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Abstract	

Our	increasing	understanding	of	the	etiology	of	celiac	disease,	previously	

considered	a	simple	food	hypersensitivity	disorder	caused	by	an	immune	

response	to	cereal	gluten	proteins,	challenges	established	concepts	of	

autoimmunity.	HLA	is	a	chief	genetic	determinant,	and	certain	HLA-DQ	allotypes	

predispose	to	the	disease	by	presenting	posttranslationally	modified	

(deamidated)	gluten	peptides	to	CD4+	T	cells.	The	deamidation	of	gluten	

peptides	is	mediated	by	transglutaminase	2.	Strikingly,	celiac	disease	patients	

generate	highly	disease-specific	autoantibodies	to	the	transglutaminase	2	

enzyme.	The	dual	role	of	transglutaminase	2	in	celiac	disease	is	hardly	

coincidental.	This	paper	reviews	the	genetic	mapping	and	involvement	of	MHC	

class	II	genes	in	disease	pathogenesis,	and	discusses	the	evidence	that	MHC	class	

II	genes,	via	the	involvement	of	transglutaminase	2,	influence	the	generation	of	

celiac	disease-specific	autoantibodies.	 	



Celiac	disease	is	a	gluten-sensitive	enteropathy	that	is	caused	by	a	harmful	

immune	response	to	cereal	gluten	proteins.	While	the	condition	was	recognized	

already	in	ancient	Greece,	it	was	only	after	the	Second	World	War	that	the	role	of	

gluten	became	clear.	The	Dutch	pediatrician	Willem	K.	Dicke	established	by	

elimination	and	provocation	tests	the	culprit	role	of	gluten	proteins	in	the	

disorder	(Dicke	1950).	Gluten	is	the	sticky	protein	part	of	wheat	flour	that	

remains	after	washing	with	water,	and	wheat	gluten	proteins	can	be	divided	into	

gliadins	(a-,	g-	and	w-types)	and	glutenins.	Related	proteins	are	found	also	in	

grains	of	barley	(hordeins)	and	rye	(secalins).	Strictly	speaking,	gluten	is	a	term	

referring	to	wheat	proteins,	yet	this	term	is	now	also	commonly	used	for	

proteins	from	barley	and	rye.	Celiac	disease	can	be	treated	effectively	by	a	life-

long,	strict	elimination	of	gluten	from	the	diet.	In	accordance	with	this	condition	

initially	being	classified	as	a	food	hypersensitivity	disorder,	elimination	and	

provocation	tests	were	central	in	the	early	diagnostic	schemes	(Meeuwisse	

1970).	Examination	of	proximal	gut	biopsies	showing	characteristic	blunting	of	

villi,	crypt	cell	hyperplasia	and	infiltration	of	leukocytes	both	in	the	epithelium	

and	the	lamina	propria	was	also	an	essential	part	of	the	diagnostic	workup	

(Walker-Smith	et	al.	1990).	However,	a	few	years	ago	the	European	Society	for	

Paediatric	Gastroenterology	and	Hepatology	(ESPGHAN)	made	the	game-

changing	decision	that	the	diagnosis	could	be	made	in	some	children	without	

examination	of	gut	biopsies	(Husby	et	al.	2012).	The	reason	for	this	development	

relates	to	the	fact	that	celiac	disease	characteristic	antibodies	specific	for	the	

autoantigen	transglutaminase	2	(TG2)	and	deamidated	gluten	peptides	have	

extraordinarily	high	diagnostic	sensitivities	and	specificities.	The	need	for	the	

biopsy	examination	is	alleviated	when	such	antibodies	are	present	in	serum	at	

high	levels.	In	fact,	the	diagnostic	performance	of	the	IgA	anti-TG2	is	greater	than	

for	any	other	human	autoantibodies.	This	change	in	diagnostic	procedures	

tellingly	illustrates	how	celiac	disease	over	the	last	fifty	years	has	moved	from	

the	camp	of	food	sensitivity	disorders	to	the	camp	of	autoimmune	diseases.	In	

addition	to	autoantibodies,	celiac	disease	also	shows	other	features	of	

autoimmunity,	such	as	the	specific	killing	of	enterocytes,	similar	to	the	killing	of	

b	cells	in	type	1	diabetes.	Thus,	today	it	seems	obvious	that	lessons	learned	from	

the	immunology	of	celiac	disease	have	relevance	for	other	autoimmune	diseases.		



Chief	predisposing	role	of	cis-	or	trans-encoded	HLA-DQA1	and	HLA-DQB1	alleles		

Like	most	autoimmune	diseases,	celiac	disease	has	a	strong	HLA	association.	The	

major	role	of	HLA	as	a	susceptibility	factor	became	very	clear	by	way	of	the	first	

genome-wide	association	study	of	celiac	disease	(Hunt	et	al.	2008).	However,	the	

first	observations	that	the	MHC	influences	the	risk	for	celiac	disease	came	nearly	

50	years	earlier	with	the	finding	of	a	disease	association	with	HLA-B8	(Falchuk	

et	al.	1972;	Stokes	et	al.	1972).	Later	it	was	discovered	that	there	are	disease	

associations	with	HLA-A1,	HLA-DR3,	and	HLA-DR7	as	well	as	with	HLA-DQ2	

(Betuel	et	al.	1980;	DeMarchi	et	al.	1979;	Keuning	et	al.	1976;	Solheim	et	al.	

1977;	Tosi	et	al.	1983).	The	associations	with	HLA-A1,	-B8,	-DR3	and	-DQ2	is	due	

to	linkage	disequilibrium	and	to	the	fact	that	these	HLA	alleles	are	part	of	a	very	

conserved	HLA	haplotype	(A1-B8-DR-DQ2;	AH8.1).	The	strong	degree	of	linkage	

disequilibrium	in	the	HLA	region	imposes	a	general	problem	for	dissecting,	

which	is	the	culprit	locus/allele	of	a	disease.	In	many	HLA-associated	diseases	

this	challenge	has	not	been	fully	resolved.	This	is	not	so	in	celiac	disease.	In	

Southern	Europe	it	was	observed	that	a	substantial	proportion	of	celiac	disease	

patients	are	DR5/DR7	heterozygous	(Mearin	et	al.	1983;	Trabace	et	al.	1984).	

