condition	in	T-test	for	paired	samples.	
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Supplemental	 Figure	2.	 (A)	Graph	 showing	 the	variation	 (expressed	as	%)	 in	 the	 cell	
number	of	CD4+Foxp3+	(white	bars)	and	CD4+	T	cells	(grey	bars)	after	72h	hours	culture	

with	 BXM	within	 PBMC	without	 stimulation	 (Unstim)	 or	 stimulated	 (Stim)	with	 anti-

CD3/CD28	 dynabeads	 at	 0.5:1	 (bead:cell	 ratio).	 (B)	 Viability	 after	 72h	 culture	 in	

CD4+Foxp3+,	CD4+	and	CD8+	T	cells	within	un-stimulated	PBMC.	Each	line	represents	

values	 for	 untreated	 and	 BXM-treated	 conditions	 for	 each	 donor,	 n	 =	 6.	 Each	 line	

represents	 values	 for	 untreated	 (–BXM,	 solid	 circles)	 and	 BXM	 treated	 (+BXM,	 solid	

triangles)	conditions	for	each	donor,	n	=	6.	ns:	non-significant;	*:	p<0.05;	**:	p<0.01;	

***:	 p<0.001	 statistical	 differences	 between	 untreated	 (–BXM)	 and	 treated	 (+BXM)	

condition	in	T-test	for	paired	samples.	
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Supplemental	Figure	3.	BXM	effect	on	cytokine	secretion	by	Treg.	Graph	showing	the	
%	of	 IL-10	(A),	 IL-17	(B)	and	IL-4(C)-secreting	CD4+Foxp3+	cells	within	non-stimulated	

PBMC	 after	 72h	 culture.	 Each	 line	 represents	 values	 for	 untreated	 and	BXM-treated	

conditions	for	each	donor,	n	=	6.	Each	line	represents	values	for	untreated	(–BXM,	solid	

circles)	and	BXM	treated	(+BXM,	solid	triangles)	conditions	for	each	donor,	n	=	6.	ns:	

non-significant;	 *:	 p<0.05;	 **:	 p<0.01;	 ***:	 p<0.001	 statistical	 differences	 between	

untreated	(–BXM)	and	treated	(+BXM)	condition	in	T-test	for	paired	samples.	
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Supplemental	Figure	4.	BXM	effect	on	CTLA-4	expression	in	Treg.	Graph	showing	the	%	
CTLA-4+CD4+Foxp3+	 cells	 within	 non-stimulated	 (A)	 and	 stimulated	 PBMC	 (B).	

Frequency	of	CD39+CD4+Foxp3+	cells	within	non-stimulated	(C)	and	stimulated	PBMC	

(D).	 Each	 line	 represents	 values	 for	untreated	 (–BXM,	 solid	 circles)	 and	BXM	 treated	

(+BXM,	solid	triangles)	conditions	for	each	donor,	n	=	6.	ns:	non-significant;	*:	p<0.05;	

**:	p<0.01;	***:	p<0.001	statistical	differences	between	untreated	(–BXM)	and	treated	

(+BXM)	condition	in	T-test	for	paired	samples.	
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Supplemental	 Figure	 5.	 Cytokine	 concentration	 in	 plasma	 from	 heart-transplanted	
children.	Graph	showing	the	concentration	(pg/ml)	of	IFN-g	(A),	TNF-a	(B),	IL-2	(C),	IL-
17A	 (D),	 IL-4	 (E)	 and	 IL-10	 (F)	 in	 plasma.	 Individual	 values	 for	 children	 treated	 (n=2;	

triangle)	and	non-treated	with	basiliximab	(n=4;	circles)	along	1-year	follow-up,	mean	+	

SEM	is	represented.	
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Table	S1.	Antibodies	used	for	flow	cytometry	analysis	
Antibody	 Fluorochrome	 Clone	 Source		 Surface/intracellular	
CD127	 PE	 R34,34	 Beckman	Coulter	 surface	

CD25	 PE-Cy7	 2A3	 BD	Biosciences	 surface	

CD25	 PE-Cyanine7	 BC96	 eBioscience	 surface	

CD27	 Alexa	Fluor	700	 O323	 eBioscience	 surface	

CD27	 PC5.5	 1A4CD27	 Beckman	Coulter	 surface	

CD3	 Alexa	Fluor	700	 UCHT1	 Beckman	Coulter	 surface	

CD3	 VioGreen	 BW264/56	 Miltenyi	Biotec	 surface	

CD31	 FITC	 5,6E	 Beckman	Coulter	 surface	

CD38	 Alexa	Fluor	700	 LS198,4,3	 Beckman	Coulter	 surface	

CD39	 APC-Vio770	 MZ18-23C8	 Miltenyi	Biotec	 surface	

CD4	 Alexa	Fluor	750	 13B8.2	 Beckman	Coulter	 surface	

CD4	 PE-Vio615	 REA623	 Miltenyi	Biotec	 surface	

CD4	 VioGreen	 M-T466	 Miltenyi	Biotec	 surface	

CD45RA	 ECD	 2H4	 Beckman	Coulter	 surface	

CD69	 PC5	 TP1,55,3	 Beckman	Coulter	 surface	

CD8	 Pacific	Blue	 SK1	 Biolegend	 surface	

CD8	 VioGreen	 BW135/80	 Miltenyi	Biotec	 surface	

HLA-DR	 APC	 GRB-1	 ImmunoStep	 surface	

HLA-DR	 eFluor450	 L243	 eBioscience	 surface	

FoxP3	 PE	 PCH101	 eBioscience	 intracelullar	

Ki67	 PerCP-Vio700	 REA183	 Miltenyi	Biotec	 intracelullar	

CTLA4	 APC	 BNI3(RUO)	 BD	Biosciences	 intracelullar	

IL-17A	 FITC	 eBio64DEC17	 eBioscience	 intracelullar	

IL-2	 PE	 N7.48A	 Miltenyi	Biotec	 intracelullar	

IL-4	 APC	 8D4-8	 eBioscience	 intracelullar	

IL-10	 PE	 JES3-9D7	 Miltenyi	Biotec	 intracelullar	

IFN-γ	 eFluor450	 4S,B3	 eBioscience	 intracelullar	

TNF-⍺	 PE/Cy7	 MAb11	 Biolegend	 intracelullar	

	

Supplemental	table.	Antibodies	used	for	flow	cytometric	analysis.	
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Abstract 37 

Introduction: HIV infection is characterized by a profound deregulation of the immune 38 

system, which leads to the presence of an immune hyper-activation even in patients with 39 

undetectable viral load. We have previously described how the presence of HIV in vitro 40 

produces alterations in regulatory T (Treg) and B (Breg) cells. Treg and Breg subsets play a 41 

crucial role in the maintenance of immune homeostasis, and it has recently described that T 42 

follicular helper cells (Tfh) are pivotal for the development of Breg, and could also modulate 43 

the Treg maintenance. We investigated in HIV-infected patients, how the presence of viremia 44 

could alter the phenotype or functionality of these regulatory subsets, and also the balance and 45 

correlations between them.  46 

Methods: We have analyzed four different Breg subsets, Treg and circulating Tfh (cTfh) 47 

compartments in naïve-treated HIV+ patients, in treated-HIV+ patients and healthy 48 

individuals. We analyzed the frequencies and absolute counts of these subsets by flow 49 

cytometry, along with the frequencies of IL-10, IL-17, IL-4 and INFγ-secreting cells. Finally, 50 

we analyzed the suppressive capacity of Breg from HIV-infected patients or healthy 51 

individuals.  52 

Results: We found that absolute counts of Treg and Breg were decreased and frequency of 53 

cTfh was increased in naïve-treated HIV+ patients in comparison to treated-HIV+ patients or 54 

healthy individuals. Positive correlation between cTfh and Treg observed in healthy 55 

individuals were lost in naïve-treatment HIV+ patients, but surprisingly correlations between 56 

Breg subsets and Treg were settled up in naïve-treatment HIV+ patients in comparison to 57 

healthy individuals. The decrease of Breg and Treg absolute counts and the loss of Breg´s 58 

function, observed through co-culture assays, were detected in parallel with an increased 59 

expression of inflammatory cytokines in HIV+ patients with detectable viral load.  60 
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Conclusions: We demonstrated for the first time that balance between cTfh, Treg and some 61 

