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1  |  INTRODUC TION

Asthma is a common and heterogeneous non- communicable disease 
that affects over 300 million people worldwide. Asthma is charac-
terized by variable respiratory symptoms such as coughing, wheez-
ing, chest tightness, and airflow limitation caused by chronic airway 
inflammation, tissue remodeling, bronchial hyperresponsiveness, 
and mucus hypersecretion.1– 3 Global asthma prevalence is increas-
ing rapidly, and despite the significant advances in asthma treatment 
over the past decades, approximately 10% of asthma patients do not 
adequately respond to standard therapy.4

Why susceptible individuals develop asthma whereas others 
do not is a central question in the field that remains only partially 
resolved to date. Environmental factors early in life, such as viral 
infections or allergen exposure, provide an important piece to this 
complex puzzle.5 In addition, genetics plays a critical role in explain-
ing asthma susceptibility. Over the past 12 years, genome- wide asso-
ciation studies (GWAS) have made tremendous strides in annotating 
this genetic component of asthma susceptibility.6 The vast majority 
of the identified genetic variants are not associated with altered pro-
tein function but are instead enriched in non- coding gene regula-
tory elements (GREs)7,8– small genomic regions that can control gene 
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expression.9 GREs, such as promoters and enhancers, are bound by 
DNA- binding proteins called transcription factors (TFs) that regu-
late gene transcription. TF action is heavily influenced by epigenetic 
modifications of the genome— collectively referred to as the epig-
enome.10 These include DNA methylation and post- translational 
histone modifications, which affect the ability of TFs to bind DNA 
and control gene expression.11 Since DNA methylation is a heritable 
modification,12 epigenome- wide association studies (EWAS) have 
searched for DNA methylation changes associated with the devel-
opment of asthma.13,14 By modulating gene regulatory processes, 
genetic, and epigenetic variants can affect gene expression levels 
and as a consequence cellular function.

Despite the wealth of potentially disease- relevant information 
provided by GWAS and EWAS, follow- up studies have been rela-
tively scarce due to the complexity with which (epi)genetic variants 
may impact gene regulation in different cell types. Fortunately, re-
cent advances in epigenomics technology now provide a toolbox for 
linking disease- associated variants to transcriptional control mech-
anisms. This review provides a detailed overview of the (epi)genetic 
landscape linked to asthma susceptibility, focusing specifically on 
recent findings from GWAS and EWAS. Importantly, we provide 
an update on the latest developments in epigenomic approaches to 
further decode the (epi)genetic basis of complex diseases such as 
asthma, which offers promising opportunities to move our knowl-
edge on the (epi)genetics of asthma toward clinically relevant 
applications.

2  |  THE PATHOPHYSIOLOGY OF A STHMA

Traditionally, asthma has been grouped into two broad subtypes: al-
lergic and non- allergic asthma. However, this classification turned 
out to be an oversimplification,15 as extensive inflammatory and clin-
ical heterogeneity exists among asthma patients that is not captured 
by the allergic/non- allergic dichotomy.2,4 More recently, the field has 
adopted a distinction based on the presence (“T2- high”) or absence 
(“T2- low”) of substantial type- 2 inflammation in the airways.3,16 T2- 
high asthma mainly involves allergic disease types and affects most 
children with asthma as well as approximately 50% of adult patients. 
The chronic type- 2 immune response in T2- high asthma, including 
allergic asthma, is characterized by an eosinophilic airway inflam-
mation. In allergic patients, the disease starts with sensitization to 
inhaled allergens such as house dust mite (HDM), animal dander, 
pollen, or fungal spores during childhood that eventually results in 
chronic airway inflammation. Allergic patients can be defined by the 
presence of immunoglobulin E (IgE) antibodies in the serum and/or 
a positive skin prick test for inhaled allergens. In contrast, patients 
with T2- low asthma are usually non- allergic and often have a more 
neutrophilic or paucigranulocytic inflammatory profile.2,3

In individuals susceptible for developing allergic T2- high asthma, 
a type- 2 immune response is initiated by lung epithelial cells that re-
lease the alarmin cytokines IL- 25, IL- 33, and thymic stromal lympho-
poietin (TSLP) upon allergen exposure (Figure 1). Alarmins stimulate 
dendritic cells (DCs) to take up allergens and migrate to the lymph 