Furthermore,	it	was	observed	that	individuals	who	carry	the	DR7	allotype	are	

only	at	risk	if	they	carry	the	DR3	or	DR5	allotypes,	and	individuals	who	carry	the	

DR5	allotype	are	only	at	risk	if	they	carry	the	DR3	or	DR7	allotypes.	The	

explanation	for	these	observations	became	evident	when	the	DQA1	and	DQB1	

alleles	of	the	DR3,	DR7	and	DR5	haplotypes	were	characterized.		The	DQA1	allele	

of	the	DR3-DQ2	haplotype	(DQA1*05:01)	was	almost	identical	to	the	DQA1	allele	

of	the	DR5-DQ7	(DQA1*05:05)	(only	differing	at	one	single	residue	in	the	leader	

sequence),	and	the	DQB1	allele	of	the	DR3-DQ2	haplotype	(DQB1*02:01)	was	

almost	identical	to	the	DQB1	allele	of	the	DR7-DQ2	haplotype	(only	differing	at	

one	single	residue	at	position	135	in	the	membrane	proximal	domain).	A	DR3-

DQ2	individual	and	a	DR5-DQ7/DR7-DQ2	individual	thus	express	a	nearly	

identical	HLA-DQ	molecule,	either	expressed	in	cis	or	trans	configuration	(Sollid	

et	al.	1989).	This	molecule	is	nowadays	often	termed	HLA-DQ2.5	for	short	(Table	

1).		

	



The	DQ	region	of	the	DR3-DQ2	haplotype	is	likely	evolutionarily	connected	to	the	

DR5-DQ7	and	DR7-DQ2	haplotypes,	with	a	site	of	DNA	recombination	located	

between	the	DQA1	and	DQB1	loci.	Conceivably,	susceptibility	to	celiac	disease	

depends	on	an	interaction	between	two	or	more	genes	of	the	DR3-DQ2	

haplotype	that	are	reestablished	in	DR5-DQ7/DR7-DQ2	heterozygous	

individuals.	The	DQA1	and	DQB1	are	prime	suspects	because	their	gene	products	

interact	by	forming	a	protein	heterodimer,	and	because	they	are	located	close	to	

the	haplotype	recombination	site	(Sollid	et	al.	1989).	This	evolutionary-based	

argument,	which	is	different	from	the	statistical	analysis	of	odds	ratios	usually	

employed	in	HLA	and	disease	association	studies,	provides	very	strong	genetic	

evidence	linking	DQA1*05	and	DQB1*02	to	the	etiology	of	celiac	disease.		

	

Usually	90%	or	more	celiac	disease	patients	carry	HLA-DQ2.5.	The	patients	who	

do	not	express	HLA-DQ2.5	most	often	either	express	HLA-DQ2.2	(encoded	by	

DQA1*02:01	and	DQB1*02:02	alleles	of	the	DR7-DQ2	haplotype)	or	they	express	

HLA-DQ8	(encoded	by	DQA1*03	and	DQB1*03:02	alleles	of	the	DR4-DQ8	

haplotype)	(Karell	et	al.	2003;	Spurkland	et	al.	1992)	(Table	1).	Some	very	few	

patients	express	HLA-DQ7.5	(encoded	by	DQA1*05:05	and	DQB1*03:01	alleles,	

usually	of	the	DR5-DQ7	haplotype)	(Karell	et	al.	2003).	The	distribution	of	DQ2.5,	

DQ2.2	and	DQ8	among	celiac	disease	patients	differ	to	some	degree	between	

different	populations.	For	instance,	a	particularly	high	fraction	of	patients	carry	

DQ8	among	Ashkenazi	Jews	(Tighe	et	al.	1993)	and	Amerindians	of	Chile	(Araya	

et	al.	2000).	

	

Further	insight	from	comparisons	of	conserved	HLA	haplotypes	

Many	different	conserved	HLA	haplotypes	exist.	In	Sardinia	there	is	a	

predominant	association	of	celiac	disease	with	the	B18-DR3-DQ2	(AH18.2)	

haplotype	(Congia	et	al.	1992).	The	B18-DR3-DQ2	(AH18.2)	haplotype	differs	

from	the	B8-DR3-DQ2	(AH8.1)	haplotype	at	most	loci	including	the	DPB1	locus	

and	also	the	DRB3	locus,	where	AH18.2	carries	DRB3*02:02	and	AH8.1	carries	

DRB3*01:01.	As	both	the	AH8.1	and	AH18.2	haplotypes	are	associated	with	celiac	

disease,	this	indicates	that	a	region	where	the	two	ancestral	haplotypes	are	

identical	confers	the	risk.	The	obvious	candidates	are	DQA1*05:01	and	



DQB1*02:01,	as	these	alleles	are	shared	between	the	two	haplotypes.	Similarly,	in	

Northern	India	celiac	disease	shows	a	strong	association	with	the	A26-B8-DR3-

DQ2	(AH8.2)	and	the	Ax-B21-DR3-DQ2	haplotypes	(Kaur	et	al.	2002).	These	

haplotypes	differ	from	the	AH8.1	haplotype	at	many	loci	(AH8.2	for	instance	

carries	the	DRB3*02	allele),	but	not	at	the	DQA1	and	DQB1	loci,	where	both	carry	

DQA1*05:01	and	DQB1*02:01	(Witt	et	al.	2002).	Again,	this	observation	argues	

for	the	involvement	of	DQA1*05:01	and	DQB1*02:01	in	the	etiology	of	celiac	

disease.	

	

Multiple	non-HLA	genes	with	small	size	effects	also	contribute	to	the	risk	

Almost	no	celiac	disease	patients	exist	that	do	not	carry	either	one	or	more	of	the	

DQ2.5,	DQ2.2	and	DQ8	variants.	However,	most	individuals	carrying	the	celiac	

disease-associated	HLA-DQ	molecules	will	never	develop	celiac	disease.	Thus,	

certain	HLA	genes	are	thus	necessary	but	not	sufficient	for	the	development	of	

celiac	disease.	The	explanation	for	this	fact	appears	to	be	that	particular	non-

HLA	genes	and	possibly	environmental	factors	other	than	gluten	are	mandatory	

for	disease	development.	Celiac	disease	is	thus	a	multifactorial	and	polygenic	

disorder.	Over	the	last	couple	of	decades	considerable	information	has	

accumulated	on	the	identity	and	nature	of	non-HLA	genes	in	celiac	disease,	and	

the	information	mostly	comes	from	genome-wide	association	studies	(Dubois	et	

al.	2010;	Hunt	et	al.	2008;	Trynka	et	al.	2011).	As	of	2016,	42	celiac-disease	loci	

in	addition	to	the	HLA	locus	have	been	identified	(Withoff	et	al.	2016).	The	effect	

size	of	each	of	these	loci	is	very	small,	and	compared	to	the	effect	size	of	HLA	

their	individual	effect	sizes	are	almost	negligible.	It	was	estimated	that	whereas	

