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Abstract 28	

Unpredictable	 adverse	 drug	 reactions	 are	 non-dose-related	 reactions	 that	29	

appear	only	in	susceptible	individuals.	Their	biological	basis	remains	a	puzzle.		30	

Here	 we	 introduce	 the	 reader	 to	 systems	 biology	 using	 adverse	 drug	31	

reactions,	specifically	hypersensitivity	reactions	to	multiple	NSAIDs,	as	a	model.	32	

In	order	to	disentangle	the	different	processes	that	contribute	to	these	reactions	33	

–from	drug	intake	to	the	appearance	of	symptoms–	it	will	be	necessary	to	create	34	

more	high-throughput	datasets.	 Just	as	crucial	as	the	generation	of	data	will	be	35	

the	use	of	systems	biology	techniques	to	integrate	and	make	sense	of	it.	36	

We	 review	 previous	 work	 that	 has	 used	 systems	 biology	 to	 study	 related	37	

pathologies	such	as	asthma	and	allergy	and	the	metabolism	of	NSAIDs.	We	show	38	

examples	 of	 how	 they	 could	 be	 applied	 to	 NSAIDs-hypersensitivity	 reactions	39	

using	 currently	 available	 datasets.	 We	 also	 describe	 breakthroughs	 in	 high-40	

throughput	 technologies	 such	 as	 next	 generation	 sequencing	 and	 speculate	 on	41	

how	they	could	be	used	to	improve	our	understanding	of	this	and	related	drug-42	

induced	pathologies.	43	

Key words	44	

Systems	 biology,	 adverse	 drug	 reactions,	 hypersensitivity	 drug	 reactions,	45	

NSAIDs-hypersensitivity,	 functional	 genomics,	 omics,	 high-throughput	 data,	46	

protein-protein	interactions,	protein	interaction	networks.	47	

Abbreviations 48	

COX:	cyclooxygenase	49	

CysLTs:	cysteinyl	leukotrienes	50	
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DF:	Dermatophagoides	farinae	51	

DP:	Dermatophagoides	pteronyssinus	52	

GWAS:	genome-wide	association	study	53	

HDRs:	hypersensitivity	drug	reactions	54	

NERD:	NSAIDs-exacerbated	respiratory	disease	55	

NIUA:	NSAIDs-induced	urticaria/angioedema	56	

NSAIDs:	non-steroidal	anti-inflammatory	drugs	57	

	58	

59	
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Introduction 60	

Systems	 biology	 is	 gaining	 traction	 as	 a	method	 to	 piece	 together	 the	 large	61	

datasets	 produced	 by	 relatively	 recent	 high	 throughput	 technologies	 such	 as	62	

microarrays	and	next	generation	sequencing.	It	has	been	applied	to	the	study	of	63	

immunology	and	allergy,	with	a	focus	on	asthma	1–3	and	allergen-sensitisation	4.	64	

However,	 little	 attention	has	been	given	 to	 adverse	drug	 reactionsIn	 this	work	65	

we	will	describe	systems	biology	and	its	potential	utility	for	the	study	of	adverse	66	

drug	reactions,	focussing	on	NSAIDs-hyperesensitivity,	giving	examples	of	how	it	67	

has	 been	 used	 to	 study	 arachidonic	 acid	 related	 pathways	 and	 related	68	

pathologies	 .	 We	 will	 describe	 what	 is	 currently	 known	 about	 the	 underlying	69	

mechanisms,	 highlighting	 the	 phenotypic	 and	 genetic	 complexity.	 For	 a	 more	70	

general	 discussion	 of	 drug	 hypersensitivity	 we	 direct	 the	 reader	 to	 a	 recent	71	

review7.	We	will	then	present	examples	of	how	systems	biology	techniques	can	72	

be	used	to	integrate	high	throughput	NSAIDs-HDR	datasets	in	order	to	uncover	73	

putative	 new	 mechanisms.	 Drawing	 on	 these	 we	 will	 speculate	 on	 future	74	

directions	for	the	field	in	light	of	new	and	emerging	technologies,	the	type	of	data	75	

they	 will	 generate	 and	 how	 this	 data	 can	 be	 fully	 exploited.	 Finally	 we	 will	76	

provide	 some	 remarks	 about	 how	we	 expect	 to	 see	 the	 field	 develop	 over	 the	77	

next	few	years,	with	reference	to	pharmacogenetics	and	personalised	medicine.		78	

We	 believe	 the	 study	 of	 NSAIDs-hypersensitivity	 will	 benefit	 strongly	 from	79	

systems	biology	analysis	due	to	its	complexity	in	terms	of	the	variety	of	clinical	80	

presentations	and	underlying	mechanisms	8,9.	The	utility	and	wide-spread	use	of	81	