F I G U R E  1  Pathophysiology of type- 2 asthma. In susceptible individuals, allergens induce the airway epithelium to produce and release 
alarmin cytokines IL- 25, IL- 33, and thymic stromal lymphopoietin (TSLP). These activate dendritic cells (DC) to migrate toward the lymph 
node and present allergen- derived antigens to naive T cells (TH0). IL- 4 produced by T follicular helper (TFH) cells stimulates naive T cells 
to differentiate towards TH2 cells, which migrate to the lung. In addition, IL- 4 produced in the lymph node by the TFH cells initiates class 
switching of B cells to produce IgE antibodies. In the lung, not only TH2 cells but also type 2 innate lymphoid cells (ILC2s) and CD8+ T cells 
produce type 2 cytokines, which subsequently instigate effector functions in B cells, M2 Macrophages, mast cells, and eosinophils. Finally, 
the chronic type- 2 inflammation induces hallmark asthma symptoms (listed in the orange box).23 Adapted with permissions form: Walker, J., 
McKenzie, A. TH2 cell development and function. Nat Rev Immunol 18, 121–133 (2018). https://doi.org/10.1038/nri.2017.118.
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node, where they present them to naïve CD4+ T cells. Combined 
with exposure to IL- 4 produced by follicular T helper (TFH) cells, 
these naive cells will differentiate into T helper 2 (TH2) effector cells 
that migrate toward the lung.3,17,18 Furthermore, IL- 4 produced by 
TFH cells induces IgE class switching in B cells in the lymph node,19 as 
well as locally in the lung in inducible bronchus- associated lymphoid 
tissue (iBALT).20 IgE produced by class- switched plasma cells acti-
vates pulmonary mast cells by antigen- mediated crosslinking of their 
high- affinity Fc receptor for IgE (FcεRI), to release pro- inflammatory 
mediators such as histamine, leading to smooth muscle contraction 
and airway mucosal edema.21 Of note, (allergic) T2- high asthma is 
frequently accompanied by a parallel chronic inflammation occurring 
in the upper airways (i.e. rhinitis, rhinosinusitis), which has led to the 
united airway disease concept.22

In the lung, TH2 cells produce the canonical type 2 cytokines 
IL- 4, IL- 5, IL- 9, and IL- 13, which can explain all hallmarks of T2- high 
asthma. IL- 5 stimulates the development of eosinophils in the bone 
marrow and their recruitment to the lung. IL- 9 promotes mast cells 
survival and proliferation, goblet cell metaplasia, and airway wall re-
modeling, whereas IL- 13 acts directly on epithelial integrity by im-
pairing tight junctions and inducing bronchial hyperreactivity (BHR) 
and mucus hyperproduction.2,4,24,25 In addition to TH2 cells, other 
cell types can produce type 2 cytokines, including CD8+ T cells,26 
mast cells,27 basophils28 and in particular group 2 innate lymphoid 
cells (ILC2).29,30 ILC2s are innate counterparts of TH2 cells, which 
lack an antigen- specific receptor but respond to alarmins by produc-
ing copious amounts of type 2 cytokines.31

T2- low asthma does not feature a prominent type- 2 immune re-
sponse and is associated with a late onset of disease, poor response 
to corticosteroid therapy, and obesity.3 Clinical heterogeneity and 
a lack of proper mouse models have resulted in a poor understand-
ing of the immunological basis of T2- low asthma. The inflammatory 
pathways most consistently associated with T2- low asthma are re-
lated to inflammasome activation, including IL- 1β and IL- 6 signaling,3 
as well as IL- 17- mediated neutrophilic inflammation.3,28 These path-
ways are likely triggered by environmental factors such as microbes, 
pollutants, or cigarette smoke.32 In this context, neutrophils can 
act as pathogenic effector cells inducing epithelial cell damage and 
mucus hyperproduction.3 Given the complexity and heterogeneity 
of asthma as a disease, it is important to acquire a better under-
standing of asthma susceptibility and pathophysiology.

3  |  GENETIC A SSOCIATIONS WITH 
A STHMA

Before the advent of GWAS, decades of work involving classic 
linkage analysis and candidate- gene approaches have linked nu-
merous genetic loci to asthma.33,34 Moreover, twin cohort stud-
ies have shown that up to 70% of asthma susceptibility originates 
from genetic factors.35,36 More recently, GWAS has been used to 
further explore the genetic basis of asthma. In GWAS, two cohorts 
of case and control individuals are genotyped on single nucleotide 

polymorphism (SNP) arrays that include so- called “tag” SNPs that 
represent haplotype blocks in the genome. These are then com-
pared through statistical methods in order to link genetic vari-
ants to specific traits.37 Since the first asthma GWAS appeared in 
2007,38 the NHGRI- EBI GWAS catalogue now contains 179 pub-
lished association studies on asthma (both allergic and non- allergic 
asthma) or asthma- related traits.6 Table 1 provides an overview 
of selected “hallmark” GWAS together with their most important 
findings. Examining the genes in the vicinity of risk SNPs reveals 
an enrichment for molecules associated with a type- 2 immune re-
sponse, including 2q12 (IL1RL1, encoding the IL- 33 receptor), 5q22 
(TSLP), 9p24 (IL33), 10p14 (GATA3, encoding the master TF for 
TH2 differentiation), and 5q31 (IL4- IL5- IL13). Many other asthma 
GWAS genes also have known roles in inflammation, such as 
SMAD3, BACH2, TLR1/6/10, and STAT6. For other associations, bio-
logical links with asthma pathophysiology are at first less evident. 
A prime example is the most widely replicated childhood asthma 
GWAS locus at 17q21, containing the ORMDL3 and GSDMB genes 
which encode proteins involved in more general cellular functions, 
including regulation of apoptosis.39 Important to note is that most 
GWAS published to date have used a general asthma definition 
that makes no distinction between key different endotypes (T2- 
high versus T2- low). Interestingly, GWAS approaches have re-
vealed substantial overlap between genetic loci associated with 
asthma and chronic upper airway inflammation (i.e., allergic rhi-
nitis),40,41 suggesting a shared genetic origin of chronic lower and 
upper (allergic) airway inflammation and providing support for the 
united airway disease concept.