Breg subsets are deregulated in HIV-infected patients and that these cellular compartments 62 

might participate in the immune system hyper-activation and exhaustion. 63 

  64 
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Introduction 65 

HIV infection induces a general deregulation of the immune system leading to an immune 66 

exhaustion where almost all cells of immune system lose their functional ability. T and B cells 67 

exhaustion is characterized by the increase of activated phenotype, decrease of proliferative 68 

ability and loss of their effector capacity. These outcomes are related to uncontrolled viral 69 

persistence and disease progression [1, 2]. Recently, regulatory T or B cells (Treg and Breg, 70 

respectively) and T follicular helper cells (Tfh) have been described to participate in the 71 

maintenance of the immune homoeostasis of which one aim is to suppress the over-reaction in 72 

the case of inflammation, leading to an appropriate immune response.  73 

Tregs are a subset of CD4+ T cells that control hyper-activation of the immune system due to 74 

their suppressive capacity [3]. Their role in HIV infection is still debated and works on Treg 75 

deregulation and function in HIV+ patients showed a dual impact. Therefore, high levels of 76 

Treg in HIV+ patients were related to a reduced immune activation [4], but on the other hand, 77 

it was demonstrated that the high level of Treg was related to a high viremia associated with a 78 

poor immune restoration [5]. This cellular subset was demonstrated to be less suppressive 79 

when tested on CD4+ or CD8+ T cells proliferation and that HIV-specific effector CD8+ T 80 

cells were less sensitive to Treg-suppressive effects [6, 7]. The loss of the function of HIV-81 

specific CD8+ T lymphocytes was also attributed to Breg in HIV infection, essentially via IL-82 

10-dependent mechanisms [8-11]. Breg are immunosuppressive cells that support 83 

immunological tolerance but in contrast to Treg, Breg phenotype is not yet clearly defined. In 84 

humans, several subsets of Breg have been defined such as CD19+CD24hiCD38hi [12], 85 

CD19+CD24hiCD27+ [13], CD19+CD5+CD1dhi [14] or CD19+CD73-CD25+CD71+ [15]. 86 

Currently, IL-10 expression is the unique clear marker defining a suppressive B-cell 87 

population in mice and humans, even if Breg function was as well defined as independent of 88 

IL-10 more recently [16, 17]. The relation between Breg and Treg is not well established in 89 
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HIV infection but both subsets are deregulated in the chronic phase of HIV infection and were 90 

described to lose their suppressive function over HIV-specific CD8+ T cells [7, 8, 18, 19].  91 

Other CD4+ T cell subset that was deregulated in HIV+ patients was the circulating T 92 

follicular helper cells (cTfh) [20]. Tfh are generally found in germinal centers where they help 93 

to induce class-switch recombination, somatic hyper-mutation and differentiation of B cells 94 

into long-lived plasma cells [21]. In the chronic phase of HIV or SIV infection, Tfh are found 95 

in peripheral blood and they were found to be one of the major targets of HIV/SIV infection 96 

[22-24] and thus their function is compromised in HIV+ patients [25-27].  97 

In this work, we analyzed four different Breg subsets, and Treg and Tfh compartments with 98 

the aim to better understand their interrelation in HIV infection. We determined that 99 

frequencies of the Breg, Treg and cTfh were significantly higher in naive-treated HIV+ 100 

patients, but that absolute numbers of Breg and Treg were significantly decreased in 101 

peripheral blood of naive-treated HIV+ patients. On contrary to previous works, we 102 

determined that frequency of IL-10-producing B cells was decreased in naïve-treated HIV+ 103 

patients and that these cells lost their suppressive ability to limit CD4+ and CD8+ T cells 104 

proliferation. Different subsets of Breg showed a positive correlation with Treg in naïve-105 

treated HIV+ patients but not in healthy controls. Finally, we demonstrated that cTfh 106 

compartment was positively related to Breg CD19+CD24hiCD27+, and to Treg in healthy 107 

individuals, but that these correlations were lost during viremic phase of the HIV-infection. 108 

Therefore, balances between cTfh, Breg-CD19+CD24hiCD27+ and Treg were lost during 109 

HIV+ infection. Understanding the mechanisms and the extent of cellular deregulation are 110 

pivotal to prognosticate the development of the infection in patients, and to creating more 111 

efficient therapies preventing the premature loss of functional immune-cell subsets.  112 
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Methods 113 

Patients  114 

All individuals were recruited under a protocol accepted by the Clinical Ethics Committee of 115 

the Ramón y Cajal Hospital and the Gregorio Marañón Hospital and according to the 116 

principles expressed in the Declaration of Helsinki. The research was conducted between 117 

December, 2014 to December, 2016. We study three groups of individuals: i) naïve-treated 118 

HIV+ patients, HIV+ patients that did not receive anti-retroviral treatment and present 119 

detectable viral load in plasma; ii) treated-HIV+ patients, HIV+ patients that received anti-120 

retroviral treatment and present undetectable viral load in plasma and iii) healthy individuals, 121 

individuals that are not infected by HIV as control group (Table 1).  122 

 123 

 124 

Thirteen naïve-treated HIV+ patients, including 11 males and 2 females (median age: 38,85 ± 125 

11,99 years, mean ± SD. Plasma viral load 4,46.105 ± 7,07.105 copies/ml; mean ± SD); 126 

fourteen treated-HIV+ patients including 13 males and 1 female (median age: 42,50 ± 9,83 127 

years, mean ± SD) were enrolled in this study. Twelve healthy individuals were enrolled in 128 
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this study as controls, including 9 males and 3 females (median age: 37,33 ± 12,02 years, 129 

mean ± SD). The absolute CD4+ T cell numbers of naïve-treated HIV+ patients or of treated-130 

HIV+ patients were 324 ± 242 cells/μL and 268 ± 191 cells/μL (mean ± SD), respectively. 131 

Treated HIV+ patients have no detectable viral load (<40 copies/mL). Written informed 132 

consent for participation in the study was obtained from all patients. 133 

 134 

Direct labeling of Whole Blood and Intracellular Labeling 135 

Whole blood was labeled, lysed, and analyzed by flow cytometry (Supplemental Table 1). 136 

Absolute number of immune subsets was determined using Flow-Count Fluorospheres and 137 

Flow-Count method (Beckman Coulter). For detection of IL-10-producing Breg, 1x106 138 

PBMC were stimulated with CD40L (Alexis Biochemical; 200ng/ml); LPS (Sigma-Aldrich; 139 

1µg/ml) and CpG-B oligodeoxynucleotide-2006 (CpG; Eurogentec SA; 10µg/ml) for 2 days. 140 

This mix of stimuli was described to induce the Breg phenotype in vitro [13]. Cells were then 141 

activated with phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich; 10ng/ml) and 142 

ionomycin (Sigma-Aldrich; 0.25μg/mL) for 5 h at 37°C, 5% CO2. GolgiStop (BD 143 

Biosciences) was added after the first 1 h of culture. For other intracellular cytokines labeling, 144 

1×106 of freshly isolated PBMC were cultured for 5 h with PMA and ionomycin at 37 °C, 5% 145 

CO2; GolgiStop was added after the first 1 h of culture. For the detection of Tregs, 1×106 of 146 

freshly isolated PBMC were stained for surface markers followed by intracellular staining 147 

using Foxp3/Transcription Factor Staining Buffer Set (eBiosciences). Cells were then 148 

analyzed by flow cytometry by using a Gallios cytometer (Beckman Coulter), and data were 149 

analyzed using Kaluza Analysis software (Beckman Coulter). 150 

 151 

Proliferation assay 152 

B cells were isolated from PBMC using anti-human CD19 Microbeads (Miltenyi) and B cells 153 

were treated with CpG-B/CD40L/LPS mix which induces regulatory B cells phenotype for 154 
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two days. Non-treated (NT) condition was defined as non-stimulated B cells, cultured only 155 

with medium as negative control. Autologous CFSE-labeled and CD19-depleted PBMC 156 

(50,000 cells) (CFSE from Life technologies) were co-cultured with NT- or stimulated-B cells 157 

(100,000 cells) and subsequently stimulated with anti-CD3/anti-CD28-coated magnetic beads 158 

(Dynabeads, Life technologies). After 72 h, the frequencies of proliferating CD8 and CD4 T 159 

cells were determined by flow cytometry following the loss of CFSE signal in order to assess 160 

the suppressive capacity of B cells. 161 

 162 

Cytokines and soluble factors quantification by ELISA Assay 163 

Plasma was isolated by centrifugation, aliquoted, and stored at -70°C. IL-10 (Diaclone); TGF-164 

β1 (Cusabio) and IL-35 (Uscn Life Science Inc.) cytokines were determined by ELISA 165 

assays.  166 

 167 

Statistical analysis 168 

Comparisons of cell populations between healthy individuals and naïve-treated HIV+ patients 169 

or treated-HIV+ patients were performed using the non-parametric Mann-Whitney analysis. 170 

The statistical correlation between variables was calculated using the Spearman rank 171 

correlation analysis. P values below 0.05 were considered statistically significant. All 172 

analyses were performed using SPSS 17.0 Inc. (IBM). 173 

 174 
  175 
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Results 176 

Clinical Composition 177 

We evaluated 39 individuals divided in three groups that comprised: uninfected healthy 178 

individuals (n=12; controls), naïve-treated HIV+ patients with detectable viral load (n=13; 179 

naïve) and treated-HIV+ patients with undetectable viral load (n=14; treated). Treated-HIV+ 180 

patients showed undetectable levels of viral load for an average of 4.4 years (±2.9, SD). The 181 

three groups were similar in demographic variables (Age and Gender, Table 1). Naïve-treated 182 