HLA	contributed	to	40%	of	the	genetic	risk,	37	non-HLA	loci	collectively	

contributed	with	14%	of	the	risk	to	the	disease	(Trynka	et	al.	2011).	Issues	

remain	on	which	of	several	single	nucleotide	polymorphisms	(SNPs)	in	linkage	

disequilibrium	at	the	disease	susceptibility	loci	are	responsible	for	the	

association,	yet	it	appears	clear	that	most	of	the	primary	candidates	do	not	

encode	for	change	in	the	sequence	of	proteins	(Withoff	et	al.	2016).	In	contrast,	

the	SNPs	are	located	in	intergenic	regions	where	they	affect	transcription,	some	

of	them	by	affecting	the	binding	of	transcription	factors.	It	also	appears	that	the	

polymorphisms	primarily	relate	to	regulation	of	the	transcription	of	certain	



genes	in	T	cells	and	B	cells.		Thus,	the	unbiased	insight	coming	from	genetic	

studies	supports	the	results	of	immunological	studies	of	celiac	disease	patients,	

which	I	will	return	to,	and	clearly	speak	to	an	involvement	of	the	adaptive	

immune	system	in	the	pathogenesis.		

	

Gene-dosage	effect	of	certain	HLA-DQ	alleles	

The	risk	for	celiac	disease	is	markedly	increased	in	individuals	who	are	

homozygous	for	HLA-DQ2.5	(DQA1*05-DQB1*02)	(Ploski	et	al.	1993)	and	HLA-

DQ8	(DQA*03-DQB1*03:02)	(Karell	et	al.	2003).	Individuals	who	are	homozygous	

for	DQB1*02	but	heterozygous	for	DQA1*05	(i.e.	DQA1*05-

DQB1*02:01/DQA1*0201-DQB1*02:02)	also	have	an	increased	risk	for	celiac	

disease	(Ploski	et	al.	1993).	A	differential	HLA	risk	profile	was	already	noted,	

based	on	serological	HLA-DR	typing	results,	as	DR3/DR3	and	DR3/DR7	subjects	

were	found	to	have	increased	risk	compared	to	subjects	who	were	DR3	

heterozygous	(Mearin	et	al.	1983;	Trabace	et	al.	1984).	With	today’s	insight,	we	

know	that	these	features	are	explained	by	the	extensive	linkage	disequilibrium	

between	DR	and	DQ	genes,	and	that	the	primary	HLA-DQ	associations	dictate	the	

biased	distribution	of	DR	allotypes	among	celiac	disease	patients.		

	

No	protective	effect	of	HLA	haplotypes	or	alleles	

In	type	1	diabetes	there	is	a	strong	dominant	protective	effect	of	the	DR2-DQ6	

haplotype	(Thomson	et	al.	1988).	The	effect	of	regulatory	T	cells	could	manifest	

as	a	dominant	protective	effect	of	HLA.	Importantly,	no	protective	effect	of	

particular	HLA	haplotypes	or	alleles	is	observed	in	celiac	disease.	Looking	at	the	

frequency	of	DQB1*	alleles	on	the	other	chromosome	in	individuals	who	are	

DQB1*02:01,	this	does	not	follow	the	distribution	of	alleles	in	the	control	

population.	This	could	at	first	glance	could	be	indicative	of	some	protective	

effects.	On	closer	inspection,	however,	it	is	apparent	that	this	skewed	

distribution	is	due	to	a	compensation	of	the	excess	of	DQB1*02:01	homozygous	

celiac	disease	patients	(Ploski	et	al.	1993).		

	

Is	there	any	additional	risk	effect	of	non-DQ	HLA	genes?	

A	question	has	been	whether	any	of	the	HLA	region	genes	apart	from	HLA-DQ	



contribute	to	celiac	disease	susceptibility.	A	slightly	higher	risk	of	the	B8-DR3-

DQ2	haplotype	compared	with	the	B18-DR3-DQ2	haplotype	suggested	that	such	

risk	genes	do	exist	(Bolognesi	et	al.	2003;	Louka	et	al.	2003).	The	analysis	of	16	

microsatellite	markers	and	DQA1	and	DQB1	alleles	in	160	Dutch	simplex	cis	

DQ2.5-positive	celiac	disease	families	and	86	cis	DQ2.5-positive	control	families	

revealed	no	significant	differences,	hence	suggesting	that	DQ2.5	plays	the	major	

role	(van	Belzen	et	al.	2004).	Further	insight	was	obtained	by	an	analysis	of	

12016	celiac	disease	cases	and	11920	controls	of	European	ancestry	genotyped	

with	the	Illumina	Immunochip	array	and	imputing	(Gutierrez-Achury	et	al.	

2015).	Stepwise	logistic	regression	modeling	assuming	additive	effects	identified	

five	independent	variants	with	genome-wide	significance	beyond	HLA-DQ:	

amino	acid	position	9	of	HLA-DPβ1,	HLA-B*08:01	and	HLA-B*39:06	and	two	SNPs	

(rs1611710	and	rs2301226).	Knowing	how	difficult	is	is	to	fully	control	for	

linkage	disequilibrium	in	the	HLA	region,	some	uncertainty	probably	remains	

with	respect	to	localization	of	the	identified	risk	factors.	As	for	contribution	to	

heritability,	Gutierrez-Achury	and	coworkers	(2015)	estimated	that	23%	could	

be	accounted	for	by	HLA-DQ	genes,	18%	could	be	accounted	for	by	non-DQ	HLA	

genes	and	7%	could	be	accounted	for	by	known	non-HLA	genes.	Later	it	became	

clear	that	the	estimate	for	non-DQ	HLA	genes	was	wrong,	and	the	correct	

estimate	is	2%	and	not	18%	(Gutierrez-Achury	2015).	Thus,	within	the	HLA	

region	the	overriding	risk	effect	for	celiac	disease	is	mediated	by	particular	HLA-

DQ	allotypes	with	the	modest	contribution	of	certain	non-DQ	HLA	genes.		