Despite these GWAS efforts, a sizeable portion of asthma 
susceptibility remains unexplained.59 In one of the largest asthma 
GWAS published to date, Ferreira et al. showed that common 
variants as identified by GWAS explain 25.6% of childhood- onset 
asthma heritability and only 10.6% for adult- onset asthma,56 in 
line with findings by Pividori et al.60 Environmental factors further 
modulate (genetic) asthma susceptibility. The “hygiene hypothe-
sis” proposes that adoption of a Western diet and a disappearance 
of frequent exposure to infectious agents leads to dysfunctional 
immunoregulatory pathways, explaining the dramatic increase 
in asthma prevalence over the past 50 years in the Western 
world.61,62 Recently, this hypothesis has been expanded by the 
“epithelial barrier hypothesis,”63 which proposes that urbanization 
and industrialization leads to an increased presence of epithelial 
barrier- damaging agents (e.g., from air pollution) that disrupt epi-
thelial barrier function, leading to a host of chronic inflammatory 
diseases including asthma. Besides acting at the cellular level, 
environmental factors could also affect asthma susceptibility via 
gene– environment interactions. For example, the protective ef-
fect that growing up on a farm has against asthma was much stron-
ger in children carrying a risk SNP in exon 3 of the TNFAIP3 gene.64 
Additionally, environmental exposures may affect asthma suscep-
tibility through stable— and possibly heritable— modifications of 
the genome without altering the DNA sequence— that is, through 
epigenetics.65,66
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4  |  A STHMA: INTEGR ATING GENETIC 
AND EPIGENETIC A SSOCIATIONS

EWAS investigate the relationship between epigenetic modifica-
tions and traits and have mostly focused on identifying regions of 
differential DNA methylation across cohorts, which could in part 
explain trait susceptibility not captured by GWAS.67 Importantly, 
the epigenome— in particular DNA methylation— can be influenced 
by environmental factors such as air pollution and dietary compo-
nents.68 In the context of asthma, the sum of all these external envi-
ronmental influences (commonly referred to as the “exposome”) may 
thus have a profound effect on asthma susceptibility.69– 71 Important 
to note is that epigenetic modifications are cell type- specific, and 
therefore care should be taken when interpreting EWAS results. The 
first asthma EWAS was published by Stefanowicz et al. in 2012.72 
Since then, the National Genomics Data Center EWAS Atlas con-
tains 12 published asthma EWAS73 (summarized in Table 2).

Differentially methylated cytosine- phosphate- guanine (CpG) 
nucleotides (DMCs) were identified in non- coding regions near 
genes previously associated with asthma by GWAS, including 
SMAD3, IL5, and ORMDL3, revealing significant colocalization with 
GWAS SNPs.76,77 Integration of GWAS and EWAS findings has the 
potential to provide new insights into asthma susceptibility and 
disease mechanisms. To this end, we integrated asthma GWAS 
and EWAS data and found a moderate proportion of GWAS-  and 
EWAS- associated genes to overlap (n = 609), which were mostly 
involved in T cell differentiation and activation, cell migration and 
inflammation (Figure 2A and Figure 2B). Among these overlapping 
genes were most of the canonical asthma- associated genes such as 
GATA3, ORMDL3, and IL5.33 Genes specifically reported by GWAS 
were also strongly enriched for immune and inflammatory processes 
(including T cell responses), whereas genes only detected in EWAS 
were associated with cell– cell adhesion, cell junction organization, 
and growth factor signaling (Figure 2B). These differences are likely 
(in part) caused by the cell type- specific nature of DNA methylation 
(in contrast to cell type- invariant genetic profiles), since most EWAS 
were performed on epithelial cells or whole blood samples. Both 
GWAS and EWAS variants show a predominant localization to distal 
non- coding regions far from transcription start sites (Figure 2C and 
Figure 2D), where they are expected to influence gene regulation. 
Interestingly, CpG islands that are located in these distal regions can 
exert substantial enhancer activity.78

5  |  LINKING VARIANTS TO CHANGES IN 
GENE E XPRESSION: QUANTITATIVE TR AIT 
LOCUS ANALYSIS

The localization of asthma- associated variants in non- coding regions 
precludes the direct determination of causal variant– gene relation-
ships. Hence, an important next step is to link (epi)genetic variants to 
differences in gene expression. A classic statistical approach to un-
cover the relationship between a phenotypic trait and genotype is by Fi

rs
t A

ut
ho

r (
ye

ar
)

D
is

co
ve

ry
 s

am
pl

e 
si

ze
Re

pl
ic

at
io

n 
sa

m
pl

e 
si

ze
Re

po
rt

ed
 

as
so

ci
at

io
ns

M
ai

n 
fin

di
ng

s

O
la

fs
do

tt
ir 

TA
 (2

02
0)

57
69

,1
89

 E
U

 c
as

es
, E

U
 7

02
,1

99
 c

on
tr

ol
s

N
A

88
88

 n
ew

 v
ar

ia
nt

s 
th

at
 im

pl
ic

at
e 

T 
ce

ll 
re

gu
la

tio
n 

an
d 

ai
rw

ay
 

re
m

od
el

in
g;

 a
ss

oc
ia

tio
ns

 in
cl

ud
e 

lo
ss

- o
f- f

un
ct

io
n 

in
 T

N
FR

SF
8 

an
d 

ga
in

- o
f- f

un
ct

io
n 

TG
FB

R1

H
an

 Y
 (2

02
0)