HIV+ patients were recruited at the time of diagnosis, just before starting an antiviral 183 

treatment and they showed an average of plasmatic viral load of 4,46*105 copies/ml 184 

(±7,08*105, SD). Naïve-treated and treated-HIV+ patients showed the same level of nadir 185 

CD4 T cell count (324,48 ± 241,95 cells/µl and 268,54 ± 190,80 cells/µl, respectively, 186 

p=0.681) and % of nadir CD4 (20,16 ± 11,40 % and 16,05 ± 9,06 %, respectively, p=0.301).  187 

 188 

Deregulation of Treg and Breg compartments in viremic HIV+ patients 189 

We investigated the presence of Treg (CD4+CD25+CD127neg) in HIV+ patients (Supplemental 190 

Figure 1) and in contrast to the frequency; the absolute number of Treg cells was significantly 191 

decreased in naïve-treated HIV+ patients (Figure 1A-B). Percentage of activated Treg was 192 

increased in naïve-treated HIV+ patients, which was certainly due to an attempt to control the 193 

activation of immune system (Figure 1A).  194 
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 195 

Alike to Tregs, Breg subsets exert regulatory function that suppress pathogenic T-cells and 196 

help to the maintenance of Tregs via various suppressive mechanisms. We first studied the 197 

frequency and the cellular counts of total B cells (CD19+, Supplementary Figure 2), and they 198 

were significantly diminished in naïve-treated HIV+ patients and effective antiviral treatment 199 

permitted the reversion of the B-cell loss. Plasma cell’s frequency was significantly increased 200 

in these patients (Supplemental Table2).  201 

We further studied the presence of different regulatory B cell subsets (Supplemental Figure 202 

3). We observed that frequencies of CD19+CD24hiCD27+; CD19+CD24hiCD38hi; 203 

CD19+CD25+CD71+CD73- and CD19+CD5+CD1dhi subsets were increased in naïve-treated 204 

HIV+ patients in comparison with healthy individuals, some of them significantly 205 

(CD19+CD24hiCD38hi and CD19+CD5+CD1dhi; Figure 2A-D). These increases were not 206 

observed in treated-HIV+ patients, showing that these increases were related to the presence 207 

of active replicative viruses (Figure 2A-D, Supplemental Table 2). Interestingly, absolute 208 

counts of CD19+CD24hiCD27+ and CD19+CD5+CD1dhi were significantly decreased in naïve-209 
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treated HIV+ patients that were not observed in treated-HIV+ patients or in healthy individuals 210 

(Supplemental Table 2). 211 

  212 

Summing up, not only the Treg compartments were deregulated by the presence of HIV but 213 

also the regulatory B-cell compartments. This outcome could be related to the increase of 214 

immune system hyper-activation since decreased absolute counts of Breg and Treg could be 215 

associated with an overall loss of regulatory and thus suppressive immune cells. 216 

 217 

 218 

 219 
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Loss of IL-10-production ability in Breg subsets in naïve-treated HIV+ patients  220 

The determination of Bregs by cell surface markers is complex. However, IL-10 has anti-221 

inflammatory and suppressive effect on most hematopoietic cells, thus it is considered as the 222 

principal marker for Breg functionality in peripheral blood. PBMCs were isolated from 223 

peripheral blood of the enrolled individuals and stimulated during 2 days with CpG, CD40L 224 

and LPS, these activators all together induce the Breg phenotype. We quantified the frequency 225 

of IL-10-producing cells gated in total B cells (CD19+) or in Breg subsets 226 

(CD19+CD24hiD38hi; CD19+CD24hiCD27+ or CD19+CD5+CD1dhi, Supplemental Figure 3). 227 

No changes were observed in IL-10 production in total B-cell (data not shown) and in 228 

CD19+CD24hiCD38hi Breg subset (Figure 3A). However, two Breg subsets 229 

(CD19+CD24hiCD27+ or CD19+CD5+CD1dhi) showed a significant decreased ability to 230 

produce IL-10 when comparing naïve-treated HIV+ patients and healthy individuals (Figure 231 

3B-C).  232 

In the aim to know if these Breg cells conserved their function, B cells isolated from PBMC 233 

and stimulated with CD40L/LPS/CpG were co-cultured with autologous CFSE-labeled 234 

PBMC. Suppressive ability of stimulated B cells over CD4+ and CD8+ T cells proliferation 235 

were followed and compared with suppressive ability when CFSE-labeled PBMC were co-236 

cultured with non-stimulated B cells. Non-stimulated B cells did not show suppressive 237 

function over CD4+ and CD8+ T cells proliferation (data not shown). However, capacity of 238 

PBMC-proliferation suppression was lost in naïve-treated HIV+ patients compared to 239 

suppression of PBMC-proliferation from treated-HIV+ patients or healthy individuals (Figure 240 

3D). In addition, in some naïve-treated HIV+ patients, increased ability of proliferation was 241 

observed instead of suppression (represented by a negative percentage of suppression in 242 

Figure 3D), that suggested that B cells activated with Breg-associated stimuli had lost their 243 

suppressive function.  244 
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 245 

IL-10 production is closely linked to Breg function. Therefore, since we observed a decrease 246 

in absolute counts of different subsets of Breg (Supplemental Table 2) and frequencies of IL-247 

10-producing Breg, we analyzed a possible relation between three Breg subsets and IL-10-248 
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producing Breg. Surprisingly, only Breg CD19+CD24hiCD27+ showed a negative correlation 249 

with all IL-10-producing Breg subset and with total IL-10-producing B cells in healthy 250 

individuals (Table 2). Thus, increase presence of CD19+CD24hiCD27+ cells was correlated 251 

with decrease in IL-10-producing B cells frequencies. Since IL-10 is produced after cellular 252 

activation, we assumed that CD24hiCD27+-Breg could negatively regulated B-cell activation 253 

and their subsequent IL-10 production. These correlations were lost in naïve-treated HIV+ 254 

patients. CD19+CD24hiCD38hi and CD19+CD5+CD1dhi did not show correlations with ability 255 

of different Breg subsets to produce IL-10 in HIV+ patients or in healthy individuals. 256 

Therefore, different Breg subsets may have different roles in the homeostasis of the immune 257 

system and Breg subsets might not be phenotypically related.  258 

 259 

Summing up, these results all together showed not only an imbalance in Breg subsets in 260 

naïve-treated HIV+ patients in comparison to treated-HIV+ patients or healthy control 261 

individuals but also their potential lack of suppressive function that could explain the hyper-262 

activation of the immune system in HIV disease.  263 

 264 
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Deregulation of CD19+CD24hiCD38hi and CD19+CD25+CD71+CD73- Breg subsets 265 

related to Treg compartment in HIV infection 266 

Since some Breg subsets were described to influence Treg differentiation, we analyzed 267 

possible correlations between Treg subsets (CD4+CD25+CD127neg or CD4+CD25+Foxp3+), 268 

activated Treg (Treg Act+) and different subsets of Breg (CD24hiCD38hi; CD24hiCD27+; 269 

CD25+CD71+CD73neg and CD5+CD1dhi). Positive correlations between frequencies of Breg 270 

(CD24hiCD38hi) and Treg in naïve-treated HIV+ patients were observed along with frequency 271 

of CD25+CD71+CD73neg and absolute numbers of Treg (Table 3). However, these correlations 272 

were not observed in healthy individuals. It is interesting to note that not all the Breg subsets 273 

showed a correlation with Treg, indeed frequencies of Breg CD19+CD24hiCD27+ and 274 

CD19+CD5+CD1dhi subsets did not present any correlation with Treg (data not shown). As 275 

suggested in the previous paragraph, it is possible that different Breg subsets might have 276 

different function. CD19+CD24hiCD27+ could participate in the IL-10 production by Breg 277 

(Table 2) and CD24hiCD38hi could be related to Treg homeostasis (Table 3). In addition, in 278 

viremic HIV+ patients, a strict relation was observed between Breg CD24hiCD38hi and Treg 279 

highlighting that deregulation of these two regulatory cell-types might be linked.  280 

 281 

 282 
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Deregulation of circulating Tfh compartment in naïve-treated HIV+ patients  283 

Breg modulates expansion and function not only of Treg but also of cTfh. Tfh are essential to 284 

control multiple steps of B cell maturation and antibody production in germinal centers. Since 285 

we detected a deregulation in frequency and absolute counts of different Breg and Treg 286 

subsets in naive-treated HIV+ patients, we decided to analyze the presence of cTfh 287 