	

HLA-DQ	allotypes	predispose	to	disease	by	presenting	gluten	peptide	to	CD4+	T	cells		

The	role	of	DQ2.5	in	predisposing	for	celiac	disease	became	clear	from	

experiments	in	which	biopsies	of	celiac	disease	patients	were	stimulated	with	

pepsin-trypsin	digest	of	gluten	and	gluten-reactive	CD4+	T	cells	could	be	

generated	(Lundin	et	al.	1993).	Strikingly,	all	the	gluten-specific	T	cells	were	

found	to	be	restricted	by	the	DQ2.5	molecule	and	not	by	any	other	HLA	molecule	

expressed	by	the	patients.	This	strongly	suggested	that	the	effect	of	HLA	is	

mediated	by	the	preferential	presentation	of	gluten	antigens	to	CD4+	T	cells	in	

the	periphery,	although	an	effect	of	HLA	molecules	on	T-cell	selection	in	the	

thymus	can	not	be	excluded.	Later	it	was	found	that	when	biopsies	of	DQ8	celiac	



patients	and	DQ2.2	patients	(who	were	not	DQ2.5)	were	stimulated	with	gluten	

antigen,	gluten-specific	CD4+	T	cells	restricted	by	these	HLA	molecules	could	be	

cultured	(Bodd	et	al.	2012;	Lundin	et	al.	1994).	Thus,	all	celiac	disease-associated	

HLA-DQ	molecules	act	by	their	ability	to	preferentially	present	gluten	antigens	to	

CD4+	T	cells	(Fig.	1).		

	

The	next	challenge	was	to	identify	the	epitope	being	recognized	by	these	CD4+	T	

cells.	Gluten	is	an	extremely	complex	antigen	consisting	of	several	hundred	but	

slightly	distinct	proteins	in	a	single	wheat	cultivar.	This	proved	to	be	a	

formidable	task.	The	work	was	greatly	aided	by	mass	spectrometry,	which	at	the	

time	had	emerged	as	a	powerful	technology	for	protein	and	peptide	analysis.	A	

suspicion	that	the	stimulatory	gluten	antigen	was	posttranslationally	modified	

by	deamidation	became	proven	by	this	work.	The	first	DQ2.5-restricted	epitope	

identified	was	derived	from	a	g-gliadin	protein,	and	in	this	epitope	a	glutamine-

to-glutamate	conversion	(i.e.	deamidation)	at	a	particular	position	was	crucial	

for	T-cell	recognition	(Sjöström	et	al.	1998).	A	little	later	a	DQ8-restricted	

epitope	of	a-gliadin	was	identified,	but	for	this	epitope	deamidation	was	not	

found	to	be	crucial	for	T-cell	recognition	(van	de	Wal	et	al.	1998b).			

	

Gluten-specific	T	cells	from	the	intestinal	lesion	were	found	to	predominantly	

secrete	interferon-(IFN)g,	but	typically	also	many	other	cytokines		including	

tumor	necrosis	factor,	interleukin-(IL)4,	IL-5,	IL-10	and	transforming	growth	

factor	(TGF)-b,	hence	having	profiles	compatible	with	TH1	or	TH0	cells	(Nilsen	et	

al.	1995).	Later	it	was	found	that	gluten-specific	T	cells	also	produce	IL-21,	but	

not	IL-17	(Bodd	et	al.	2010).		The	production	of	IFN-g	and	IL-21	can	thus	be	

considered	hallmarks	of	gluten-specific	T	cells	in	celiac	disease.	

	

TG2	generates	post-translationally	modified	gluten	peptides	

The	factor	responsible	for	deamidation	of	gluten	peptides	remained	for	a	short	

period	unsolved.	TG2	became	a	suspect	because	it	was	identified	as	the	

autoantigen	in	celiac	disease	(Dieterich	et	al.	1997)	and	because	the	enzyme,	in	

addition	to	its	main	function	of	crosslinking	polypeptides,	was	described	to	have	

the	capacity	to	mediate	deamidation.	When	non-deamidated	(i.e.	chymotrypsin	



digested)	gluten	was	treated	with	TG2	and	then	offered	as	antigen	to	biopsy-	

derived	gluten-specific	T	cells,	a	vivid	response	could	be	recorded	(Molberg	et	al.	

1998).	In	the	DQ2.5-restricted	g-gliadin	epitope	examined	for	TG2-mediated	

deamidation,	not	all	glutamine	residues	were	targeted	by	TG2,	and	strikingly	the	

specificity	of	TG2	coincided	with	modifications	that	were	important	for	T-cell	

recognition	of	the	epitopes.	Also	for	the	DQ8-restricted	a-gliadin	epitope,	TG2	

treatment	led	to	better	T-cell	recognition,	further	substantiating	a	role	for	TG2	in	

creating	immunostimulatory	gliadin	peptides	(van	de	Wal	et	al.	1998a).	Thus,	

TG2	plays	an	essential	role	in	making	gluten	peptides	immunogenic	for	

presentation	by	the	HLA-DQ	molecules	DQ2	and	DQ8	(Fig.	1).	

	

A	curiosity	worth	mentioning	is	that	in	the	initial	experiments	the	screening	of	

the	T-cell	lines	and	T-cell	clones	was	done	with	a	peptic-tryptic	digest	of	wheat	

gluten	(Lundin	et	al.	1993).	Pepsin	digestion	was	done	at	low	pH,	which	caused	

the	spontaneous	deamidation	of	the	gluten	antigen,	thereby	facilitating	the	

detection	of	deamidation-dependent	T	cells.	If	a	non-deamidated	antigen	(i.e.	

chymotrypsin	digested	gluten)	had	been	used	in	these	assays,	the	T-cell	response	

would	have	gone	unreported	and	no	discovery	would	have	been	made.	Luck	

definitely	plays	a	role	in	science!	

	

Over	the	years	a	number	of	DQ2.5-	and	DQ8-restricted	gluten	epitopes	have	been	

identified	(Arentz-Hansen	et	al.	2000;	Arentz-Hansen	et	al.	2002;	Qiao	et	al.	

2005;	Stepniak	et	al.	2005;	Tye-Din	et	al.	2010;	Vader	et	al.	2002b).	Some	of	the	

epitopes	were	identified	by	testing	gluten-specific	T	cells	from	the	peripheral	

blood	of	treated	celiac-disease	patients	challenged	with	gluten	(Tye-Din	et	al.	

2010).			Strikingly,	the	numbers	of	gluten-specific	T	cells	recognizing	deamidated	

epitopes	increased	dramatically	on	day	six	after	initiation	of	a	three-day	oral	

gluten	challenge	in	treated	patients	(Anderson	et	al.	2000;	Anderson	et	al.	2005;	

Ráki	et	al.	2007).	Generally,	deamidation	was	found	to	be	essential	for	all	DQ2.5-

restricted	epitopes,	and	important	for	the	majority	of	DQ8-restricted	epitopes.	A	

listing	of	known	epitopes	with	their	nomenclature	has	been	published	(Sollid	et	

al.	2012).		