NSAIDs	 for	 the	 treatment	 of	 pain	 and	 inflammation,	 along	with	 the	potentially	82	
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life	 threatening	 reactions	 they	 can	 lead	 to,	warrant	 such	 investigation	 and	 the	83	

generation	of	future	datasets	7.	84	

Systems biology 85	

We	define	systems	biology	as	an	approach	to	integrate	various	datasets,	both	86	

high-throughput	data	produced	using	-omics	technologies,	as	well	as	the	results	87	

of	 smaller	 scale	 analyses.	 This	 encompasses	 data	 mining,	 bioinformatics	 and	88	

network	biology	techniques,	with	the	overarching	aim	to	model	the	relationships	89	

between	 different	 entities,	 such	 as	 genes,	metabolites,	medicines	 and	 diseases	90	

40,41.	This	fits	in	with	the	descriptive,	data-driven	approach	of	Arazi	et	al.	42.	This	91	

group	 also	 proposed	 a	 “hypothesis-based	 modelling”	 definition	 for	 systems	92	

biology,	 where	 expert	 knowledge	 and	 domain-specific	 measurements	 are	93	

combined	 to	 produce	 a	 mathematical	 model,	 from	 which	 hypotheses	 can	 be	94	

tested	and	compared	to	empirical	data	42.	95	

One	such	application	of	this	latter	approach	has	been	to	investigate	the	effects	96	

of	NSAIDs	on	cancer	43.	The	authors	used	high-throughput	gene	expression	data,	97	

drug	response	information,	data-mining	and	statistical	methodology	to	model	a	98	

system	 and	 make	 testable	 predictions.	 They	 combined	 the	 arachidonic	 acid	99	

metabolism	pathway	with	downstream	signalling	pathways	 to	build	a	network	100	

they	 dubbed	 the	 “NSAID	model”.	 By	 perturbing	 this	 model	 and	 observing	 the	101	

effects	 in	 terms	 of	 cancer	 progression	 they	 identified	 potential	 targets	 and	102	

biomarkers	for	further	study.	103	

For	 examples	 of	 systems	biology	 approaches	 applied	 to	 the	 immune	 system	104	

we	direct	the	reader	to	recent	reviews	from	this	journal	46,47	and	others	42,44,45.	105	
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NSAIDs adverse reactions and hypersensitivity 106	

Adverse	drug	reactions	are	noxious	and	unintended	responses	to	a	drug	that	107	

occur	 at	 doses	 normally	 used	 for	 the	 prophylaxis,	 diagnosis	 or	 therapy	 of	108	

disease,	 or	 for	modification	of	 physiological	 function.	They	 can	be	 classified	 as	109	

predictable,	 drug	 related	 side	 effects	 related	 to	 dosage	 (Type	 A),	 and	110	

unpredictable,	 non-dose-related	 reactions	 that	 appear	 only	 in	 susceptible	111	

individuals	(Type	B).	The	latter	includes	hypersensitivity	drug	reactions	(HDRs),	112	

which	 represent	 an	 important	 health	 problem	 due	 to	 the	 large	 number	 of	113	

patients	affected	and	the	difficulties	in	their	identification.	114	

NSAIDs	 are	 a	 heterogeneous	 group	 of	 compounds	 with	 different	 chemical	115	

structures	 that	 have	 high	 efficacy	 for	 the	 treatment	 of	 pain	 and	 inflammatory	116	

disorders.	 However,	 they	 are	 also	 associated	 with	 a	 wide	 variety	 of	 adverse	117	

reactions,	and	have	been	shown	to	be	the	leading	cause	of	HDRs.	Such	reactions	118	

are	 caused	 by	 the	 release	 of	 histamine	 or	 other	 vasoactive	mediators	 through	119	

both	 immunological	 and	 non-immunological	 (pharmacological)	 mechanisms.	120	

Pyrazolones	 are	 the	 main	 triggers	 of	 the	 first	 type,	 whereas	 propionic	 acid	121	

derivatives,	 especially	 ibuprofen,	 are	 the	 most	 frequently	 involved	 in	122	

pharmacological	 reactions.	 NSAIDs-HDRs	 comprise	 a	 set	 of	 distinct	 but	123	

overlapping	 pathologies	 with	 differences	 in	 severity,	 onset-time	 and	 clinical	124	

presentation.	 According	 to	 the	 European	 Academy	 of	 Allergy	 and	 Clinical	125	