(CD4+CXCR5+PD-1+) in the peripheral blood of HIV+ patients and healthy individuals. The 288 

frequency of cTfh was significantly increased in naïve-treated HIV+ patients in comparison to 289 

treated-HIV+ patients or healthy individuals (Figure 4A).  290 

No correlation was observed between cTfh and Breg subsets or between cTfh and IL-10-291 

producing Breg subsets (data not shown). On the other hand, a positive correlation between 292 

cTfh and Treg was observed in healthy control individuals but not in naïve-treated HIV+ 293 

patients showing that cTfh and Treg compartments were deeply deregulated during HIV-294 

viremic infection (Figure 4B). Summing up, a clear imbalance between cTfh and Treg but not 295 

with Breg compartment was observed in HIV+ patients that might have a deep impact in 296 

homeostasis regulation.  297 

 298 
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Plasmatic anti-inflammatory cytokines and deregulation of IL-4, IL-17 and IFNg 299 

production in naïve-treated HIV+ patients  300 

Apart from IL-10, others anti-inflammatory cytokines are pivotal for differentiation and 301 

maintenance of regulatory cells, such as TGFβ and IL-35. Plasma from HIV+ patients and 302 

healthy control were analyzed by Elisa assays for quantifying these three anti-inflammatory 303 

cytokines. No changes were observed for IL-10 and TGFβ levels in plasma in HIV+ patients 304 

or healthy control (Figure 5A-B). However, an increase in detection of IL-35 cytokine was 305 

observed in HIV+ patients independently of their treatment status in comparison to healthy 306 

individuals (Figure 5C). Interestingly, IL-35 plasma concentration was negatively correlated 307 

with absolute count of CD4 nadir and with frequencies of IFNγ-producing CD8 in naïve-308 

treated HIV+ patients (Figure 5D). Thus, evolution of HIV disease represented by the CD4 309 

nadir is related to the presence of IL-35 in plasma. In addition, the negative correlation 310 

between IL-35 in plasma and percentage of IFNγ-producing CD8+ T cells in naïve-treated 311 

HIV+ patients might be related to the inflammation status of the immune system.  312 
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 313 

On the other hand, imbalance in regulatory cells and in production of anti-inflammatory IL-10 314 

and IL-35 cytokines might have an impact on other cytokines production. We analyzed 315 

intracellular expression of IL-4, IL-17 and IFNγ in CD4+ and CD8+ T cells in HIV+ patients 316 

and healthy individuals. A general increase in IL-4 and IFNγ production in naïve-treated 317 

HIV+ patients in CD4+ and/or CD8+ T cells was observed (Figure 6A-C). In addition, the ratio 318 

of the frequencies of IL-4- and IFNγ-producing CD4+ and CD8+ T cells (related to Th2 or Th1 319 

responses, respectively) were significantly increased in naïve-treated HIV+ patients (Figure 320 
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6D), showing that even though there is a general increase in frequency in cytokines-producing 321 

lymphocytes, Th2 response would be predominant over Th1 response. Summing up, we 322 

detected an increase in anti-inflammatory IL-35 levels in plasma and in pro-inflammatory 323 

cytokines producing CD4+ and CD8+ T cells that might be part of the general deregulation of 324 

the immune system. 325 

 326 

327 
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Discussion 328 

In this work were defined relationships between immune cells compartments where a general 329 

deregulation of phenotype and function occur. In this work, we described no changes or slight 330 

increases in frequency of the four Breg subsets studied, and decreases in absolute counts, in 331 

naïve-treated HIV+ patients in comparison to healthy individuals. In addition, the frequency of 332 

IL-10-producing Breg subsets showed a decrease in naïve-treated HIV+ patients. Our results 333 

differ from previous works where it was described an increase in IL-10-producing total B 334 

cells and in IL-10-producing CD19+CD24hiCD38hi [8, 10, 28]. However, the major difference 335 

in our work is that we studied IL-10 intracellular expression in PBMC stimulated with a mix 336 

of stimuli that induces a Breg phenotype (CD40L, CpG and LPS). This is in contrast to other 337 

works where the labelling was performed directly on freshly isolated PBMC to quantify the 338 

basal IL-10-expression or on PMA + ionomycin stimulated PBMC [9, 10, 28]. Therefore, we 339 

observed an increase in frequencies of Breg subsets with a reduced capability to produce IL-340 

10, associated to a decreased suppressive function. Such deregulation was also linked to Treg 341 

frequencies and Treg activation in HIV+ patients and might explain the hyper-activation of the 342 

immune system (summarize in Figure 8). It was interesting to note that not all Breg subsets 343 

were correlated with IL-10-producing Breg or with Treg compartment. Therefore, this work 344 

permits us to assume that different Breg subsets might have different function during 345 

homeostasis and during HIV infection. 346 
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  347 

A positive correlation between cTfh and Treg frequencies in healthy individuals showed a 348 

balance between the two cellular compartments. But, no correlation between Breg subsets and 349 

Treg or between Breg and cTfh was detected in healthy individuals. However, in viremic 350 

phase of HIV infection, an increase in cTfh frequency was observed and a correlation between 351 

cTfh and Breg (CD24hiCD38hi) appeared. In the same time, correlations between cTfh and 352 

Treg and between Breg (CD24hiCD27+) and IL-10-producing Breg subsets were lost 353 

suggesting that balance between these cell types was deregulated. Tfh is a crucial cell-type 354 

that helps B cells to differentiate in long-lived plasma cells and to induce affinity maturation 355 

of antigen-stimulated B cells. In viremic phase of HIV infection presence of HIV-derived 356 

antigens might influence Tfh response since it was demonstrated that antigen doses determine 357 

the size and duration of the Tfh cell response [29]. Therefore, one can assume that increase of 358 
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Tfh and plasma cells observed in naïve-treated HIV+ patients could permit the production of 359 

high-affinity specific antibodies. However, it was recently described that excessive numbers 360 

of Tfh was associated to impairment of germinal center dynamics and was linked to the 361 

generation of low-affinity antigen-specific antibodies in mice [30]. Interestingly, Treg cells 362 

might be able to reduce such exuberant Tfh responses most likely by limiting Tfh numbers 363 

[30]. In our work, not only cTfh frequency was increased but also Treg cells counts were 364 

diminished and correlation between cTfh and Treg was lost in naïve-treated HIV+ patients. 365 

These results might suggest that low numbers of Treg was not able to control the cTfh 366 

frequency and thus the cTfh-associated impairment of B-cell populations. Therefore, in the 367 

HIV infection, cTfh numbers and function could be exacerbated, and Breg or Treg will not 368 

able to slow down their function, and thus lead to the development of aberrant immune 369 

responses.  370 

Conclusions 371 

In our work, we described correlations between regulatory cells such as Treg and cTfh and 372 

Bregs and IL-10-producing B cells in healthy individuals that could contribute to the 373 

homoeostasis of the immune system. However, in the course of the HIV infection, Treg and 374 

Breg might be deregulated directly or indirectly through the deep modulations that the 375 

immune system suffers inducing a deregulation of the regulatory compartments and leading to 376 

hyper-activation of the immune system.  377 

  378 
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Supplemental Figure	1

Supplemental	Figure	1:	Dot	plots	defining	CD4+	T,	CD8+	T	and	Treg cells	
Whole	blood	were	labelled	to	determine	the	frequency	of	CD4	+T	cells	(gated	in	lymphocytes	
population).	,Treg were	determined	as	CD127neg/CD25+	 in	CD4+	T	cells	population.	Activated	
Treg were	defined	as	CD45RO+/HLA-DR+	and	percentage	of	activated	Treg were	calculated	on	
Treg population.	Dot	plots	from	one	donors	were	shown.	Numbers	represent	percentages	of	
each	population.	
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Supplemental Figure	2

Supplemental Figure 2: B-cell subsets
Whole blood were labelled to determine the frequency of B cells (CD19+, gated on
lymphocytes population) and plasma cells (CD24-CD38high) were determined in total B cells
population (frequencies of these population determined on B cells). Dot plots from one
donors were shown. Numbers represent percentages of each population.
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Supplemental Figure	3
Gated in	B	cells

Gated in	B	cells Gated in	CD19+CD24hiCD38hi

Gated in	B	cells Gated in	CD19+CD5+CD1dhi

Gated in	B	cells Gated in	CD19+CD24hiCD27+

Gated in	live cellsA

B

C

(i)

(ii)

(iii)

Supplemental Figure 3: Phenotype definition of Breg and IL-10-producing cells
PBMCwere labelled to determine (A) Frequencies of total B cells and (B) Breg
subsets gated on total B cells such as (i)CD24hiCD38hi; (ii) CD24hiCD27+ and (iii)
CD5+CD1dhi. solute numbers of total B cells in lymphocytes (AbsN). (C) Frequencies
of IL-10-producing B cells and (D) IL-10-producing Breg such as (i) CD24hiCD38hi;
(ii) CD24hiCD38hi and (iii)CD5+CD1dhi. Dot plots from one donors were shown.
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Supplemental	Table	1 

Supplemental	Table	1:	Antibodies	and	fluorochromes	used	in	this	study. 
	 