	



Importance	of	stable	peptide-HLA	complexes	for	generating	in	vivo	T-cell	responses		

What	remained	a	conundrum	was	why	DQ2.2	had	a	lower	risk	for	celiac	disease,	

yet	most	DQ2.5-restricted	gluten	epitopes	could	be	presented	by	DQ2.2	

molecules	in	a	standard	T-cell	assay	(Qiao	et	al.	2005;	Vader	et	al.	2003).	An	

analysis	of	peptide-HLA	stability	indicated	that	this	could	possibly	be	an	

underlying	reason	for	the	observed	difference,	as	DQ2.5-restricted	epitopes	were	

only	presented	by	DQ2.5	and	not	by	DQ2.2	if	antigen-presenting	cells	were	

pulsed	with	peptide	antigen	and	incubated	at	extended	time	before	T	cells	were	

added	(i.e.	a	functional	stability	assay)	(Fallang	et	al.	2009).	The	prediction	from	

these	studies	was	that	DQ2.2	would	present	T-cell	epitopes	different	from	those	

presented	by	DQ2.5,	and	that	these	epitopes	would	bind	stably	to	DQ2.2.	

	

Binding	preference	of	negatively	charged	peptides	by	disease-associated	HLA-DQ	

molecules		

In	parallel	with	the	identification	of	gluten	T-cell	epitopes,	the	binding	motifs	of	

the	celiac	disease	associated	HLA-DQ2	molecules	were	characterized.	Both	

DQ2.5	and	DQ8	were	found	to	have	a	preference	for	binding	negatively	charged	

anchor	residues	albeit	at	different	positions.	Whereas	DQ2.5	was	found	to	prefer	

negatively	charged	anchors	at	positions	P4,	P6	and	P7	(Johansen	et	al.	1996b;	

van	de	Wal	et	al.	1997;	van	de	Wal	et	al.	1996;	Vartdal	et	al.	1996),	DQ8	was	

found	to	prefer	negatively	charged	anchors	at	position	P1	and	P9	(Godkin	et	al.	

1997;	Kwok	et	al.	1996)	(Fig.	2).	As	a	consequence,	the	majority	of	gluten	

epitopes	presented	by	DQ2.5	are	distinct	from	those	presented	by	DQ8	and	vice	

versa	(Tollefsen	et	al.	2006).	Although	DQ2.5	and	DQ2.2	were	found	to	have	

similar	binding	motifs	with	a	preference	for	negatively	charges	anchors	at	P4,	P6	

and	P7	(Johansen	et	al.	1996a;	van	de	Wal	et	al.	1997),	binding	experiments	

suggested	that	DQ2.2,	unlike	DQ2.5,	had	an	additional	pocket	at	P3,	with	a	

preference	for	serine	and	threonine,	and	with	proline	being	disfavored	(van	de	

Wal	et	al.	1997)	(Fig.	2).		

	

Gluten	epitopes	presented	by	DQ2.2	and	DQ2.5	are	distinct	

The	characterization	of	DQ2.2-restricted	gluten	epitopes	revealed	that	these	

indeed	are	distinct	from	the	DQ2.5-restricted	epitopes	(Bodd	et	al.	2012).	Three	



identified	epitopes	shared	the	feature	of	having	a	serine	residue	at	the	P3	

position.	When	tested	in	the	functional	stability	assay,	it	was	found	that	the	

DQ2.2-restricted	epitopes	made	stable	complexes	with	DQ2.2	but	not	with	

DQ2.5.	The	serine	residue	was	proven	to	be	an	important	anchor	for	peptide	

binding	to	DQ2.2	but	not	to	DQ2.5	(Bergseng	et	al.	2015).		Serine	and	threonine	

are	rarely	distributed	in	gluten	proteins.	Thus	the	abundance	of	peptides	in	the	

TG2-modified	gluten	proteome	that	would	be	able	to	bind	HLA	would	be	less	for	

DQ2.2	than	for	DQ2.5.	This	fact	likely	explains	the	different	risks	associated	with	

the	two	DQ2	variants	for	celiac	disease.		

	

Gene-dosage	effect	of	HLA-DQ	relates	to	amount	of	peptide-HLA	

The	above-mentioned	gene-dosage	effect	of	HLA	was	−	by	testing	in	functional	T-

cell	assays	−	ascribed	to	the	enhanced	presentation	of	gluten	epitopes	to	CD4+	T	

cells	by	HLA-DQ2.5	homozygous	antigen-presenting	cells	(Vader	et	al.	2003).	It	

was	also	suggested	that	there	is	a	threshold	of	peptide-HLA	complexes	required	

for	generating	a	pathogenic	T-cell	response	in	celiac	disease.	Recently,	the	notion	

of	gene-dosage	effect	was	contended,	as	similar	levels	of	the	cell-surface	

expression	of	DQ2.5	molecules	and	no	difference	in	antigen	presentation	

capability	to	gluten-specific	CD4+	T	cells	was	seen	when	DQ2.5	homozygous	and	

heterozygous	celiac	patients	were	compared	(Pisapia	et	al.	2016).	The	absence	of	

gene-dosage	effects	of	MHC	is	surprising,	given	that	this	phenomenon	has	been	

demonstrated	for	I-E	molecules	in	mice	(Berg	et	al.	1990).	What	remains	unclear	

is	what	explains	the	increased	risk	of	individuals	who	are	homozygous	for	

DQB1*02	but	heterozygous	for	DQA1*05	(i.e.	DQA1*05:01-

DQB1*02:01/DQA1*02:01-DQB1*02:02),	and	whether	this	only	relates	to	an	

increased	expression	of	DQ2.5	and	an	enhanced	presentation	of	gluten	epitopes	

to	T	cells	in	the	periphery.	

	

X-ray	crystal	structures	relevant	to	gluten-specific	T	cells	

Resolution	of	X-ray	crystal	structures	have	provided	vital	information	on	the	

molecular	basis	for	the	HLA	association	in	celiac	disease.	The	structure	of	the	

deamidated	DQ2.5-glia-a1a	epitope	in	complex	with	the	DQ2.5	molecule	

revealed	that	Lys71b	of	DQ2.5	is	instrumental	in	binding	the	P6	glutamate	



anchor	of	this	epitope	(Kim	et	al.	2004).		This	same	Lys71b	residue	is	also	

instrumental	in	binding	the	P4	glutamate	anchor	in	the	DQ2.5-glia-a2	epitope	

(Jabri	et	al.	2014;	Petersen	et	al.	2014).		The	latter	structure,	as	it	is	a	structure	of	

the	quaternary	p-MHC-TCR	complex,	also	revealed	features	of	importance	for	T-

cell	recognition	(Petersen	et	al.	2014).	Quite	surprisingly,	an	Arg109b	of	the	TCR,	

which	is	part	of	a	canonical	motif	in	DQ2.5-glia-a2	epitope-specific	TCRs	

carrying	a	semipublic	TRBV7-2/TRAV26-1	receptor	(Han	et	al.	2013;	Qiao	et	al.	