Immunology	 	 these	 reactions	 	 can	 be	 loosely	 grouped	 into	 two	 categories:	126	

immune-mediated	 and	 non-immune-mediated9.	 The	 former	 are	 induced	 by	 a	127	

single	NSAID	(selective	reactions),	and	involve	specific	IgE	antibodies	or	T	cells;	128	

the	patient	will	show	tolerance	to	other	NSAIDs	belonging	to	different	chemical	129	
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groups	9,10.	In	contrast,	non-immune	mediated	reactions	are	induced	by	NSAIDs	130	

with	 different	 chemical	 structures	 (cross-intolerance),	 and	 represent	 the	most	131	

frequent	type	of	NSAIDs	HDRs.	Their	underlying	proposed	mechanism	has	been	132	

related	 to	 cyclooxygenase	 (COX)-1	 inhibition,	 leading	 to	 a	 deviation	 in	 the	133	

arachidonic	 acid	 metabolic	 pathways	 from	 the	 synthesis	 of	 prostaglandins	 to	134	

cysteinyl-leukotrienes	 (CysLTs)	 9,11,12.	 NSAIDs-exacerbated	 respiratory	 disease	135	

(NERD)	 has	 been	 the	 most	 studied	 model,	 however	 NSAIDs-induced	136	

urticaria/angioedema	 (NIUA)	 	 is	 now	 considered	 the	 most	 frequent	 clinical	137	

entity	induced	by	HDRs	5,6. 138	

Although	 the	 risk	 factors	associated	with	NIUA/NERD	have	not	been	clearly	139	

established,	 	 atopy	 could	play	a	key	 role	 14.	Although	 the	 relationship	between	140	

atopy	 and	 NERD	 was	 reported	 more	 than	 40	 years	 ago	 15,16,	 recently,	 studies	141	

have	 reported	 associations	 between	 patients	with	 NIUA	 and	 	 house	 dust	mite	142	

allergy17–20.	 In	 a	 recent	 study,	 which	 included	 the	 highest	 number	 of	 patients	143	

with	HDRs	to	NSAIDs	studied	to	date,	we	have	found	that	atopy	was	present	in	144	

60%	 of	 cases	 with	 NIUA/NERD	 5.	 Moreover,	 the	 allergens	 involved	 differed	145	

depending	 on	 the	 clinical	 entity,	 i.e.	 individuals	 with	 NIUA	 showed	 a	 higher	146	

frequency	of	positive	 skin	 tests	 to	Dermatophagoides	pteronyssinus	 (DP)	and	D.	147	

farinae	(DF)	than	those	with	NERD	5.	 148	

The	factors	that	contribute	to	the	association	between	atopy	and	NIUA/NERD	149	

are	 unknown.	 Atopic	 diseases	 (eczema,	 rhinitis,	 and	 asthma)	 are	mediated	 by	150	

specific	IgE	antibodies	whereas	NIUA/NERD	are	thought	to	be	related	to	COX-1	151	

inhibition	 and	 the	 release	 of	 CysLTs	 (LTC4,	 LTD4	 and	 LTE4)	 21.	 However,	 it	 is	152	

interesting	 to	 note	 that	 several	 genetic	 variants	 in	 the	 IgE	 receptor	 have	 been	153	

associated	 with	 NIUA/NERD	 22–24.	 Leukotriene	 C4	 synthase	 (LTC4S),	 the	main	154	
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enzyme	 in	 CysLT	 synthesis,	 is	 located	 on	 chromosome	 5q35	 25,26,	 in	 close	155	

proximity	 to	 the	 cluster	 of	 genes	 for	 cytokines	 orchestrating	 allergic	156	

inflammation	 (IL3,	 IL4,	 IL5,	 IL9,	 IL13,	 and	CSF2	 27.	 In	addition,	CYSLTR2,	 one	of	157	

the	 two	CysLT	 receptors	 identified	 in	humans,	maps	 to	 chromosome	13q14	 28,	158	

which	is	also	in	consistent	linkage	with	atopy	and	total	serum	IgE	concentrations	159	

29.	Furthermore,	genetic	variants	 in	both	LTC4S	and	CYSLTR2	have	been	shown	160	

to	be	associated	with	atopic	diseases	30–33.		161	

In	 addition	 to	 its	 genetic	 association	 with	 atopy,	 IL4,	 a	 key	 cytokine	 in	 IgE	162	

synthesis,	 induces	 the	 expression	 of	 LTC4S	 in	 mast	 cells	 34	 and	 CysLTR1	 in	163	

several	cell	types	35,36.	The	effect	of	DP	and	DF	allergens	on	COX-1,	the	release	of	164	