58
64

,5
38

 E
U

 c
as

es
, 3

29
,3

21
 E

U
 c

on
tr

ol
s +

 TA
G

C 
co

ho
rt

 (D
em

en
ai

s 
F 

20
17

)
N

A
16

7
Ve

ry
 la

rg
e 

m
et

a-
 G

W
A

S 
de

te
ct

in
g 

a 
la

rg
e 

nu
m

be
r o

f a
ss

oc
ia

tio
ns

, 
in

cl
ud

in
g 

an
 in

 v
iv

o 
fo

llo
w

- u
p 

st
ud

y 
of

 th
e 

C
D

52
 lo

cu
s

A
bb

re
vi

at
io

ns
: A

A
, A

fr
ic

an
- A

m
er

ic
an

; A
C

, A
fr

ic
an

- C
ar

ib
be

an
; A

F,
 A

fr
ic

an
; A

O
, a

du
lt-

 on
se

t; 
CO

, c
hi

ld
ho

od
- o

ns
et

; E
U

, e
ur

op
ea

n;
 F

EV
1,

 fo
rc

ed
 e

xp
ira

to
ry

 v
ol

um
e 

in
 th

e 
fir

st
 s

ec
on

d;
 G

W
A

S,
 g

en
om

e-
 w

id
e 

as
so

ci
at

io
n 

st
ud

y;
 H

IS
, H

is
pa

ni
c;

 J
A

P,
 J

ap
an

es
e;

 K
O

R,
 K

or
ea

n;
 L

AT
, L

at
in

o;
 M

EX
, M

ex
ic

an
; N

A
, n

ot
 a

pp
lic

ab
le

; T
AG

C
, T

ra
ns

- N
at

io
na

l A
st

hm
a 

G
en

et
ic

 C
on

so
rt

iu
m

.

TA
B

LE
 1

 
(C

on
tin

ue
d)

 13989995, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15666 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [05/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  945STIKKER et al.

TA
B

LE
 2

 
Se

le
ct

ed
 a

st
hm

a 
EW

A
S

Fi
rs

t A
ut

ho
r (

ye
ar

)
Sa

m
pl

e 
si

ze
 (c

el
l t

yp
e 

an
al

yz
ed

)
N

o.
 o

f C
pG

s f
ou

nd
M

et
hy

la
tio

n 
pl

at
fo

rm
Fe

at
ur

e

St
ef

an
ow

ic
z 

(2
01

2)
72

5 
ca

se
s 

an
d 

20
 c

on
tr

ol
s 

(A
EC

s 
an

d 
PB

M
C

s)
6 

C
pG

s 
in

 a
st

hm
at

ic
s 

co
m

pa
re

d 
to

 
he

al
th

y 
co

nt
ro

ls
 in

 P
BM

C
s.

 8
 

C
pG

s 
in

 a
st

hm
at

ic
 c

om
pa

re
d 

to
 

at
op

ic
s 

(A
EC

s)

Ill
um

in
a 

G
ol

de
nG

at
e 

M
et

hy
la

tio
n 

C
an

ce
r P

an
el

 I
Fi

rs
t a

st
hm

a 
EW

A
S;

 S
TA

T5
A 

an
d 

CR
IP

1 
lo

ci
 im

pl
ic

at
ed

N
ic

od
em

us
- J

oh
ns

on
 

(2
01

6)
13

74
 a

st
hm

at
ic

s 
an

d 
41

 h
ea

lth
y 

co
nt

ro
ls

 (A
EC

s)
40

,8
92

 C
pG

s
Ill

um
in

a 
In

fin
iu

m
 H

um
an

M
et

hy
la

tio
n 

45
0 

k 
Be

ad
C

hi
p

La
rg

e 
as

th
m

a 
EW

A
S;

 re
gu

la
to

ry
 re

gi
on

 
fo

r O
RM

D
L3

 fo
un

d

Xu
 (2

01
8)

62
39

2 
ca

se
s 

an
d 

11
56

 c
on

tr
ol

s 
(re

pl
ic

at
ed

 w
ith

 2
47

 
ca

se
s 

an
d 

29
49

 c
on

tr
ol

s)
 (W

ho
le

 b
lo

od
)

14
 C

pG
s

Ill
um

in
a 

In
fin

iu
m

 H
um

an
M

et
hy

la
tio

n 
45

0 
k 

Be
ad

C
hi

p
La

rg
e 

im
pl

ic
at

io
ns

 fo
r T

h2
 im

m
un

ity
; 

as
so

ci
at

io
ns

 w
ith

 C
D

4/
C

D
8 

T 
ce

lls
 

an
d 

eo
si

no
ph

ils

Re
es

e 
(2

01
9)

14
66

8 
ne

w
bo

rn
s 

(8
 c

as
e–

 co
nt

ro
l c

oh
or

ts
); 

cr
os

s-
 

se
ct

io
na

l 6
31

 c
as

es
 (9

 c
as

e–
 co

nt
ro

l c
oh

or
ts

) 
(w

ho
le

 b
lo

od
/N

EB
)