2014;	Qiao	et	al.	2011),	does	not	make	direct	contact	with	the	P4	glutamate	of	

the	DQ2.5-glia-a2	epitope.	Hence,	the	structural	basis	for	TCRs	being	specific	for	

deamidated	gluten	epitopes	still	remains	unclear.	A	number	of	other	X-ray	

crystal	structures	of	quaternary	complexes	of	p-MHC-TCR	complexes	relevant	to	

celiac	disease	have	been	resolved,	and	they	have	also	provided	important	

information	(Broughton	et	al.	2012;	Petersen	et	al.	2015,	2016).		

	

A	role	for	regulatory	T	cells	in	celiac	disease?	

Conceivably,	breakage	of	oral	tolerance	to	gluten	could	be	the	underlying	cause	

of	celiac	disease.	This	notion,	together	with	the	fact	that	the	intestine	is	a	hotbed	

for	regulatory	T	cells,	has	fueled	an	interest	in	regulatory	T	cells	in	the	

pathogenesis	of	celiac	disease.	Several	types	of	CD4+	regulatory	T	cells	have	been	

described	in	the	literature;	FOXP3+	T-regulatory	(Tregs)cells	that	are	either	

natural	or	induced	(Sakaguchi	et	al.	2008)	as	well	as	Type	1	(Tr1)	regulatory	T	

cells	that	are	hallmarked	by	the	production	of	IL-10	and	TGF-b	(Roncarolo	et	al.	

2006).	In	order	to	demonstrate	that	most	subjects	do	not	develop	celiac	disease,	

and	that	the	majority	of	these	subjects	do	not	express	the	celiac	disease-

associated	HLA-DQ	allotypes,	regulatory	T	cells	controlling	the	anti-gluten	

response	would	need	to	recognize	gluten	peptides	in	the	context	of	MHC	class	II	

molecules	other	than	DQ2	or	DQ8.	Such	cells	have	not	been	described,	but	a	

proper	analysis	is	still	lacking.	However,	the	fact	that	there	is	no	of	protective	

effect	of	HLA	alleles	or	haplotypes	in	celiac	disease	is	a	strong	argument	against	

the	existence	of	regulatory	T	cells	being	restricted	by	protective	alleles.		

	

Regulatory	cells	that	have	been	described	in	the	literature	in	relation	to	celiac	

disease	are	all	restricted	by	the	disease-associated	HLA-DQ	allotypes.	Gluten-



specific	and	HLA-DQ2.5-restricted	Tr1	cells	were	described	in	celiac	disease	

patients	(Gianfrani	et	al.	2006).	Clones	of	such	Tr1	cells	were	found	to	suppress	

the	proliferation	of	pathogenic	Th0	cells.	Of	note,	however,	is	that	the	Tr1	cells	

generally	had	concomitant	production	of	IFN-g	along	with	IL-10,	so	whether	they	

are	really	a	separate	cell	type	from	the	presumed	pathogenic	T	cells	is	

questionable.	Moreover,	circulating	FOXP3+CD39+	Tregs	reactive	with	gluten	and	

also	restricted	by	DQ2.5	were	described	recently	in	subjects	with	celiac	disease	

(Cook	et	al.	2017).	Cells	of	this	phenotype	surprisingly	constituted	80%	of	

gluten-specific	cells	in	peripheral	blood	upon	an	oral	gluten	challenge	involving	

treated	celiac	disease	patients.	The	T	cells	appeared	to	use	the	same	type	of	TCRs	

previously	described	among	presumed	pathogenic	T	cells,	and	they	could	be	

isolated	with	HLA-DQ2.5	tetramers	representing	a	couple	of	immunodominant	

gluten	epitopes.	While	peripheral	polyclonal	Tregs	from	celiac	disease	patients	

were	found	to	have	a	normal	suppressive	function,	the	gluten-specific	

FOXP3+CD39+	Tregs	after	a	short	in	vitro	expansion	exhibited	a	significantly	

reduced	antigen-unspecific	suppressive	function	compared	to	polyclonal	Tregs.	

The	authors	interpreted	this	to	indicate	that	the	dysfunction	of	Tregs	may	

contribute	to	the	pathogenesis	of	celiac	disease.	Again,	a	pertinent	question	is	

whether	these	cells	truly	represent	cells	different	from	the	cells	considered	to	be	

pathogenic	T	cells.	In	humans,	FOXP3	is	a	marker	expressed	by	activated	T	cells,	

not	only	by	Tregs,	hence	obscuring	FOXP3	as	a	precise	marker	in	clinical	studies.	

Moreover,	the	finding	of	FOXP3+CD39+	Tregs	in	celiac	disease	patients	does	not	

explain	why	most	DQ2.5	subjects	never	develop	celiac	disease.	A	relevant	

observation	in	this	regard	is	that	no	gluten-specific	and	DQ2.5-restricted	Tregs	

specific	for	immunodominant	gluten	epitopes	could	be	identified	in	healthy	

subjects	using	HLA-DQ2.5	tetramers	(Christophersen	et	al.	2016).	Thus,	taken	

together	there	is	as	yet	no	immunogenetic	or	functional	evidence	that	regulatory	

T	cells	control	the	immune	response	to	gluten	in	healthy	subjects,	and	that	a	

breach	of	this	control	results	in	celiac	disease.	

	

Antibodies	to	deamidated	gluten	peptides		

Not	only	T-cell	epitopes	but	also	antibodies	to	gluten	in	celiac	disease	are	

preferentially	directed	against	deamidated	gluten	epitopes	(Osman	et	al.	2000).	



Several	epitopes	have	been	identified.	Particularly	high	serum	antibody	activity	

was	observed	with	regard	to	peptides	having	the	amino	acid	sequences	QPEQPF	

(Osman	et	al.	2000),	QPEQAFPE	and	PFPEQxFP	(Ballew	et	al.	2013)	and	

QPEQPF[PS]E	(Pantazes	et	al.	2016).	Plasma	cells	of	the	celiac	lesion	reactive	

with	deamidated	gluten	peptides	have	been	isolated	and	used	to	generate	

recombinant	monoclonal	antibodies	(Steinsbø	et	al.	2014).		These	monoclonal	

antibodies	had	a	biased	usage	of	the	IGHV3-23/IGLV4-69	and	IGHV3-15/IGKV4-1	

gene	segments,	and	many	of	the	antibodies	were	reactive	with	the	peptide	

PLQPEQPFP.	When	the	monoclonal	antibodies	were	used	to	pull	down	peptides	

from	complex	proteolytic	digests	of	deamidated	gluten,	it	was	striking	that	they	

typically	brought	down	long	peptide	fragments	with	a	representation	of	multiple	

copies	of	the	antibody	epitopes	(Dørum	et	al.	2016).	Recognition	of	multivalent	

gluten	epitopes	by	B	cells	thus	seems	be	important	for	generation	of	the	

antibody	response.	Interestingly,	the	long	proteolytically	stable	gluten	fragments	

harboring	B-cell	epitopes	typically	also	harbor	multiple	distinct	T-cell	epitopes,	

speaking	to	T-cell	and	B-cell	co-operation	as	an	essential	part	of	the	celiac	

disease	pathogenesis	(Dørum	et	al.	2016).	