CysLTs	 37,	 and	 the	 elicitation	 of	 an	 innate	 immune	 response	 through	 the	165	

stimulation	 of	 dendritic	 cells	 and	 cytokine	 production	 38	 or	 toll-like	 receptor	166	

pathway	activation	39,	may	also	contribute.		167	

Current high-throughput NSAIDs-hypersensitivity data 168	

Although	current	data	could	be	considered	sparse	 in	comparison	with	other	169	

diseases,	 there	 are	 several	 high	 throughput	 studies	 related	 to	 NSAIDs-170	

hypersensitivity.	 At	 the	 genetic	 level,	 a	 number	 of	 genome	 wide	 association	171	

studies	 (GWAS)	 have	 been	 performed	 using	 SNP	 arrays	 for	 Spanish	 and	 Han	172	

Chinese	48,	and	Korean	populations	49,50.	Gene	expression	data	also	exists	in	the	173	

form	 ofmicroarray	 experiments	 profiling	 the	 difference	 in	 expression	 in	174	

peripheral	 blood	 mononuclear	 cells	 and	 nasal	 polyps	 between	 NERD	 patients	175	

and	 control	 subjects	 51,52.	 At	 the	 epigenetic	 level,	 microarrays	 have	 been	 used	176	

along	with	bisulphite	technology	to	measure	genomic	DNA	methylation	in	nasal	177	

polyps	 of	 NERD	 patients	 53.	 In	 addition,	 there	 have	 been	 many	 smaller	 scale	178	
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candidate	studies	that	have	found	genetic	associations	with	NSAIDs-HDRs,	these	179	

have	been	extensively	reviewed	54,55.	180	

In	 the	 next	 section	 we	 will	 provide	 examples	 of	 how	 these	 data	 could	 be	181	

integrated	 (Figures	 1	 and	 2),	 followed	 by	 ideas	 for	 more	 novel	 analyses	 that	182	

could	 be	 undertaken	 if	 more	 datasets	 were	 produced,	 using	 sequencing	 and	183	

other	technologies.	Some	of	these	ideas	are	represented	in	Figure	3.	184	

Applications of systems biology to NSAIDs-hypersensitivity analysis 185	

Uncovering mutations in non-coding genomic regions 186	

Approximately	88%	of	disease	associated	SNPs	found	by	recent	GWAS	studies	187	

were	 found	 in	 intergenic/intronic,	 non-coding	 regions	 of	 the	 genome	 56.	 These	188	

regions,	 once	 assumed	 to	 be	 of	 little	 functional	 importance,	 are	 sparsely	189	

annotated	in	comparison	with	exons.	However,	recent	work	such	as	the	ENCODE	190	

project,	 has	 found	 evidence	 of	 potential	 function,	 and	 could	 allow	 us	 to	 better	191	

understand	the	impact	of	NSAIDs-HDR	associated	variants	57.	Figure	1	presents	192	

an	example	of	such	variants	–	the	SNPs	rs849530	and	rs861078,	which	showed	193	

suggestive	associations	with	NERD	according	to	an	initial	GWAS;	this	association	194	

was	also	found	in	a	subsequent	follow-up	study	in	a	separate	group	of	patients	49.	195	

These	SNPs	are	found	in	an	intronic	region	of	the	gene	neuropilin	2	(NRP2)	(Fig	196	

1,	 left).	 Interestingly,	 this	 gene	 also	 shows	 three-fold	 decreased	 expression	 in	197	

peripheral	 blood	 mononuclear	 cells	 of	 NERD	 patients	 compared	 to	 aspirin-198	

tolerant	 asthmatic	patients	 51	 (Fig	1,	 right).	The	associated	SNPs	are	 close	 to	 a	199	

genomic	region	containing	a	number	of	potential	regulatory	elements,	including	200	

areas	 of	 open	 chromatin,	methylation,	 histone	 acetylation	 and	 a	 potential	 CpG	201	

island.	 Taken	 together,	 these	 data	 suggest	 that	 the	 SNPs	 might	 be	 in	 linkage	202	
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disequilibrium	with	a	functional	SNP	that	affects	some	regulatory	event,	such	as	203	

protein-DNA	binding,	and	through	this	process	the	regulation	of	gene	expression.	204	