	

Supplemental	Table	2 

Supplemental	Table	2:	Characterisation	of	B	cells	and	Breg	populations	in	HIV-infected	and	
healthy	individuals 
We	determined	B	cells	and	Breg	phenotype	in	HIV+	infected	patients	and	healthy	individuals.	

Statistical	analisis	was	perfomed	with	the	non-parametric	Mann–Whitney	U	test.	Results	were	

represented	 as	 mean	 ±SD	 for	 standard	 deviation.	 (
a)

Control:	 healthy	 individuals;	 (b)Naïve:	

treatment-naïve	HIV+	patients	and	(c)	Treated:	treated-HIV+	patients.	*p<0,05.	 



 

 

 

 

 

Oral and poster communications in 
conferences 

 





213.1

Cytotoxicity of FK506 through TRAIL, Fas, and TLR4 Signaling
Pathway in Human Jurkat T Cells

Sang Young Chung, Soo Jin Na Choi
Department of Surgery, Chonnam National University, Gwangju, Korea.

Purpose: To elucidate themechanism of cytotoxicity in FK506-treated Jurkat
T cells, signal transduction pathway of TNF-related events was studied. We
will further evaluate the roles of TNF-related death receptors and endoplas-
mic reticulum-related proteins on the death of Jurkat cells after treatment with
FK506.
Methods: Viability of Jurkat T cells wasmeasure byMTTassay. The catalytic
activation of caspase-3 and caspase-9 proteases was determined by diges-
tion of fluorogenic biosubstrates and Western blot with anti-caspase-3 and
anti-caspase-9 antibodies. The levels of mRNA and proteins for p53, Bax,
PUMA, Proline oxidase, TRAIL (TNF related apoptosis inducing ligand),
TRAIL-R1(DR4), TRAIL-R2(DR5), Fas, FasL, TNF-α, IL-6, and NFκB were
measured by RT-PCR andWestern blot with specific antibodies. Also, we fur-
ther examined the localization of TRAIL family proteins using by fluorescent
microscope with specific TRAIL family antibodies.
Results: FK506 decreased the viability of Jurkat T cells concentration- and
time-dependently along with catalytic activation of caspase-3 and caspase-
9, p53 phosphorylation, and changes in expression levels of Bax, PUMA,
and Proline oxidase protein. It caused an increase in expression of TRAIL,
TRAIL-R1(DR4), TRAIL-R2(DR5), Fas, and FasL in the levels of mRNA and
proteins of Jurkat T cells. Furthermore, FK506 increased extracellular release
of TNF-α and IL-6 cytokines in Jurkat T cells. It also induced the transactivation
of NFκB through the dephosphrylation of Ser486 residues in Jurkat t cells.
Conclusion: These results suggest that FK506 induces apoptotic death of
Jurkat cells through activation of caspase family protease, Bcl2 family pro-
tein-related mitochondrial dysfunction, activation of death-receptor and endo-
plasmic reticulum mediated signaling pathways.
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Induction TherapyWith Basiliximab in Heart-Transplanted Children
Impairs Regulatory T-Cell Population (Treg): effects on frequency,
phenotype and Foxp3 expression

Jacobo López-Abente1, Manuela Camino2, Nuria Gil2,
Esther Panadero2, Maribel Clemente3, Marta Martínez-Bonet4,
Simon Urschel5,6,7, Lori West6,7, Marjorie Pion1, Rafael Correa-Rocha1
1Laboratory of Immune Regulation, "Gregorio Marañón" Health
Research Institute (IISGM), Madrid, Spain; 2Pediatric Cardiology
Division, "GregorioMarañón" Health Research Institute (IISGM), Madrid,
Spain; 3Cell Culture Unit, "Gregorio Marañón" Health Research Institute
(IISGM), Madrid, Spain; 4Laboratory of Molecular Immunobiology,
"Gregorio Marañón" Health Research Institute (IISGM), Madrid, Spain;
5Pediatric Cardiac Transplantation, University of Alberta/Stollery
Children's Hospital, Edmonton, AB, Canada; 6Alberta Transplant
Institute, University of Alberta, Edmonton, AB, Canada; 7Canadian
National Transplant Research Program investigator, CNTRP, Edmonton,
AB, Canada.

Introduction: Following transplantation, many transplant programs employ
induction immunosuppression, a relatively intense prophylactic therapy used
at the time of transplant to prevent early acute rejection. Of the induction
drugs, the interleukin-2 receptor (CD25) antagonist basiliximab (BXM) is fre-
quently used. The targets of BXM are activated effector T cells, that upregu-
late CD25 upon activation and undergo IL-2 mediated T-cell proliferation,
compromising allograft survival [1]. However, regulatory T cells (Treg) also express
high levels of CD25 constitutively, and they rely onCD25 not only for their own
proliferation and survival but also for detection of excessive proliferation of ef-
fector cells [2][3]. Therefore, BXM may be able to prevent acute rejection by
hindering IL-2 mediated T effector expansion, but it could also compromise
the likelihood of tolerance by impairing Treg proliferation and function.
Methods: We enrolled 6 children who received a heart transplant and were
treated with an established immunosuppression regimen. Two of the children
were treated with BXM (20 mg on Day 0 and +4 after transplant), and 4 chil-
dren did not receive BXM as induction therapy. We performed an exhaustive
immunologic analysis at different time points including Tregs to analyze the ef-
fect of BXM on immune cells.
Results:We show that the use of BXM during the first 4 days post-transplant
completely blocks CD25 on T cells including Tregs for at least 45 days. More-
over, Treg numbers and Foxp3 expression were decreased in BXM-treated
patients compared to patients not treated with BXM.We confirm the direct ef-
fect of BXM on Tregs by treating in vitro PBMC from healthy donors with BXM
(n = 6). Basiliximab produced a marked Treg deregulation inducing a de-
crease in Foxp3 expression, a reduction in IL-10 production and a diminution
in Treg proliferation under α-CD3/α-CD28 activation. Treg cells were more
sensitive to the inhibitory effect of BXM than total CD4+ or CD8+ T cells.
Conclusion: The use of basiliximab induction in transplanted children
could compromise Treg-mediated tolerance during the first months post-
transplant, which is the period with highest incidence of acute rejection,
and could contribute to deregulation of immune homeostasis. This impact

FIGURE 1. Frequency of Foxp3+CD25+CD4+Treg cells in heart transplated
children receiving induction therapy with Basiliximab (+BXM, n=2), or
patients not treated with basilimab (-BXM, n=4). Mean values !SEM
are showed.
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of BXM must be considered when making clinical decisions regarding in-
duction immunosuppression.

This work was supported by grants from Instituto de Salud Carlos III
(ISCIII) co-financed by FEDER funds (PI15/00011; ICI14/00282).
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Dexamethasone Prolongs Cardiac Allograft Survival in a Murine
Model Through Myeloid-Derived Suppressor Cells

Toshimasa Nakao1, Tsukasa Nakamura1, Koji Masuda1,
Takehisa Matsuyama1, Hidetaka Ushigome1, Eishi Ashihara2,
Norio Yoshimura1
1Organ Transplantation and Regenerative Surgery, Graduate School
of Medical Science, Kyoto Prefectural University of Medicine, Kyoto,
Japan; 2Clinical and Translational Physiology, Kyoto Pharmaceutical
University, Kyoto, Japan.

Background: Recently, myeloid-derived suppressor cells (MDSCs) have
attracted considerable attention because of their cancer-promoting and
immunosuppressive effects. The glucocorticoid (GC) dexamethasone (Dex)
is an important immunosuppressive agent used to treat autoimmune dis-
eases and organ transplant rejection. However, the mechanism by which it
modulates the immune system is not completely understood.
Material and methods: In this study, we investigated the mechanisms by
which Dex modulated the immune response in mice given an allogeneic car-
diac transplant (CTx).
Results: Dex injection significantly prolonged heart graft survival compared
with phosphate-buffered saline (PBS)-injected controls. Dex treatment in-
creased the number of splenicMDSCs.Moreover, Gr-1high/CD11b+MDSCs
and CD3+/CD4+/Foxp3+ regulatory T cells (Tregs) were significantly increased
in the Dex group compared with controls. Administration of anti-Gr-1 antibody
(Ab) to the Dex group significantly shortened mouse heart graft survival. In
addition, anti-Gr-1 Ab treatment significantly reduced Tregs in the Dex + anti-Gr-1
co-treatment group compared with the Dex group. These observations sug-
gest that Dex treatment increased both MDSCs and Tregs, and that MDSCs
regulated the incidence of Tregs in this immunosuppressive pathway.
Conclusion: An important role of Dex in the prevention of the rejection of
cardiac grafts in mice is to expand MDSCs and Tregs.