	

Autoantibodies	to	TG2		

TG2	being	the	target	for	autoantibodies	in	celiac	disease	as	well	as	being	

instrumental	in	creating	potent	T-cell	epitopes	is	hardly	coincidental.	A	model	

that	incorporates	this	dual	role	of	TG2	is	one	in	which	complexes	of	TG2	and	

gluten	play	a	key	role	(Sollid	et	al.	1997)	(Fig.	3).	In	incubating	TG2	and	gluten,	

two	types	of	covalent	complexes	are	formed:	one	with	an	isopeptide	linkage	of	

TG2	surface	lysine	residues	with	gluten	peptide	glutamine	residues	and	another	

in	which	the	gliadin	glutamine	forms	a	thioester	with	TG2’s	active	site	cysteine	

(Fleckenstein	et	al.	2004).	Such	complexes	may	bind	the	surface	B-cell	receptor	

of	TG2-specific	B	cells,	and,	upon	internalization	and	processing,	HLA-DQ	

molecules	may	bind	deamidated	gluten	peptides	for	T-cell	presentation.	The	B	

cells	can	in	this	way	get	the	required	T-cell	help	for	plasma	cell	differentiation,	

and,	importantly,	the	B	cells	will	serve	as	antigen-presenting	cells	for	T	cells,	

thereby	leading	to	amplification	of	the	anti-gluten	T-cell	response.	The	

engagement	of	TG2-specific	B	cells,	but	also	B-cells	specific	for	deamidated	



gluten	peptides,	may	thus	play	essential	roles	in	mounting	a	pathogenic	T-cell	

response	in	celiac	disease.	This	may	be	a	reason	that	anti-TG2	and	anti-

deamidated	gliadin	antibodies	are		excellent	proxies	for	celiac	disease	in	the	

clinic.		This	model	regarding	recognition	of	hapten-carrier-like	complexes	will	

also	explain	why	TG2	antibodies	are	formed	only	in	DQ2-	and	DQ8-expressing	

individuals	when	they	are	eating	gluten.		

	

Two	modifications	of	the	original	hapten-carrier	model	have	been	suggested.	

One	is	based	on	the	observation	that	IgD	immunoglobulin	is	a	substrate	for	TG2,	

and	that	the	enzyme	can	crosslink	gluten	peptide	to	anti-TG2	IgD	molecules	on	

the	surface	of	B	cells,	thereby	facilitating	the	uptake	of	gluten	peptides	(Iversen	

et	al.	2015).	The	other	is	based	on	the	observation	that	TG2	is	a	good	substrate	

for	itself,	and	that	multivalent	complexes	of	TG2	can	be	generated	by	TG2	

autocatalysis	(Stamnaes	et	al.	2015).	In	the	presence	of	gluten	peptides,	gluten	

peptides	will	be	incorporated	into	these	multimeric	TG2	complexes	−	antigenic	

complexes	that	will	be	very	potent	B-cell	antigens	both	for	anti-TG2	and	anti-

deamidated	gluten	peptide-specific	B	cells.	Multivalent	antigen	may	be	a	reason	

that	both	anti-TG2-specific	(Di	Niro	et	al.	2012)	and	anti-deamidated	gluten	

peptide-specific	(Steinsbø	et	al.	2014)	plasma	cells	have	fewer	mutations	in	their	

immunoglobulin	genes	than	other	plasma	cells	in	the	gut.	

	

Rules	governing	the	selection	of	gluten	T-cell	epitopes		

Given	the	diversity	of	gluten	proteins,	usage	of	the	same	gluten	epitopes	across	

individuals	suggests	clear	rules	for	epitope	selection.	The	epitopes	are	confined	

to	regions	of	gluten	proteins	rich	in	proline	residues	(Arentz-Hansen	et	al.	2002).	

The	reason	for	this	is	twofold.	First,	proline-rich	sequences	are	hard	to	digest	by	

gut	proteases,	and	such	peptides	will	survive	better	with	a	minimal	length	

required	for	HLA	binding	and	T-cell	receptor	recognition	(Shan	et	al.	2002).	

Second,	proline	is	involved	in	substrate	recognition	by	TG2	(Fleckenstein	et	al.	

2002;	Vader	et	al.	2002a).	The	role	of	TG2	in	selecting	T-cell	epitopes	is	signified	

by	the	fact	that	the	known	T-cell	epitopes	are	among	the	preferred	substrates	in	

very	complex	proteolytic	digests	of	gluten	(Dørum	et	al.	2010).	The	role	of	TG2	in	

epitope	selection	might	well	be	mediated	via	an	uptake	of	gluten-TG2	complexes	



in	B	cells.	Finally,	binding	to	HLA	molecules	obviously	are	also	important	in	the	

selection	of	T-cell	epitopes.	Epitopes	able	to	generate	stable	HLA	binding	will	

survive	and	thereby	prime	T	cells	in	vivo.	

	

HLA-DQ	as	a	drug	target	in	celiac	disease	

Given	its	central	role	in	the	pathogenesis	of	celiac	disease,	HLA	presents	as	an	

attractive	drug	target.	The	blocking	of	peptide	binding	to	DQ2.5	with	high-

affinity	HLA	ligands	could	be	observed	(Xia	et	al.	2007;	Xia	et	al.	2006).	However,	

the	blocking	of	T-cell	activation	was	incomplete,	particularly	when	live,	non-

fixed	antigen-presenting	cells	were	tested	(Xia	et	al.	2007).	Thus	transforming	

this	approach	to	an	efficient	treatment	in	vivo	appears	not	to	be	straightforward.	

Another	approach	that	also	targets	the	presentation	of	gluten	epitopes	to	T	cells	

is	the	inhibition	of	cathepsin	S.	This	inhibition	aims	to	prevent	degradation	of	the	

invariant	chain	in	endosomes,	and	therefore	exposure	of	the	MHC	II	peptide-	

binding	site.	A	phase	1	clinical	trial	(ClinicalTrials.gov	Identifier:	NCT02679014)	

exploring	this	approach	in	celiac	disease	with	the	drug	RG7625	(Roche)	is	

ongoing.		Alternative	targeting	of	gluten-specific	T	cells	is	an	approach	that	is	

also	pursued	in	celiac	disease:	for	instance,	by	antigen-specific	immunotherapy	

(ClinicalTrials.gov	Identifier:	NCT02528799).	