Further	 analysis,	 for	 example	examining	other	 tissues	and	using	 recent,	 higher	205	

resolution	 sequencing	 technologies	 as	 described	 below	 are	 required.	 By	206	

combining	 this	 SNP	 with	 data	 from	 the	 1000	 Genome	 Project	 58,	 it	 may	 be	207	

possible	to	impute	further	variants	59,	providing	new	clues	to	help	us	understand	208	

its	contribution	to	NSAIDs-hypersensitivity.	209	

Using graphical models to visualise relationships between genes 210	

As	mentioned	 above,	 a	 strong	 and	 intriguing	 association	 has	 been	 reported	211	

between	 NSAIDs-hypersensitivity	 and	 atopy.	 Graphical	 models	 can	 be	 used	 to	212	

known	 relationships	 between	 the	 genes	 involved	 in	 these	 conditions,	 such	 as	213	

interactions	 or	 co-expression.	 As	 an	 example,	 we	 constructed	 a	 protein	214	

interaction	network	 from	public	 resources	 60,61	 to	 explore	NSAIDs-HDR	related	215	

genes,	adapting	the	methodology	used	by	Renkonen	et	al.	62.	In	this	network,	the	216	

nodes	 represent	 proteins	 and	 edges	 represent	 interactions.	 These	 include	 not	217	

only	direct	physical	 interactions,	but	also	functional	relationships	as	defined	by	218	

the	STRING	resource	 60.	This	network	was	 then	 filtered	using	genes	associated	219	

with	NERD	and	NIUA,	taken	from	recent	reviews	by	Kim	et	al.	54	and	Park	et	al.	55	220	

as	well	as	genes	associated	with	high	levels	of	IgE	according	to	a	recent	GWAS	63	221	

(Figure	2A-B).	The	latter	study	was	used	as	a	proxy	for	atopy.	The	network	was	222	

subset	 to	 only	 include	 these	 annotated	 genes	 and	 their	 associations	with	 each	223	

other	 (Fig	 2B).	 Figure	 2C	 shows	 the	 same	 network,	 but	with	 additional	 nodes	224	

added.	 These	 nodes	 represent	 other	 genes	 that	 are	 highly	 connected	 to	 the	225	

annotated	network	genes.	One	such	gene	is	BDKRB2,	which	interacts	with	both	226	
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NERD	 and	 atopy	 related	 genes	 and	 plays	 an	 important	 role	 in	 the	 release	 of	227	

arachidonic	acid	64,	prostaglandin	and	CysLTs	65.	Figure	2D	shows	two	clusters	228	

found	 within	 the	 network	 using	 the	 STRING	 resource	 60.	 Figure	 2Di	 shows	 a	229	

cluster	 containing	 a	 majority	 of	 NSAIDs-hypersensitivity	 associated	 genes,	 in	230	

particular	those	related	to	leukotriene	production.	There	is	a	strong	overlap	with	231	

atopy-associated	 genes,	 including	 neuropeptide	 S	 receptor	 (NPSR1),	which	 has	232	

network	associations	with	CysLT	and	thromboxane	receptors.	Figure	2Dii	shows	233	

primarily	 atopy-related	 genes	 including	 cytokines	 and	 transcription	 factors.	234	

There	are	also	some	NSAIDs-hypersensitivity	associated	genes,	 including	T-box	235	

transcription	 factor	 (TBX21),	which	has	 been	 shown	 to	 be	 related	 to	Th1/Th2	236	

profile	 in	 drug	 induced	 allergies	 66	 and	 membrane	 spanning	 4-domains,	237	

subfamily	A,	member	 2	 (MS4A2),	 involved	 in	 IgE	 binding	 67.	 By	 presenting	 the	238	

data	 in	 this	way,	 the	 researcher	 is	 able	 to	 visualise	 the	 relationships	 between	239	

genes	 and	 clusters	 and	 can	 focus	 on	 data	 interpretation	 and	 looking	 for	 novel	240	

genes	that	may	link	atopy	and	NSAIDs-hypersensitivity.	241	

Future directions 242	

As	well	as	the	above	examples	showing	how	to	apply	systems	biology	to	the	243	

analysis	of	current	datasets,	we	would	like	to	draw	attention	to	the	explosion	in	244	

high-throughput	 technology	 in	 the	 last	 few	years	and	suggest	examples	of	how	245	

they	could	be	used	to	shed	light	on	NSAIDs-HDRs.	246	

Available methodology 247	

The	price	of	sequencing	has	declined	rapidly	in	recent	years	and	continues	to	248	

do	 so.	Besides	 genome	 sequencing	 to	 look	 for	 genetic	 variants	 associated	with	249	

disease	 and	 to	 predict	 drug	 reactions,	 there	 is	 a	 wealth	 of	 other	 applications	250	
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available.	 These	 include	 genome-wide	 transcription	 profiling	 from	 ,	 including	251	

genic,	 intergenic	 and	 intronic	 regions	 (RNA-seq)	 68,	 allowing	 the	 detection	 of	252	

alternative	 transcription,	 as	 shown	 in	 Figure	 3A.	 Other	 applications	 include	253	