18
8 

C
pG

s
Ill

um
in

a 
In

fin
iu

m
 H

um
an

M
et

hy
la

tio
n 

45
0 

k 
Be

ad
C

hi
p

La
rg

es
t m

et
a-

 EW
A

S 
to

 d
at

e;
 a

ss
oc

ia
tio

ns
 

w
ith

 IL
5R

A 
an

d 
KC

N
H

2

Q
i (

20
20

)74
72

 w
ho

le
 b

lo
od

 a
nd

 9
7 

na
sa

l b
ru

sh
 p

er
si

st
en

t 
as

th
m

a 
ca

se
s 

an
d 

63
6 

co
nt

ro
ls

, r
ep

lic
at

ed
 in

 
D

ut
ch

 L
ife

lin
es

 p
op

ul
at

io
n-

 ba
se

d 
co

ho
rt

 a
nd

 
Fr

en
ch

 E
G

EA
 c

as
e–

 co
nt

ro
l c

oh
or

t

7 
C

pG
s 

fo
r c

lin
ci

al
 re

m
is

si
on

 a
nd

 1
29

 
C

pG
s 

fo
r c

om
pl

et
e 

re
m

is
si

on
 in

 
w

ho
le

 b
lo

od

Ill
um

in
a 

In
fin

iu
m

 H
um

an
M

et
hy

la
tio

n 
45

0 
k 

Be
ad

C
hi

p
EW

A
S 

re
pl

ic
at

ed
 in

 d
iff

er
en

t e
th

ni
ci

tie
s,

 
lin

ki
ng

 D
M

Rs
 a

ss
oc

ia
te

d 
to

 a
st

hm
a 

w
ith

 a
ni

m
al

 d
an

de
r e

xp
os

ur
e

Ji
an

g 
(2

02
1)

75
M

et
a-

 an
al

ys
is

 o
f P

R-
 G

O
A

L 
an

d 
EV

A-
 PR

 c
oh

or
ts

 
(6

01
 P

ue
rt

o 
Ri

ca
n 

ca
se

– c
on

tr
ol

 s
ub

je
ct

s)
 a

nd
 

G
A

LA
 II

 c
oh

or
t (

51
47

 L
at

in
o 

ca
se

– c
on

tr
ol

 
su

bj
ec

ts
)

19
5 

C
pG

s
Ill

um
in

a 
In

fin
iu

m
 H

um
an

M
et

hy
la

tio
n 

45
0 

k 
Be

ad
C

hi
p

Fi
rs

t m
et

a-
 EW

A
S 

in
 L

at
in

o 
ch

ild
re

n;
 

To
p 

hi
ts

 in
cl

ud
e 

CA
M

K1
D

 a
nd

 T
IG

IT
; 

as
so

ci
at

io
ns

 w
ith

 T
G

F-
 β 

pa
th

w
ay

A
bb

re
vi

at
io

ns
: A

A
, a

fr
ic

an
- a

m
er

ic
an

; A
EC

, a
irw

ay
 e

pi
th

el
ia

l C
el

lA
sR

h;
 C

pG
, c

yt
os

in
e-

 ph
os

ph
at

e-
 gu

an
in

e;
 D

M
R,

 d
iff

er
en

tia
lly

 m
et

hy
la

te
d 

re
gi

on
; N

EB
, n

as
al

 e
pi

th
el

ia
l b

ru
sh

; P
BM

C
, p

er
ip

he
ra

l b
lo

od
 

m
on

on
uc

le
ar

 c
el

ls
; P

R,
 p

ue
rt

o-
 ric

an
.

 13989995, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15666 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [05/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



946  |    STIKKER et al.

F I G U R E  2  Comparison of genetic and epigenetic variants associated with asthma. (A) Venn diagram integrating reported genes from 
asthma GWAS and EWAS, highlighting overlapping genes important in immune development and activation. The NHGRI- EBI GWAS 
catalogue currently counts 3129 genetic variants associated with asthma and childhood traits.6 These 3129 variants annotate to 1576 
genes bases on nearest gene using Genomic Regions Enrichment of Annotations Tool (GREAT).79 The NGDC EWAS Atlas contains 13,677 
CpGs associated to asthma,73 which are annotated to 5861 genes (using the getMappedEntrezIDs command of the missMethyl R package80). 
(B) Pathway enrichment analysis of genes detected only by GWAS, EWAS or in both GWAS and EWAS (“overlap”) using Metascape.81 (C) 
Absolute distance (in kilobases) of asthma- associated genetic variants to the transcription start site (TSS) of the nearest gene, performed 
using GREAT. (D) Absolute distance (in kilobases) of asthma- associated DMCs to the TSS of the nearest gene, performed using GREAT.
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performing a quantitative trait locus (QTL) analysis.82 One popular 
variant of QTL mapping is to focus on the subset of GWAS SNPs that 
correlates with altered gene expression levels, which are referred to 
as expression quantitative trait loci or eQTLs.83,84 eQTLs are iden-
tified by measuring gene expression in samples from a cohort of 
genotyped individuals. Since gene expression programs are highly 
cell type-  and cell state- specific,85,86 samples selected for gene ex-
pression measurements should be relevant for the trait or disease 
under investigation. Efforts to identify eQTLs for specific diseases 
have been greatly aided by the generation of large eQTL databases 
for specific non- diseased tissue samples (e.g., GTEx87). In keeping 
with the observation that GWAS SNPs often localize far from genes, 
cell type- specific eQTLs also localize to distal GREs. Similarly, DNA 
methylation QTL (meQTL) analysis has been conducted in order 
to link EWAS DMCs to altered gene expression.88 Hereby, recent 
findings indicate that eQTLs and meQTLs often occur at the same 
genomic location.89