	

Concluding	remarks	

Celiac	disease	is	a	disorder	whose	HLA	association	is	now	remarkably	well	

understood.	The	perception	of	the	disease	over	the	last	decades	has	changed	

from	it	being	only	a	food	hypersensitivity	disorder	to	becoming	a	bona	fide	

autoimmune	disease.		The	fact	that	the	immune	reaction	to	the	exogenous	

antigen	gluten	is	driving	autoimmune	reactions	and	the	immunopathology	is	

raising	the	pertinent	question	as	to	whether	yet	undefined	exogenous	agents	can	

also	drive	autoimmunity	in	other	conditions	such	as,	for	instance,	rheumatoid	

arthritis	(Sollid	and	Jabri	2013).	Thus,	celiac	disease,	this	food-induced	

condition,	continues	to	give	us	food	for	thought.		
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Figure	legends	

	

Fig.	1.	Depiction	of	key	events	in	the	activation	of	tissue-resident	CD4+	

T	cells	recognizing	deamidated	gluten	peptides	in	the	context	of	the	celiac	

disease-associated	HLA	molecules	DQ2	(DQ2.5	and	DQ2.2)	and	DQ8.	Ingested	

gluten	proteins	are	hard	to	process	for	gastrointestinal	proteases	due	to	their	

high	content	of	proline	residues,	and	long	peptide	fragments	survive	the	

digestion.	Somehow	these	long	peptide	fragments	manage	to	cross	the	single	

layer	of	enterocytes	traversing	from	the	lumen	to	the	lamina	propria.	Some	

glutamine	residues	in	a	sequence-specific	manner	become	targeted	by	the	

enzyme	transglutaminase	2	(TG2)	and	become	deamidated	(i.e.	glutamine-to-	

glutamate	conversion).	Exactly	where	this	deamidation	takes	place	is	not	known.	

Deamidated	peptides	will	be	picked	up	by	antigen-presenting	cells	(APC)	

expressing	the	HLA	molecules	DQ2	and	DQ8.	The	deamidated	gluten	peptides	

bind	better	to	these	HLA-DQ	molecules	than	their	native	counterparts,	and	

thereby	the	deamidated	peptides	can	be	presented	to	the	gluten-specific	CD4+	T	

cells.	The	gluten-specific	CD4+	T	cells	secrete	many	cytokines	including	

interferon	(IFN)-g	and	interleukin	(IL)-21.	These	CD4+	T	cells	serve	as	director	of	

the	immunological	orchestra,	directing	the	immune	reactions	that	eventually	

lead	to	formation	of	the	celiac	lesion.		The	killing	of	enterocytes	is	likely	

mediated	by	intraepithelial	CD8+	T	cells.	

	

Fig.	2.	The	celiac	disease-predisposing	HLA	molecules	DQ2.5,	DQ2.2	and	DQ8	all	

have	a	preference	for	binding	peptides	with	negatively	charged	anchor	residues.	

In	DQ2.5	and	DQ2.2	it	is	the	pockets	P4,	P6	and	P7	that	have	a	preference	for	

negatively	charged	anchor	residues,	whereas	in	DQ8	it	is	the	pockets	P1	and	P9	

that	have	this	preference.	A	major	pocket	for	peptides	binding	to	DQ2.2	is	

located	at	P3,	and	this	pocket	has	a	preference	for	binding	serine	(S)	and	

threonine	residues.	Native	gluten	peptides	are	rich	in	proline	(P)	and	glutamine	

(Q)	residues,	but	scarce	in	negatively	charged	residues.	Upon	deamidation	by	

transglutaminase	2	(TG2),	glutamine	residues	in	a	sequence-	dependent	manner	

are	converted	to	glutamate	(E).	The	deamidated	gluten	peptides	with	the	

introduced	negatively	charged	glutamate	residues	bind	better	to	celiac	disease-



associated	HLA-DQ	molecules.	Schematically	depicted	are	the	native	and	

deamidated	variants	of	the	immunodominant	epitopes	DQ2.5-glia-a2,	DQ2.2-

glut-L1	and	DQ8-glia-a1.			

	

Figure	3	This	model	explains	how	anti-transglutaminase	2	(TG2)	autoantibodies	

can	be	formed	in	HLA-DQ2-	or	HLA-DQ8-positive	celiac	disease	patients	when	

they	eat	gluten.	The	incubation	of	TG2	with	gluten	peptides	led	to	the	formation	

of	covalently	linked	TG2-gluten	peptide	complexes.	Such	complexes	can	be	

bound	by	the	B-cell	receptor	of	TG2-specific	B	cells.	The	complexes	are	

internalized	and	processed	in	endosomes	of	the	B	cells.	Released	gluten	peptides,	

which	will	need	to	become	deamidated,	will	inside	the	B	cells	bind	to	the	HLA-DQ	

molecules	so	that	they	can	subsequently	be	displayed	on	the	surface	of	the	cells	

for	recognition	by	T	cells.	Celiac	disease	patients	have	gluten-specific	CD4+	T,	

which	−	with	the	involvement	of	accessory	molecules	and	T-cell-derived	

cytokines	−	provides	help	to	B	cells	so	that	they	can	differentiate	to	plasma	cells	

and	produce	antibodies	specific	for	TG2.	In	this	process,	B	cells	serve	as	antigen-	

presenting	cells	for	T	cells,	and	the	gluten-specific	CD4+	T	cells	will	become	

activated	and	clonally	expand.			

	

	

	 	



Table	1	

	

HLA-DQ	molecules	with	corresponding	alleles	and	haplotypes	that	confer	the	

risk	of	celiac	disease	

	

	

HLA	molecule	 HLA	alleles	 HLA	haplotype	 Risk	

DQ2.5	 cis	 DQA1*05:01-DQB1*02:01	 DR3-DQ2	 High	

	

DQ2.5	trans	 DQA1*05:05-DQB1*03:01	 	

DQA1*02:01-DQB1*02:02	

DR5-DQ7	

DR7-DQ2	

High	

DQ2.2	 	 DQA1*02:01-DQB1*02:02	 DR7-DQ2	 Low	

DQ7.5	 DQA1*05:05-DQB1*03:01	 DR5-DQ7	 Very	low	

DQ8	 DQA1*03:01-DQB1*03:02	 DR4-DQ8	 Low	
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