methylation	(bisulphite	sequencing)	69,	transcription	factor	binding	sites	(CHiP-254	

seq)	 70	 and	 other	 regulatory	 elements	 (FAIRE-Seq/DNase-Seq)	 71,	 protein-RNA	255	

interactions	(RIP-Seq/CLIP-Seq)	72	and	sequencing	of	B-cell	and	T-cell	receptor	256	

repertoires	 (immuno-seq/Ig-seq)	 73.	 See	 74	 for	 a	 recent	 review	 on	 sequencing	257	

applications.	258	

Non-sequencing	 based	 technologies	 include	 yeast-1-hybrid,	 a	 method	 to	259	

identify	which	proteins	bind	a	given	promoter	sequence	75,	microfluidic	“lab	on	a	260	

chip”	 technology	 that	 aim	 to	 parallelise	 various	 laboratory	 procedures	 76	 and	261	

systems	microscopy	approaches	that	use	image	analysis	and	other	techniques	to	262	

analyse	 the	 behaviour	 of	 individual	 cells	 over	 time	 and	 under	 different	263	

conditions	77.	264	

We	will	 now	propose	 some	 potential	 uses	 of	 these	 technologies	 in	 order	 to	265	

obtain	a	more	complete	understanding	of	NSAIDs-hypersensitivity.	266	

The relationship between genetics and epigenetics 267	

A	 recent	 slew	 of	 papers	 have	 investigated	 the	 role	 of	 both	 genetics	 and	268	

epigenetics	 on	 transcription	 factor	 (TF)	 binding	 78–80.	 They	 suggest	 a	 certain	269	

allele	at	a	given	leads	to	TF	binding	under	certain	circumstances,	which	in	turn	270	

leads	 to	epigenetic	 chromatin	modifications,	 affecting	 the	DNA	histone	 tail	 and	271	

altering	the	expression	of	nearby	genes	81.	Different	alleles	at	this	region	might	272	

not	allow	the	TF	to	bind,	and	thus	gene	expression	would	not	be	affected	in	the	273	

same	 way.	 Closer	 to	 the	 field	 of	 allergy,	 previous	 work	 by	 Berlivet	 et	 al.,	274	



	 																																																																																																																		Perkins	

	

14	

investigating	 the	asthma-associated	17q12-21	genomic	 region	 showed	 that	 the	275	

effect	 of	 SNPs	 on	 gene	 activity	 can	 be	masked	 by	methylation	 82.	 Such	 studies	276	

indicate	that	interplay	between	genetic	polymorphisms,	sensitisation	events	and	277	

epigenetics	 can	 affect	 gene	 expression	 and	 ultimately	 clinical	 phenotype.	 This	278	

idea	 is	 shown	 in	 Figure	 3B.	 	 Therefore,	 in	 order	 to	 investigate	 NSAIDs-279	

hypersensitivity	 we	 suggest	 combining	 ChiP-seq,	 RNA-seq,	 bisulphite	 and	280	

genome	 sequencing,	 to	 obtain	 a	 high	 coverage	 and	 high-resolution	 picture	 of	281	

structural	 and	 functional	 genomics	 and	 epigenetics	 related	 to	 NSAIDs-282	

hypersensitivity.	 By	 combining	 these	 data	 with	 comprehensive	 phenotypic	283	

information	and	detailed	clinical	history,	this	approach	has	the	potential	to	help	284	

us	 understand	why	 some	of	 the	 variants	 are	 of	 low	penetrance	 –	 they	may	be	285	

necessary	to	allow	the	hypersensitivity	to	develop,	but	require	additional	events	286	

involving	 further	 regulatory	process.	The	 importance	of	a	well	defined,	precise	287	

phenotype	 and	 detailed	 clinical	 history	 to	 these	 experiments	 cannot	 be	288	

overstated,	 given	 the	 strong	 environmental	 influence	 on	 these	 pathologies	 as	289	

well	as	the	heterogeneous	clinical	entities	in	NSAIDs-HDRs	8,9.	Other	approaches	290	

might	 include	 profiling	 methylation	 state	 change	 over	 time	 and	 how	 this	291	

correlates	 with	 phenotypic	 information,	 such	 as	 atopy/related	 traits	 and	292	

NSAIDs-HDR	status.	This	approach	could	be	combined	with	cell	sorting	in	order	293	

to	 explore	 the	 methylation	 patterns	 of	 distinct	 cell	 types.	 This	 is	 likely	 to	 be	294	

important	 in	 order	 to	 obtain	 high	 sensitivity	 to	 detect	 methylation	 in	 a	 small	295	

subset	of	cells	83.	The	technology	promises	great	advances	in	biomedicine	in	the	296	

next	few	years.		297	
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Lipidomics 298	

