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gene expression to identify causal

genes in type 1 diabetes
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ImmunoChip: dense genotyping of immune disease
associated genetic regions

Four new T1D associated regions
Associated SNPs localized to enhancer sequences active in thymus, T
and B cells
Collation of results using same chip enabled comparative analyses
with other autoimmune diseases

Onengut-Gumuscu et al., Nat Genet, 2015
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T1D / monocyte eQTL study identified DEXI as a
candidate causal T1D gene

1,400 eQTL monocyte samples (Gutenberg Heart Study)
highlighted 21 genes in 14/49 distinct T1D regions
including DEXI on chromosome 16p13.3

Wallace et al., Hum Mol Genet 2012, Davison et al., Hum Mol Genet 2012



T1D / monocyte eQTL study identified DEXI as a
candidate causal T1D gene
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Chromosome conformation capture (3C) supported DEXI

Davison et al., Hum Mol Genet 2012



Colocalisation anaysis of ten autoimmune diseases with B
cell, monocyte, stimulated monocyte eQTLs

+
=
?
candidate causal
autoimmune genes
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Defining the genetic determinants of gene expression is crucial to 
understanding the biological and medical significance of genetic var-
iation. This is particularly relevant in the drive to identify functional 
variants underlying observed disease associations from genome-
wide association studies (GWAS)1. It is increasingly clear that the 
functional activity of many genetic polymorphisms is dependent on 
the context of relevant cell or tissue types in a particular biological 
state2–4. This context-dependent specificity means that, although 
studies of lymphoblastoid cell lines (LCLs) and other tissues have 
provided important insights, they may fail to capture the in vivo 
activity of particular variants in disease-relevant tissues5,6. Recent 
cell- and tissue-specific studies highlight the importance of context 
in the identification of expression-associated genetic variants3,4,7–10. 
In umbilical cord–derived cultured cells, up to 80% of regulatory 
variants act in a cell type–specific manner3. Comparison of skin, 
fat and LCLs showed that only 30% of eQTLs are shared among 
tissues4. The basis for this specificity remains unresolved but may 
relate to variation at tissue-specific distal enhancers instead of at 
conserved promoter elements3. Analyses performed on non-cultured  
primary tissue have typically used sources with a heterogeneous 
cell composition, such as peripheral blood leukocytes11 or fat4.  
Although this approach provides general insights into tissue- 
specific eQTLs, cell type–specific eQTLs may be missed due to signal 
saturation from other cell types where the eQTL is absent. This is  

especially pertinent in the elucidation of trans-acting eQTLs, where 
context specificity may be of greater relevance12.

Here we sought to determine cell type–specific eQTLs relevant to 
immunity and inflammation in paired samples of primary monocytes 
and B cells, purified by positive selection directly from healthy individ-
uals. Our analysis highlights both the extent of cellular specificity, espe-
cially for trans-acting variants, and the inherent complexity of eQTL 
action. We observe multiple examples of genes associated with eQTLs 
in both cell types, but to different genomic loci, and of eQTLs showing 
opposing, cell type–dependent directional effects. Mapping genetic 
determinants of gene expression in immune cells is highly informative 
for understanding the function of reported GWAS-identified genes 
involved in immune, infectious and inflammatory diseases.

RESULTS
Defining	eQTLs	in	purified	B-cell	and	monocyte	populations
B cells are lymphocytes with crucial roles in adaptive and humoral 
immunity, whereas monocytes constitute an innate myeloid-derived 
cell population that initiates an inflammatory, cytokine-mediated 
response upon microorganism invasion. Their divergent functions 
and origins ensure these cell populations are highly informative for 
analysis of immune and inflammatory diseases. Furthermore, whereas 
multiple LCL eQTL analyses have been performed, there are as yet no 
large studies focused on B cells, the cells immortalized to derive LCLs. 