In the context of asthma, various (m)eQTL analyses have been 
conducted.13,90– 95 For example, Ketelaar et al. performed an eQTL 
analysis of the IL33 locus and found two SNPs, both associated with 
eosinophilic asthma, which were eQTLs for IL33 expression in bron-
chial brushes and cultured bronchial epithelial cells (BECs). Both risk 
alleles were associated with increased levels of IL33 mRNA.96 Li 
et al. integrated GWAS and gene expression data from human BECs 
(n = 107) and bronchial alveolar lavage samples (n = 94) for eQTL 
analysis. They identified several GWAS SNPs linked to altered ex-
pression of various asthma- related genes, including TSLP, GSDMB, 
IL33, and HLA- DQB1.91 Furthermore, a recent study integrated eQTL 
and meQTL data from upper airway epithelial cells with GWAS SNPs 
to pinpoint SNPs with potential impact on gene regulatory mecha-
nisms.97 These examples illustrate how (m)eQTL analyses can prior-
itize GWAS/EWAS findings as potential causal hits that affect the 
expression of a disease- relevant gene. Beyond eQTLs and meQTLs, 
other cis or trans- acting mechanisms such as DNase hypersensitivity 
(dsQTLs), TF binding (bQTLs) and histone modifications (hQTLs) are 
also used in translating GWAS findings to biological mechanisms for 
various diseases -  including asthma.98– 102

Transcriptome- wide association studies (TWAS) have emerged 
as yet another approach for linking GWAS variants to altered gene 
expression. In a TWAS, gene expression reference datasets (e.g., 
the GTEx eQTL database87) are integrated with GWAS findings to 
identify gene- trait associations. Predictive models of expression 
variation are generated for each gene using allele counts of ge-
netic variants near the gene, allowing one to predict gene expres-
sion for individuals in a GWAS cohort and link expression levels to 
specific traits.103,104 Various TWASs have been performed for asth-
ma.95,105– 107 For example, a TWAS done in nasal respiratory epithe-
lium from individuals with childhood asthma identified differentially 
expressed genes enriched for pathways involved in the induction of 
TH1/TH2 differentiation, antigen presentation, and metabolism.108 
TWAS was also able to yield new asthma- gene associations, as 
whole blood eQTLs were used to identify 4 reproducibly affected 

novel asthma genes involved in nucleotide synthesis and nucleotide- 
dependent cell activation.25 Although TWAS does not inform on the 
exact causal genetic variants, when combined with additional fine- 
mapping strategies, TWAS is a powerful method for elucidating the 
mechanisms underlying GWAS findings.109 An online collection of 
TWAS data can be found in the TWAS hub (http://twas- hub.org).110

6  |  EPIGENOMIC S TO PINPOINT 
PUTATIVE C AUSAL VARIANTS

The non- coding localization of trait- associated variants is not the 
only challenge that complicates the interpretation of GWAS find-
ings. Another main hurdle is linkage disequilibrium (LD), which refers 
to the linked heritability of neighboring genetic variants in the ge-
nome as they co- segregate through meiosis. GWAS in fact make use 
of this: by focusing on a limited set of variants that represent regions 
of high LD (“tag SNPs”), modern GWAS can assay genome- wide for 
genotype– phenotype associations without having to analyze every 
individual SNP. However, many SNPs will reside in high LD with tag 
SNPs, thus often obscuring the identification of true causal variants. 
Hence, GWAS associations generally do not implicate single vari-
ants but rather identify regions of high LD linked to the trait under 
investigation.

Making biological sense of non- coding genetic variants or CpG 
methylation changes is greatly facilitated by integrating epigenom-
ics data.99 Functional effects of (epi)genetic variants are -  similar 
to eQTLs— highly cell type- specific, since transcriptional regulation 
is orchestrated by cell type- specific GREs such as enhancers.111 
In addition, the activation status of certain cell types, in particu-
lar immune cells, is reflected in highly dynamic epigenomes and 
transcriptomes.85,112,113 Epigenomics assays such as Assay for 
Transposase- Accessible Chromatin (ATAC)- Seq114 and chroma-
tin immunoprecipitation followed by sequencing (ChIP- seq) can 
readily identify GREs as well as provide information on their acti-
vation status.115 For instance, GREs poised for activation comprise 
of open chromatin flanked by nucleosomes with histone 3 lysine 4 
monomethylation (H3K4me1) or H3K4me2, whereas fully active 
GREs are marked by histone 3 lysine 27 acetylation (H3K27Ac).11 
It is within these cell type-  and state- specific GREs that (QTL) SNPs 
can exert their effects. For example, genetic variants can disrupt 
DNA binding motifs recognized by TFs, potentially resulting in aber-
rant GRE activity and misregulated gene expression.116