A	 recent	 review	by	Fanning	 and	Boyce	described	 various	 lipid	mediators	 in	299	

terms	 of	 their	 involvement	 in	 asthma	 and	 allergic	 diseases,	 highlighting	 the	300	

changes	 in	 levels	 of	 certain	 lipids	 in	 NERD	 patients	 84.	 However	 these	 studies	301	

investigated	pre-selected	targets.	The	field	of	lipidomics,	the	systematic	study	of	302	

lipids	in	a	given	sample,	has	been	growing	rapidly	in	the	past	few	years,	due	in	303	

part	to	technological	advances	 in	mass	spectrometry	and	increased	recognition	304	

of	 their	 importance	 85.	For	example,	 it	has	been	used	 to	 investigate	 the	genetic	305	

control	 of	 sphingolipid	metabolism	 86	 and	 the	 influence	 of	 lipid	 desaturase	 on	306	

polyunasturated	acids	 87.	This	kind	of	data	could	be	combined	with	both	gene-307	

expression	 and	 genetic	 information	 to	 investigate	 the	 effects	 of	 variants	 in	308	

arachidonic	acid	pathway	genes	associated	with	NIUA	and	NERD	12,	 in	terms	of	309	

lipid	 metabolism	 and	 signalling.	 However,	 this	 field	 is	 still	 young	 and	 suffers	310	

from	 a	 number	 of	 difficulties,	 such	 as	 distinguishing	 closely	 related	 lipids,	311	

limiting	 the	 ability	 of	 the	 technology	 to	 measure	 the	 full	 complement	 of	 the	312	

lipidome	85.	313	

Pathway modelling and data integration 314	

The	ultimate	aim	of	systems	biology	is	not	only	to	generate	diverse	data	sets	315	

but	also	to	model	key	biological	processes	in	order	to	better	understand	them	42.	316	

This	 requires	 the	 development	 of	 a	 model	 that	 can	 integrate	 multi-scale	317	

molecular	interactions,	such	as	at	the	metabolic,	proteomic	and	genomic	level,	as	318	

shown	 in	 Figure	 3C.	 Unlike	 the	 interaction	 network	 in	 Figure	 2,	 which	 is	319	

constructed	using	all	available	data	in	order	to	discover	novel	relationships,	the	320	

pathway	 in	 Figure	 3C	 has	 been	 designed	 using	 previous	 knowledge	 about	321	
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arachidonic	 acid	 metabolism.	 By	 integrating	 information	 on	 the	 rates	 of	 the	322	

related	enzymatic	reactions,	quantitative	lipid	data,	gene	and	protein	expression,	323	

transcription	factor	binding	and	genetic	variation,	we	can	create	hypotheses	able	324	

to	 explain	 the	 model.	 From	 this	 we	 can	 obtain	 a	 better	 idea	 of	 the	 effects	 of	325	

genetic	variation	and	predict	the	effects	of	perturbing	the	system.	Similar	work	326	

has	been	carried	out	 for	NSAID	downstream	signalling	pathways,	HIV	 infection	327	

and	more	42,43,88.	328	

Concluding remarks 329	

The	last	few	years	have	seen	numerous	breakthroughs	in	our	understanding	330	

of	 NSAIDs-HDRs.	 Many	 recent	 studies	 have	 pointed	 towards	 putative	 new	331	

mechanisms,	such	as	calcium	signalling	48	and	the	participation	of	 the	adaptive	332	

immune	system	49.	It	is	clear	that	this	complex	web	of	genetic	and	environmental	333	

threads	 is	 more	 tangled	 than	 previously	 thought.	 In	 order	 to	 understand	 this	334	

pathology	 in	 full,	 it	 will	 be	 necessary	 to	 approach	 it	 from	 several	 angles,	335	

including	genomics,	epigenetics,	lipidomics	and	gene	expression.	It	is	crucial	we	336	

start	 generating	 datasets	 related	 to	 these	 issues.	 Moreover,	 systems	 biology	337	

efforts	will	 be	necessary	 to	put	 these	data	 together	 and	explain	 the	 results.	As	338	

well	as	 leading	to	a	better	understanding	of	these	pathologies,	high	throughput	339	

measurements	 could	 also	 be	 combined	 in	 order	 to	 build	 a	 biomarker-based	340	

predictive	 test.	 This	 is	 of	 particular	 importance	 given	 the	 high	 prevalence	 of	341	

NSAIDs-HDRs,	the	recent	advent	of	the	$1000	genome	and,	despite	some	recent	342	

advances	 89,	 the	 lack	 of	 an	 appropriate	 predictive	 test	 for	 this	 pathology.	343	