Genetics of gene expression in primary immune cells 
identifies cell type–specific master regulators and roles  
of HLA alleles
Benjamin P Fairfax1, Seiko Makino1, Jayachandran Radhakrishnan1, Katharine Plant1, Stephen Leslie2, 
Alexander Dilthey3, Peter Ellis4, Cordelia Langford4, Fredrik O Vannberg1,5 & Julian C Knight1

Trans-acting	genetic	variants	have	a	substantial,	albeit	poorly	characterized,	role	in	the	heritable	determination	of	gene	
expression.	Using	paired	purified	primary	monocytes	and	B	cells,	we	identify	new	predominantly	cell	type–specific	cis	and	
trans	expression	quantitative	trait	loci	(eQTLs),	including	multi-locus	trans	associations	to	LYZ	and	KLF4	in	monocytes	and		
B	cells,	respectively.	Additionally,	we	observe	a	B	cell–specific	trans	association	of	rs11171739	at	12q13.2,	a	known	autoimmune	
disease	locus,	with	IP6K2	(P	=	5.8	×	10−15),	PRIC285	(P	=	3.0	×	10−10)	and	an	upstream	region	of	CDKN1A	(P	=	2	×	10−52),	
suggesting	roles	for	cell	cycle	regulation	and	peroxisome	proliferator-activated	receptor	γ	(PPARγ)	signaling	in	autoimmune	
pathogenesis.	We	also	find	that	specific	human	leukocyte	antigen	(HLA)	alleles	form	trans	associations	with	the	expression	of	
AOAH	and	ARHGAP24	in	monocytes	but	not	in	B	cells.	In	summary,	we	show	that	mapping	gene	expression	in	defined	primary	
cell	populations	identifies	new	cell	type–specific	trans-regulated	networks	and	provides	insights	into	the	genetic	basis	of	
disease	susceptibility.

1Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, UK. 2Department of Oncology, University of Oxford, Oxford, UK. 3Department of Statistics, 
University of Oxford, Oxford, UK. 4Wellcome Trust Sanger Institute, University of Cambridge, Cambridge, UK. 5School of Biology, Georgia Institute of Technology, 
Atlanta, Georgia, USA. Correspondence should be addressed to B.P.F. (bfairfax@well.ox.ac.uk) or J.C.K. (julian@well.ox.ac.uk).
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Innate Immune Activity Conditions 
the Effect of Regulatory Variants upon 
Monocyte Gene Expression
Benjamin P. Fairfax,* Peter Humburg, Seiko Makino, Vivek Naranbhai, Daniel Wong, 

Evelyn Lau, Luke Jostins, Katharine Plant, Robert Andrews, Chris McGee, Julian C. Knight*

Introduction: Many genetic variants associated with common disease susceptibility occur close 
to immune-related genes in noncoding DNA, suggestive of a regulatory function. The defi nition of 
functional variants and the specifi c genes that they regulate remains challenging and in many cases 
is unresolved. We hypothesized that a signifi cant proportion of variants, including those implicated 
in disease, may show activity in a context-specifi c manner and therefore only be identifi able upon 
triggering of immune responses.

Methods: We mapped interindividual variation in gene expression as a quantitative trait, defi n-
ing expression quantitative trait loci (eQTLs). To investigate the effect of innate immune stimuli on 
eQTLs, we exposed primary CD14+ human monocytes from 432 European volunteers to the infl am-
matory proxies interferon-γ (IFN-γ) or differing durations (2 or 24 hours) of lipopolysaccharide 
(LPS). eQTL mapping was performed on a genome-wide basis with an additive linear model. A subset 
of 228 individuals with expression data available for all experimental conditions enabled cross-
treatment comparisons.

Results: Stimulation with LPS or IFN-γ resulted in profound effects across monocyte eQTLs, with 
hundreds of genes and associated pathways demonstrating context-specifi c eQTLs dependent on the 
type and duration of stimulus. Context-specifi c eQTLs frequently intersected established canonical 
pathways of monocyte signaling and included key nodal genes and effector molecules. These eQTLs 
are typically more distal to the transcriptional start site and, in some cases, showed reversal of 
effect between conditions. We also found stimulation reveals novel eQTLs with simultaneous effects 
involving many genes (trans-eQTLs). Examples included coding polymorphisms in CYP1B1, P2RY11, 
and IDO2 that modulate activity and develop trans network effects upon stimulation; an LPS-specifi c 
IFN-β cytokine network response driven by a cis-eQTL for IFNB1 that was only revealed over time; an 
interferon regulatory factor 2 (IRF2) transcription factor modulated network up-regulated by IFN-γ 
involving a cis-eQTL for IRF2; and an IFN-γ–inducible trans gene network involving the transcription 
factor NFE2L3. We fi nd trans associations to the major histocompatibility complex are dependent 
on context, paralleling the expression of class II genes. Induced eQTLs were enriched for disease-
risk loci with context-specifi c associations to many putative causal genes including at ATM, IRF8, 
and CCR3. Conditional analysis defi ned additional independent stimulus-specifi c peaks of associa-
tion for a given gene. For CARD9 we observed, in addition to a constitutive eQTL informative for a 
genome-wide association study locus for Crohn’s disease, a stimulus-specifi c peak eQTL after IFN-γ, 
defi ning a further independent signal of disease association.