Numerous studies have mapped GWAS SNPs to cell type- specific 
GREs, supporting the concept of disease- associated “regulatory 
SNPs” underlying human traits and disease.9,89,91,93,117 For asthma, 
epigenomics data have been used to link enhancer regions in CD4+ T 
cells, ILC2s, and BECs to asthma susceptibility.58,118– 121 For example, 
Seumois et al. used H3K4Me2 ChIP- Seq of circulating Th2 cells to 
show that GWAS SNPs are enriched in Th2- specific GREs, and that 
some of these GREs exhibited differential H3K4Me2 levels in cells 
from asthma patients compared with healthy controls.118 Notably, 
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many GWAS variants localize to stimulation- responsive GREs, high-
lighting the critical importance of including epigenome information 
from activated (immune) cells.112,113,122 Indeed, we showed that 
asthma- associated genetic variation is concentrated in H3K4Me2+ 
putative GREs in ILC2s activated by epithelial alarmins IL- 25 and IL- 
33, revealing both shared and unique SNP- GRE colocalization with 
those observed in Th2 cells.119 Of note, altered histone modifica-
tions and regulatory protein binding have also been linked to asthma 
pathophysiology outside the context of (epi)genetic risk variants.123 
For example, studies in epithelial cells from asthmatics and healthy 
controls revealed widespread changes in histone acetylation, in-
dicating changes in gene regulatory mechanisms in the airways of 
asthma patients.124

Enhancers are often located at large genomic distances from their 
target genes, regulating gene expression at long range through spa-
tial interaction (or “chromatin looping”) with promoter regions.125– 127 
Hence, enhancers do not necessarily regulate the expression of the 
nearest gene, which poses a problem for linking SNP- GRE combi-
nations to candidate genes. Together with QTL data, chromosome 
conformation capture (3C) methods that measure spatial proximity 
between genomic regions can be highly informative.128 Combined 
with functional assays to directly test whether a SNP affects GRE 
activity, detailed analysis of the epigenome at disease- associated 
loci provides a first step at identifying the mechanistic basis of a (epi)
genetic association.

7  |  A GENERIC WORKFLOW FOR 
FOLLOW- UP STUDIES OF TR AIT- 
A SSOCIATED (EPI) GENETIC S VARIANTS

Figure 3 provides a schematic overview of a generic approach to 
translate GWAS and EWAS findings to biological insights, highlight-
ing the power of epigenomics for prioritizing candidate SNPs, GREs 
and cell types. An initial effort involves retrieving GWAS/EWAS var-
iants from public databases and literature, followed by— for GWAS 
data— the imputation of SNPs based on LD structure. To this end, 
we highly recommend using the FUMA web application,129 which 
provides an intuitive way to identify independent significant SNPs 
and directly includes SNPs in high LD.

The resulting list of variants can be intersected with publicly 
available QTL and epigenomics datasets to obtain a refined list 
of candidate variants (Figure 3). Since transcriptomic and epig-
enomic information is cell type-  and state- specific, it is criti-
cal to use data obtained from trait- relevant cell types (e.g., Th2 
cells or lung epithelial cells in the case of asthma). Fortunately, 
easily accessible collections of eQTL or epigenomic information— 
including 3C- type data— from numerous tissues and cell types are 
currently provided by large- scale community efforts such as the 
GTEx, ENCODE, BLUEPRINT and Epigenome Roadmap consor-
tia.87,130– 134 Subsequently, variants sets can be further refined 
using computational scoring matrices such as the Combined 

Annotation Dependent Depletion (CADD) tool135 or RegulomeDB 
tool.136 Of note, FUMA offers a simple means to intersect eQTL 
and epigenomics data from various sources to comprehensively 
annotate a set of GWAS variants,129 as we have recently exploited 
in an effort to functionally annotate genetic variants associated 
with severe COVID- 19.137

After the initial list of tag and LD SNPs has been reduced to a 
smaller list of putative causal SNPs based on QTL and regulatory 
SNP annotations (Figure 3), several experimental approaches exist 
to further strengthen the functional relationships between candi-
date variants, GREs and target genes. To test whether a GRE has 
enhancer or promoter activity, in vitro or in vivo reporter assays 
can be used. In these assays, the putative GRE is coupled to a re-
porter gene (e.g., firefly luciferase) in a DNA construct (e.g., a plas-
mid or bacterial artificial chromosome). Measuring reporter gene 
expression provides a transcriptional read- out of GRE activity in a 
given cell type. While traditionally laborious and low throughput 
in nature, the recent development of massively parallel reporter 
assays (MPRAs) now offers a high throughput means to test thou-
sands of putative GREs in a single experiment.138 When applied to 
GWAS SNPs, reporter assays (including MPRAs) offer a powerful 
approach that can simultaneously determine the regulatory activ-
ity of SNP- enriched GREs and the impact of the variant by testing 
both risk and protective alleles.83,139– 141 In addition to plasmid- 
based reporter approaches, CRISPR- Cas9- based approaches can 
also be used to determine the gene regulatory role of non- coding 
regions in the genome in a more native chromatin context, as op-
posed to the more artificial plasmid approach.142 For example, 
CRISPR- Cas9 can be used for base editing purposes in order to 
test the effect of a SNP on gene regulation, as has been done in 
the context of asthma.143 Complementary to these approaches, 
TF motif analyses can assess whether specific motifs may be en-
hanced or disrupted by the putative causal SNP. Conveniently, 
several publicly available analysis platforms have been created to 
computationally intersect GWAS SNPs with type- specific GREs 
and/or TF- binding motifs, including HaploReg,144 GWAS4D,145 the 
FUMA platform129 and RegulomeDB.136