FIGURE 3. Frequencies of CDA+Foxp3+ (Treg) cells, CD4+ and CD8+
T cells within untreated (clear box) or BXM treated (solid box) PBMC
stimulated with anti-CD3/CD28 dynabeads for 72h. Average and
error bars indicating the 90th and 10th percentiles of 6 experiments
are represented. *=<0.05 when comparing BXM-treated and non
treated conditions.

FIGURE 2. Changes (%) from pre-transplant values (BL=0) in absolute
counts (cells per uL of blood) of Foxp3+CD4+ cells in heart transplanted
children receiving induction therapy with basilimab (+BXM, n=2), or
patients not treated with basiliximab (-BXM, n=4). Mean values !SEM
are showed.

S56 Transplantation ■ May 2017 ■ Volume 101 ■ Number 5S-3 www.transplantjournal.com
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P.B.31.17
HIV-infection accentuates phenotype and polyfunctional alterations in monocytes of cART-treated patients independently of age

R. S. de Pablo-Bernal1, J. Cañizares2, M. I. Galvá2, R. Ramos2, S. Ferrando-Martínez3, M. B. Rafii-El-Idrissi1, Y. M. Pacheco1, E. Ruiz-Mateos1, M. Leal1; 
1Biomedicine Institute of Seville, Seville, Spain, 2Heliopolis Nursing Home, Seville, Spain, 3Vaccine Research Center NIAID NIH, Bethesda, MD, United States.

Introduction: HIV-infected patients on cART show higher prevalence of chronic age-related or non-AIDS events that are associated to higher plasmatic and cellular levels of monocyte 
activation markers. However, whether monocyte activation phenotype and functionality are altered as a result of an acceleration of the aging process in HIV-infection or these 
alterations are because of and specific of HIV-infection remain to be determined.
Materials and Methods: We assayed the activation phenotype, the ex-vivo and in-vitro responsiveness to TLR-4,2,7 agonists of classical, intermediate and non-classical monocytes, 
assessing the percentage of cells that expressed intracellular: IL1-alpha, IL1-beta, IL-6, IL-8, TNF-alpha and IL-10, of HIV-infected patients on cART (n=20, cART+), compared to two 
groups of uninfected controls: 1) age matched ( n=20, Young); 2) over 65 year old (n=20, Elderly). We also analyze the polyfunctionality of monocytes.
Results: We found HIV+ showed higher expression of CD49d, CD62L and CD163 in the classical subset compared the young (p<0.001, p=0.003, p<0.001) and the elderly group (p<0.001, 
p=0.038, p<0.001). Regarding functionality, ex-vivo, cART showed higher percentage of classical monocytes expressing IL-6 and IL-10 when comparing young and elderly control 
groups (p=0.001, p<0.001). In-vitro, the percentage of cells with multiple cytokines expression in cART group was higher comparing the young and the elderly group.
Conclusion: chronic phenotype and inflammatory alterations associated to monocytes in HIV-infection are maintained at a different level from those of aging. The persistent 
monocyte dysfunction may be a mechanism that not only accelerates but also accentuate the development of inflammatory illnesses in HIV-infected patients.

P.B.31.18
TLR8 regulation of LILRA3 in monocytes is abrogated in human immunodeficiency virus infection and correlates to CD4 counts and virus loads

H. Low1, G. Ahrenstorf1, P. Claudia2, N. Habermann1, K. Schughart2, D. Ordóñez1, R. Stripecke1, E. Wilk2, T. Witte1; 
1Hannover Medical School, Hannover, Germany, 2Helmholtz Centre for Infection Research, Braunschweig, Germany.

LILRA3 is an immunostimulatory molecule, conditionally inducing proliferation of cytotoxic cells. The deletion allele of LILRA3 is a risk factor for HIV. In this study, we wanted to 
analyze the regulation of LILRA3 and its significance in the context of HIV infection. Using TLR agonists as a surrogate for infection, we determined that ssRNA40, a TLR8 agonist, is 
a potent inducer of LILRA3. We studied this phenomenon in healthy controls, HIV treated and untreated patients and we observed that the potent induction of LILRA3 by ssRNA40 is 
abrogated in HIV. LILRA3 heterozygotes express less LILRA3 than homozygotes. We also made a comparison to the TLR4 induction of LILRA3 and studied the relationship between 
TLR8 vs TLR4 mediated LILRA3 and HIV disease parameters. LPS induces less LILRA3 than ssRNA40 among healthy controls, but not HIV patients. LILRA3 induction correlated to 
virus load and CD4 counts in untreated patients. Recombinant LILRA3 can induce a host of proinflammatory genes which include IL-6 and IL-1α, as well as alter the expression of MHC 
and costimulatory molecules in monocytes and B-cells. Our experiments point towards a beneficial role for LILRA3 in virus infections, especially in ssRNA viruses, like HIV, that engage 
TLR8. However, the beneficial role of LILRA3 is abrogated during a HIV infection. We believe that there is a potential for exploring the use of LILRA3 in the treatment of virus infection.

P.B.31.19
The presence of uncontrolled viral load in HIV-infected patients produces a marked impairment in the number, phenotype and suppressive capacity of Treg cells

J. Lopez-Abente1, D. Jaramillo-Ruiz2, M. Martinez-Bonet2, M. Leal3, Y. M. Pacheco3, M. Á. Muñoz-Fernández2, M. Pion1,2, R. Correa-Rocha1; 
1Laboratorio de Inmuno-regulación. Instituto de Investigación Sanitaria Gregorio Marañón (IISGM), Madrid, Spain, 2Laboratorio de Inmunobiología Molecular. Hospital General Universitario 
Gregorio Marañón and Insitituto de Investigación Sanitaria Gregorio Marañón (IISGM), Madrid, Spain, 3Laboratorio de Inmunovirología, Hospital Universitario Virgen del Rocío and Instituto 
de Biomedicina de Sevilla (IBIS), Sevilla, Spain.

Introduction: Regulatory T cells (Treg) play an important role in infections by modulating host immune responses and avoiding over-reactive immunity. Immune hyperactivation 
associated with HIV infection leads to a marked erosion and deregulation of the immune system, and by that, the suppressive function of Treg in HIV-infected patients is critical 
because of their implication on preventing this hyperactivation. We have recently published that HIV-1 directly infects Treg and downregulates Foxp3 expression, impairing their 
suppressive capacity. However, little is known about the effect of the viremia in the phenotype and functionality of Treg in HIV-infected patients.
Methods: HIV-infected patients with uncontrolled viral load (>1000 cp/ml; n= 13), or undetectable viremia (<50 cp/ml; n= 20), and a control group of healthy subjects (n=15) were 
enrolled. Extensive analysis of different immune subsets, including Treg, methylation profile of FOXP3 gene, and suppressive capacity of Treg were studied.
Results: HIV-infected patients, notably patients with uncontrolled viremia, have a marked deficit and impaired suppressive function of Treg, which correlates with increased values of 
immune activation. We also demonstrated that, the balance between Treg and effector cells is broken in HIV-infected patients. This imbalance is due to a direct effect of the virus in 
the homeostatic mechanisms that regulate the number of Treg, since HIV induces a downregulation of the IL-2 receptor (CD25) in Treg cells.
Conclusions: Our findings provide crucial data for the better understanding of Treg role in HIV infection, and establish the molecular basis of Treg impairment in HIV-infected patients 
reported by numerous authors.

P.B.31.20
Potential role of mucosal vaccination against bacterial respiratory infections in patients with immunodeficiency

J. Carbone, M. Arraya, E. Sarmiento, E. Fernandez-Cruz; 
Hospital General Universitario Gregorio Marañon. Immunology Department, Madrid, Spain.

Immune responses are decreased in primary antibody deficiency patients (PAD) and transplant recipients. There is a lack of information about the potential role of mucosal 
immunization in these settings. Mucosal vaccination could offer advantages to conventional systemic vaccination including potential protection at the airway surface. Sublingual 
vaccines against bacterial respiratory pathogens, such as Streptococcus pneumoniae, Haemophilus influenzae or Pseudomonas aeruginosa, might have a role in immunodeficiency 
patients, as these microorganisms are frequent and associated with high morbidity. Previous studies have suggested the efficacy of this therapeutic approach in immunocompetent 
patients. We aimed to evaluate the safety and efficacy of a sublingual polyvalent bacterial preparation in a selected case series of immunodeficiency individuals with refractory 
bacterial lower respiratory infections (Common variable immunodeficiency + lung transplantation, n=1; x-linked agammaglobulinemia with bronchiectasis, n=1; liver transplantation, 
n=1). Both PAD were on regular intravenous immunoglobulin infusions maintaining normal IgG levels. Preparation of the polyvalent bacterial vaccine (Bactek, Inmunotek, Spain) was 
guided by the results of bacterial cultures. The protocol was administered daily for 3 months. Mucosal vaccination was well tolerated and there were not adverse reactions. During 
a 6 months follow-up after the last administration of the vaccine we observed a decrease in the frequency of infectious episodes as compared with a similar period of time before 
initiation of therapy. There was no evidence of rejection episodes in transplant patients. Clinical trials are necessary in the future to evaluate safety and efficacy of this potential 
therapeutic approach in selected immunodeficiency patients.