Discussion: Interindividual varia-
tion in immune responses is accom-
panied by diverging patterns of 
gene regulation dependent on 
underlying genotype. In human 
monocytes, many regulatory vari-
ants display functionality only 
after pathophysiologically relevant 
immune stimuli. By considering the 
cellular and environmental context 
relevant to disease, it is possible to 
more extensively resolve functional 
genetic variants and the specific 
modulated genes associated with 
disease.

FIGURES IN THE FULL ARTICLE

Fig. 1. Genotype modulates the gene 

expression response to innate immune 

stimuli in monocytes.

Fig. 2. Trans-eQTL demonstrate context 

specifi city and identify master regulatory 

loci after treatment.

Fig. 3. Temporal effects for a stimulus- 

specifi c trans-eQTL.

Fig. 4. Cis regulation of IRF2 at rs13149699 

has profound transcriptional consequences 

in trans.

Fig. 5. Stimulus-specifi c eQTL and GWAS.

Fig. 6. Examples of context-specifi c eQTL 

informative for disease risk.

SUPPLEMENTARY MATERIALS

Materials and Methods
Figs. S1 to S12
Tables S1 to S7
References

Context-specifi c genetic association with differ-
ential gene expression in IFN-β signaling. (A) A 
local association (cis-eQTL) with IFNB1 expression for 
a single–nucleotide polymorphism (rs2275888) 
revealed after 2 hours of LPS stimulation of mono-
cytes. (B) This genetic marker shows association with 
expression of 17 genes on different chromosomes 
(trans-eQTLs) after 24 hours of LPS stimulation, form-
ing a gene network (C) consistent with the IFN-β sig-
naling cascade.
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B cells, monocytes (∼ 300 samples)

Activated monocytes (∼ 300 samples)

Guo et al., Hum Mol Genet, published online



Six candidate causal autoimmune disease genes

Gene Disease(s) Direction
Resting B cells + monocytes

RGS1 Celiac, MS -
SYNGR1 Primary Billiary cirrhosis +

Resting + activated monocytes
ADAM15 Crohn’s ?
CARD19 Crohn’s, ulcerative colitis +
LTBR Primary Billiary cirrhosis +
CTSH T1D, narcolepsy -



CTSH monocyte expression linked to T1D and narcolepsy
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Colocalisation applied to four autoimmune diseases
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Fortune et al, Nat Genet, in press



Leveraging information across diseases identified 11 novel
associations

Four new T1D associations
FASLG (celiac disease)
ANKRD55 (rheumatoid arthritis, multiple sclerosis)
TNFAIP3 (rheumatoid arthritis, celiac disease)
IKZF1 5’ region (multiple sclerosis)

Two new associations with T1D regions

AFF3 (rheumatoid arthritis, celiac disease)
CTSH (celiac disease)

Fortune et al, Nat Genet, in press



3/9 T1D unique regions overlap type 2 diabetes
associations

Region Candidate T1D association T2D association
Gene OR P OR P Concordance

6q22.32 – 1.108 6.76×10−8 1.06 7.9×10−5 ↑
9p24.2 GLIS3 1.092 2.97×10−6 1.05 7.3×10−5 ↑
16q23.1 BCAR1 1.266 3.47×10−14 1.12 2.0×10−5 ↓

Disease unique regions more likely to relate to target of autoimmune
destruction

Fortune et al, Nat Genet, in press



Systematic integration of GWAS, eQTL and other data for
interpretation of GWAS results

Identification of candidate causal genes through eQTL/disease
colocalisation analyses

We need a wider variety of cells/states in eQTL studies (T cells, NK
cells recently published)
We need larger eQTL studies (eg large multiethnic study of PBMCs
recently published)

Cross disease colocalisation can identify novel associations,
disease-specific (autoimmune target specific?) associations
Large scale application of chromosome conformation capture
(“Hi-C”) for gene regulatory regions
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