However	 care	must	 be	 taken	 to	 ensure	 that	 the	 results	 can	 be	 generalised	 to	344	

different	populations.	345	
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Figure legends 613	

Figure 1: Genetic variation in the NRP1 gene and change in expression 614	

The	left	pane	of	shows	the	position	of	the	NRP1	gene	in	the	genome,	and	the	615	

different	transcripts	it	encodes	(brick-red)	and	the	exon/intron	structure	of	the	616	

gene	 (blue).	 Below	 this	 are	 a	 number	 of	 tracks	 showing	 potential	 regulatory	617	

regions	 including	acetylation	marks	 (H3K27Ac	 track)	and	areas	of	methylation	618	

(DNA	methylation	and	CpG	methylation	 tracks).	This	data	 is	obtained	 from	the	619	

ENCODE	project.	This	 is	 followed	by	the	position	of	known	SNPs	in	this	region.	620	

Those	circled	in	red	represent	SNPs	associated	with	the	risk	of	NERD	according	621	

to	Park	et	al.,	49.	SNPs	from	this	study	were	mapped	to	the	Hg18	genome	in	order	622	

to	use	the	latest	genome	annotation	(Ensembl	73).	623	

Figure 2: Protein interaction network derived from NSAIDs-hypersensitivity related 624	

genes and protein interaction/association data. 625	

A)	Genes	genes	associated	with	NIUA,	NERD	and	atopy.	NERD	and	NIUA	genes	626	

were	 taken	 from	 reviews	by	Kim	 et	 al.	 and	Park	 et	 al.,	 54,55;	 Atopy	 genes	were	627	

taken	from	the	GWAS	study	by	Weidinger	et	al.	63,	who	looked	at	association	with	628	

elevated	IgE	levels,	using	this	as	a	proxy	for	atopy.	B)	These	associated		genes	are	629	

displayed	 as	 nodes	 a	 network,	 where	 connections	 between	 nodes	 represent	630	

protein-protein	interactions	or	functional	relationships,	according	to	the	STRING	631	

resource	 60.	 C)	The	network	was	used	as	 a	 seed	 to	 search	 for	other	genes	 that	632	

were	relatively	highly	connected	to	NIUA/NERD/Atopy	associated	genes.	D)		The	633	

network	including	the	additional	genes	was	clustered,	in	order	to	find	groups	of	634	

highly	inter-connected	genes.	Two	of	these	clusters	are	shown	in	Figure	Di	and	635	

Dii,	representing	nuclear	and	neuropeptide	S	receptors	interacting	with	cysteinyl	636	
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leukotrienes-related	 genes	 and	 immunosignaling	 genes	 interacting	 with	 the	637	

high-affinity	 IgE	 receptor	 β-subunit	 gene	 (MS4A2).	 All	 network	 figures	 were	638	

produced	using	Cytoscape	90.	639	

Figure 3: Potential future applications of high-throughput data and systems biology 640	

to NSAIDs-hypersensitivity 641	

A)	 Applications	 of	 next	 generation	 sequencing	 to	 the	 quantification	 of	 gene	642	

expression	and	alternative	transcription.	A	gene	is	shown	as	coloured	boxes	and	643	

the	 lines	 above	 the	 boxes	 represent	 reads,	 sequenced	 mRNA	 from	 a	 patient	644	

sample.	More	reads	above	an	exon	represents	a	higher	transcription	level	in	the	645	

sample.	Lines	spanning	two	exons	represent	mRNA	reads	that	spanned	a	splice	646	

junction.	 Two	 samples	 are	 shown,	 for	 tissue	 from	 an	 NSAID	 hypersensitive	647	

patient	and	a	healthy	individual.	Exon	expression	varies	between	these	samples,	648	

suggesting	 alternative	 transcription.	 B)	 A	 potential	 model	 for	 the	 influence	 of	649	

genetics	and	environmental	effects	on	patient	phenotype,	showing	how	a	genetic	650	

predisposition	and	an	environmental	effect	may	lead	to	some	regulatory	change	651	

making	an	 individual	susceptible	 to	NSAID-HDRs.	C)	Pathway	model	 that	could	652	

be	 used	 to	 integrate	 diverse	 data	 sources	 in	 order	 to	 elucidate	 regulatory	653	

changes	 involved	 in	 NSAID	 HDRs	 (AA:	 arachidonic	 acid;	 methyl.:	 methylation;	654	

ncRNA:	non-coding	RNA;	TF:	transcription	factor).	655	

	656	

Figures	1:3	in	order:	657	
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