P.B.31.22
Production of lentiviral particles for the in vivo analysis of sterilizing immunity provided by broadly neutralizing anti-HIV antibodies

V. Stab1, B. Tippler1, C. Stahl-Hennig2, K. Sure1, M. Storcksdieck genannt Bonsmann3, M. Tenbusch1, K. Überla4; 
1Ruhr University Bochum, Bochum, Germany, 2German Primate Center, Göttingen, Germany, 3University Duisburg-Essen, Essen, Germany, 4University Erlangen-Nürnberg, Erlangen, 
Germany.

Introduction: Passively administered neutralizing antibodies (NAbs) against HIV Env protect non-human primates from systemic infection with SHIV viruses. However, it is unknown, 
whether the NAbs prevent the initial infection in a very strict sense of sterilizing immunity or provide local containment of the incoming virus after a few infection cycles.
Materials and Methods: To discriminate between these two possibilities, we constructed an SIV proviral DNA with a direct repeat of 500bp in the SIV env sequence (SIVdup), separated 
by a stop codon blocking Env expression. Template switching during reverse transcription should restore the wild type env sequence.
Results: Indeed, in cells infected with HIV Env pseudotyped SIVdups the SIV env gene was repaired during the first infection cycle. Since HIV Env but not SIV Env is neutralized by the 
NAb PGT121, we generated SIVdup pseudotypes using SIV Env or SIV Env in combination with a fusion defective HIV Env. Entry of both pseudotypes was not inhibited by PGT121 in 
vitro. Additionally, to differentiate between pseudotypes after the initial infection, we introduced silent mutations into the gag gene of SIVdup. The sequencing of viral RNAs amplified 
from co-infected cultures over a 10 day period revealed a similar ratio of the three variants indicating that the mutations did not impair the replicative capacity of SIVdup.
Conclusions: To determine the efficacy of PGT121, simultaneous challenge of passively immunized macaques with differentially pseudotyped and tagged SIVdup variants should 
reveal any neutralizing and non-neutralizing activity of the transferred antibodies during the initial infection event.
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Educating adolescents at risk of
anaphylaxis (the ERA study)

Davidson, NA1; Vines, J1; Bartindale, T1; Comber, R1;
Balaam, M1; Mcnaney, D1; Sutton, S1; Green, D1;
Michaelis, L2; Salter, L2; Olivier, P1; Vance, G3

1Culture Lab, School of Computing Science, Newcastle
University, Newcastle upon Tyne, United Kingdom;
2Newcastle upon Tyne Hospitals NHS Foundation
Trust, Great North Children’s Hospital, Newcastle upon
Tyne, United Kingdom; 3School of Medical Education,
Newcastle University, Newcastle upon Tyne, United
Kingdom

Background: Anaphylaxis may be fatal
and impairs quality of life (QoL) of adoles-
cents living with anaphylaxis risk. Adrena-
line auto-injectors (AAI) may be
prescribed for these patients. However,
education of at-risk adolescents in recogni-
tion and management of anaphylactic reac-
tions is suboptimal.
Method: Nut allergic adolescents were ran-
domised to a novel anaphylaxis educa-
tional intervention or standard clinic
education. The intervention comprised a
90 min group teaching session and access
to a web-based smartphone and tablet
application. Narrative-based videos of sim-
ulated anaphylaxis scenarios were used in
the intervention to alert participants to the
presentation and management of anaphy-
laxis. Anaphylaxis knowledge, age- and
disease-specific QoL were assessed using
validated questionnaires. AAI deployment
skill was assessed using manufacturers’
guidance for correct administration. Other
assessments included patient-reported car-
riage of AAI and confidence in managing
anaphylaxis. Participants were assessed at
baseline, after the intervention session and
at follow-up at 3–4 and 12 months.
Results: Seventy of 81 participants (86%)
completed 12 month follow-up (38/41 con-
trol; 32/40 intervention). Mean knowledge,
QoL and AAI skill scores were comparable
between groups at baseline. At the end of
the study period the intervention group had
higher mean knowledge (P < 0.001) and
AAI skill scores (P = 0.001) compared with
controls. The intervention group had signif-
icantly improved QoL (lower scores at end
of study than baseline, P = 0.036). Confi-
dence was similar at baseline, with no sig-
nificant change in controls (P = 0.053) but
a significant improvement in the interven-
tion group (P < 0.001) at 12 months. AAI

carriage rates did not change amongst con-
trols (P = 0.645, Χ2), but significantly more
intervention participants carried their AAI
‘always’ or ‘often’ at the end of the study
period (P = 0.023, Χ2) (Quoted P values
relate to t-tests unless otherwise specified).
Conclusion: An age-appropriate group
teaching session, reinforced by a mobile
technology adjunct, may have long term
educational benefit for adolescent patients
living with anaphylaxis risk and enhance
their quality of life. Further work with this
cohort of young people to refine the educa-
tion package through qualitative evalua-
tion and participatory design methodology
is ongoing.
Acknowledgement: This study was sup-
ported by the Anaphylaxis Campaign, a
UK patient charity.

110
Clinical utility of new biomarkers,
periostin and SCCA1/SCCA2, in
childhood asthma and atopic dermatitis

Hirayama, J1; Kainuma, K1; Nagao, M1; Fujisawa, T1;
Ohta, S2; Izuhara, K3

1Institute for Clinical Research, Mie National Hospital,
Tsu, Japan; 2Department of Laboratory Medicine, Saga
Medical School, Saga, Japan; 3Division of Medical
Biochemistry, Department of Biomolecular Sciences,
Saga Medical School, Saga, Japan

Background: Th2 cytokines not only stim-
ulate immune cells but induce expression
of various proteins from non-immune cells
such as epithelial cells, leading to Th2-type
host defense and inflammation. Among
them, periostin, an IL-13-induced extracel-
lular matrix protein, and squamous cell
carcinoma antigens (SCCA1 and SCCA2),
serpin family protease inhibitors, has been
shown to be possible biomarkers for
asthma and allergic diseases but utility in
children has not been well studied.
Objective: The aims of the study were to
determine normal levels of serum periostin
and SCCAs in children and to reveal clini-
cal significance of the measurements in
bronchial asthma (BA) and atopic dermati-
tis (AD). Serum TARC was also measured
with ELISA.
Methods: We recruited 547 volunteers with
age of 0 to 17 years (median: 8) old and 14
children with severe AD. Allergic diseases
in volunteers were classified by ISAAC

questionnaire. Serum periostin and
SCCA1/SCCA2 were measured with
ELISA. For severe AD patients, SCORAD
score was used to evaluate severity.
Results: ISAAC identified 360 non-AD/
BA, 105 AD, 58 BA and 24 AD/BA.
Serum levels of periositn in non-AD/BA
subjects were different among age groups
and the levels in 6–8, 9–11 and 12–14 age
groups were significantly higher than those
in 15–17 age group, in which the levels
were similar to those previously reported
in normal adults. There were no age-de-
pendent differences in the levels of
SCCA1/SCCA2. Periostin and SCCA1/
SCCA2 were significantly higher in AD,
not in BA, than non-BA/AD group.
Further analysis in severe AD revealed that
periostin and SCCA1/SCCA2 significantly
correlated with SCORAD score and
decreased according to improvement of
the symptoms by treatment. Among them
SCCA2 correlated most highly with
severity. Spearman’s coefficient of correla-
tion between SCORAD and the markers
were 0.47, 0.42, 0.72 and 0.77 for TARC,
periostin, SCCA1 and SCCA2, respec-
tively.
Conclusion: SCCA2 can serve as a good
severity marker for AD in children.
Although periostin has been reported to be a
useful biomarker for severe adult asthma,
this may not be the case in childhood
asthma.

111
Immunological mechanisms implicated in
the cow0s-milk protein allergy in infants.
Role of regulatory T cells (Treg)

Perezabad, L1; Lopez-Abente, J2; Zapatero, L3; Seoane,
E4; Alonso-Lebrero, E3; Correa-Rocha, R2

1CIAL-CSIC, Madrid, Spain; 2Laboratory of Immune-
regulation, ‘Gregorio Mara~n!on’ Health Research
Institute (IISGM), Madrid, Spain; 3Pediatric-Allergy
Division, Hospital General Universitario Gregorio
Mara~n!on, Madrid, Spain; 4Immuno-pediatrics Division,
Hospital General Universitario Gregorio Mara~n!on,
Madrid, Spain

Background: Cow’s-milk protein allergy
(CMPA) is one of the allergies with highest
incidence in infants, notably in breastfed
babies. Its treatment consists in an exclu-
sion diet avoiding milk and food contain-
ing CMP. CMPA results from an
immunological reaction to one or more

© 2015 The Authors
Allergy © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd, 70 (Suppl. 101), 1–106 55
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milk proteins, and its immunological basis
distinguishes this specific allergy from
other adverse reactions to CMP such as
lactose intolerance. CMPA may be
immunoglobulin E (IgE) or non-IgE asso-
ciated. However, nowadays little is known
about the immune mechanisms implicated
in the trigger and development of this
allergy. Additionally, which immune fac-
tors are responsible for the fact that aller-
gic infants will reach the spontaneous
tolerance or not, still needs to be eluci-
dated.
Objectives: Previous studies of our group
demonstrated that desensitization to food
allergy in children after specific oral toler-
ance induction (SOTI) was related to either
an increase in the Treg subset, and the sub-
sequent reduction in the frequency of effec-
tor CD4 T cells. The objective of this
study was to investigate whether the devel-
opment of CMPA is related with altered
levels of Treg.
Methods: We performed an extensive anal-
ysis comparing the values of different
immune subsets (monocytes, basophils,
NK cells, CD4 and CD8 T cells) and its
phenotype (na€ıve, memory, activated) in 25
CMP allergic infants (age: <9 months old)
and 20 age-matched controls. Moreover,
we performed a clinical follow-up of chil-
dren with CMPA to determine which
markers or immune changes are associated
with the development of spontaneous toler-
ance or allergic progression.
Results and Conclusions: Immune values in
a cohort of infants with a positive confir-
mation of CMPA were compared with val-
ues observed in age-matched non-allergic
children. Children with CMPA showed
lower frequencies and absolute counts of
Treg cells than age-matched controls.
The decreased values of Treg, which have

proven to have a role in the prevention of
allergic responses, could be a factor associ-
ated to the development of CMPA. Fur-
thermore, it could constitute a marker of
clinical progression in children with
CMPA. Further studies are in progress to
determine how these lower Treg values can
affect to the immune homeostasis and its
relation with the emergence of allergic
symptoms.

112
Long-term effects of perinatal probiotic
use in eczema - results on microbiota
composition and functionality

Kim, HK1; Rutten, N2; van den Breemer, R3; Besseling
van der Vaart, I3; Choi, YH1; Rijkers, GT4; van Hemert,
S3

1Natural Product Laboratory, Leiden University, Leiden,
The Netherlands; 2Department of Paediatrics, St.
Antonius Hospital, Nieuwegein, The Netherlands;
3Winclove Probiotics, Amsterdam, The Netherlands;
4Science Department, University College Roosevelt,
Middelburg, The Netherlands

Background: Allergies are a major upcom-
ing problem in the Western society. It
becomes more and more clear that the
immunological basis for the development
of allergies is founded at a very young age
and that the gut microbiota composition
plays a key role there. Because of this rela-
tionship, probiotics have a high potential
and have already shown promising effects
in immune-modulation. The current evi-
dence for probiotics in allergy is strong in
the areas of eczema and lactose maldiges-
tion, whereas for hay fever or asthma, the
results are more heterogeneous. An inte-
grative approach to optimize strain- and
responder selection is needed.
Method: The PANDA (Probiotics AND
Allergy) project is an example of such an
approach. Strains were selected on
immunological characteristics. Effects of
perinatal supplementation of Eco-
logic!Panda (B. bifidum W23, B. lactis
W52 and Lc. lactis W58) were studied in a
RDBPC-trial, whereby clinical outcomes
and stool and blood samples were collected
up till the age of 6 years. Stool samples
were used to investigate the effects on
microbiota composition and -functionality.
Results: It was shown that supplementa-
tion of Ecologic!Panda did demonstrate a
beneficial effect on the development of
eczema up to the age of two years. In
accordance with other studies, this effect
did not extend to the age of 6 years and
does not lead to primary prevention of
asthma. Preliminary results on microbiota
composition showed that diversity is low-
ered in children prone to develop allergies.
Besides the microbiota composition, its
functionality was measured by metabolo-
mics research. Probiotic supplementation
led to higher levels of lactate and short-
chain fatty acids (SCFAs) compared with
the placebo group.
Conclusion: A specifically designed multi-
species probiotic formulation has shown to
be able to prevent eczema development at
early age. Diversity of the gut microbiota
and presence of short-chain fatty acids are
hypothesized to play a role in the underly-
ing working mechanism for the protective
effect of probiotics in eczema.

113
Design and validation of pictograms for
an anaphylaxis action plan

Alqurashi, W1; Mok, G2; Vaillancourt, R3; Irwin, D3;
Wong, A2; Zemek, R2

1Emergency Medicine and Pediatrics, University of
Ottawa, Ottawa, Canada; 2University of Ottawa, Ottawa,
Canada; 3Pharmacy, Children’s Hospital of Eastern
Ontario, Ottawa, Canada

Background: Current anaphylaxis action
plans (AAP’s) are based on written instruc-
tions without inclusion of pictograms. This
study aims to develop an AAP with picto-
rial aids and to prospectively validate the
pictogram components of this plan.
Methods: Participants recruited from the
Emergency Department and Allergy Clinic
to participate in a questionnaire to validate
pictograms depicting key counseling points
of an anaphylactic reaction. Children
≥10 years of age and caregivers of children
<10 years with acute anaphylaxis or who
carry epinephrine auto-injector for con-
firmed allergy were eligible. Guessability,
translucency, and recall were assessed for
11 pictogram designs. Pictograms identified
as correct or partially correct by at least
85% of participants were considered valid.
Three independent reviewers assessed these
outcome measures.
Results: Of the115 total participants, 73
(63%) were female, 76 (66%) were parents/
guardians, and 39 (34%) were children
aged 10–17. Overall, 10 pictograms (91%)
reached ≥85% for correct guessability,
translucency, and recall. Four pictograms
redesigned to reach the preset validation
target. One pictogram depicting symptoms
management (5 min wait time after first
epinephrine treatment) reached 82%
translucency after redesign. However, it
reached 98% and 100% of correct guess-
ability and recall respectively.
Conclusions: We prospectively designed
and validated a set of pictograms to be
included in an AAP. The incorporation of
validated pictograms into an AAP may
potentially increase comprehension of the
triggers, signs and symptoms, and manage-
ment of an anaphylactic reaction.

© 2015 The Authors
Allergy © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd, 70 (Suppl. 101), 1–10656
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ABSTRACT 

VIH-1 induce a deregulation in B-cell populations through a partial regulatory B-cell 
phenotype in vitro 

HIV-1 patients usually show general immune system deregulation and hyper-activation. At 
the humoral immunity level, HIV infection induces hyper-gammaglobulinemia and loss of 
memory B cells. In our group, we have previously reported that HIV-1 particles caused a 
direct marked effect on the activation, proliferation and phenotype of B cells. This 
deregulation could explain why efforts to develop an efficient vaccine against HIV have been 
unsuccessful. Therefore, it is essential to determine the B-cell deregulation mechanism so as 
to improve the design of an anti-HIV vaccine and obtain an efficient response of the immune 
system. 

In the present study, we considered the phenotype and functions of HIV-treated B-cell. B 
cells were extracted from buffy coat and treated with HIV-1 or different stimuli. Using 
quantitative PCR, we analyzed the expression of different cytokines in B-cell and, by flow 
cytometry, we analyzed the phenotype of these cells. Moreover, the function of B cells on 
CD4+ or CD8+ T cells were determined after co-culture experiments in vitro.  

Surprisingly, B cells exposed to HIV showed a higher level of mRNA for IL-10, IL-6, EBI3 or 
IL-12(p35) in vitro, presenting a potential immunosuppressive profile. In addition, HIV-treated 
B cells exposed to lymphocytes were able to reduce the proliferative capacity of CD4+ and 
CD8+ T cells, confirming the immunosuppressive profile of these B cells. However, HIV-
treated B cells did not show a specific ability to reduce the production of TNF&#945; from 
CD4+ or CD8+ T cells as results of co-culture experiments and the phenotype of the B cells 
studied by flow cytometry were not conclusive. 

We have already established that HIV-treated B cells show a deregulated phenotype and 
function.  But looking deeply at this deregulation, we showed that HIV-treated B cells 
displayed a partial immunosuppressive phenotype and function. These results may explain 
the general deregulation of the immune system and the high concentration of IL-10 in plasma 
observed in HIV patients. These preliminary outcomes are highly promising as a means of 
understanding the hyper-activation of the immunity in HIV patients and further experiments in 
vivo are needed to confirm these results. 
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