Various studies have (in part) followed the Figure 3 workflow. For 
example, we previously investigated intergenic 6q23 variants linked to 
clinically relevant red blood cell parameters, showing that these SNPs 
impaired TF binding, weakened enhancer– promoter interactions and 
lower expression of MYB— encoding a TF essential for erythropoie-
sis.146 Using similar approaches, Miller et al. identified SNPs associated 
with coronary artery disease that disrupted TF binding and transcrip-
tional regulation of genes important for smooth muscle cell biology.147 
Additionally, obesity- associated variants within the FTO locus were 
shown to disrupt a long- range enhancer of IRX3, a gene critical for 
controlling body mass in mice.148 Importantly, this GWAS follow- up 
strategy has already resulted in the development of new therapies. 
Bauer et al. reported that common genetic variation in an intron of 
BCL11A associated with elevated fetal hemoglobin levels disrupts 
TF binding to an erythroid- specific enhancer of BCL11A, effectively 

 13989995, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15666 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [05/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  949STIKKER et al.

reducing BCL11A levels and as a direct consequence increasing fetal 
hemoglobin levels.149 Gene therapy targeting this BCL11A enhancer 
has now been successfully used to treat patients with adult hemo-
globin defects (e.g., sickle cell disease).150 Thus, a combination of 
epigenetics, QTL analyses and experimental validation can translate 
GWAS findings into disease- relevant biological insights.

8  |  FOLLOW- UP STUDIES OF MA JOR 
A STHMA- A SSOCIATED GENETIC VARIANTS

Functional studies into the biological mechanisms underlying ge-
netic risk loci for asthma remain relatively scarce. To date, only a 
handful of asthma- associated loci have been subjected to more 

F I G U R E  3  Schematic overview of a generic workflow to link non- coding GWAS/EWAS associations to gene regulatory mechanisms 
in specific cell types. Tag SNPs and LD SNPs from GWAS integrated with DMCs from EWAS studies provide a list of candidate SNPs and 
DMCs. Variants can subsequently be prioritized by filtering SNPs with QTL analyses and/or to regulatory regions in the genome. The 
latter is illustrated by a schematic example of a ChIP- Seq and ATAC- seq- based approach to prioritize SNPs that reside in putative enhancer 
regions of Thelper cells or fibroblasts, which are marked by H3K27Ac. This significantly reduces the number of candidate causal SNPs and 
assigns (a lack of) cell- type specificity to the remaining variants. The resulting list of putative causal variants can then be validated in in 
vitro or in vivo based experiments such as reporter assays combined with chromosome conformation capture assays, CRISPR- Cas9- based 
approaches and transcription factor binding motif analyses, in order to gain biological insight into the regulatory function of the tested 
variants. Abbreviations: DMC, differentially methylated CpG; GRE, gene regulatory element; MPRA, massively parallel reporter assay; QTL, 
quantitative trait locus; SNP, single nucleotide polymorphism; TF, transcription factor; TWAS, transcriptome- wide association Study.
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in- depth follow- up experiments aimed at establishing causal variant- 
gene relationships with potential relevance for asthma pathophysi-
ology. A major focus of these studies has been the 17q12- 21 locus 
(reviewed in151), which was first identified by Moffatt et al. in 200738 
and consistently detected as one of the strongest associations in 
subsequent GWASs, particularly in childhood asthma. eQTL analy-
ses revealed that 17q12- 21 variants are strongly associated with 
increased GSDMB and particularly ORMDL3 expression in blood 
cells and lung tissue, with no or weaker associations detected with 
other nearby genes.151 Although not always consistent, gene ex-
pression studies point towards increased ORMDL3– and usually not 
GSDMB— expression in PBMCs or bronchial epithelial cells from 
asthma patients.151– 153 Interestingly, SNPs located in other (homolo-
gous) members of the ORMDL family were also linked to asthma.154 
Rhinovirus exposure in adults induced ORDML3 and GSDMB expres-
sion in PBMCs, further linking the 17q12- 21 locus to respiratory 
virus infections associated with increased risk to develop asthma.155 
Follow- up studies using human lymphoblastoid cell lines156 or pri-
mary immune cells121 showed that 17q21- 31 variants localize to 
GREs and affect local chromatin accessibility as well as TF binding– 
particularly in primary T cells.121 In human CD4+ T cells, two can-
didate causal SNPs (rs12936231 and rs4065275) altered binding of 
the CTCF insulator protein, rewiring interactions between enhanc-
ers and ORDML3 that result in increased expression levels. Higher 
levels of ORDML3 repressed the production of IL- 2, a critical regula-
tor of Th cell function, providing a plausible link between 17p21- 31 
variants and asthma susceptibility.121 In addition, EWAS identified a 
DMC (cg05616858) in a putative GRE associated with asthma and 
ORDML3 expression.13 However, in vivo models of allergic asthma 
using transgenic mice in which ORDML3 levels were altered have 
generated conflicting results,157,158 and the relationship between 
ORDML3 levels, respiratory viral infections and asthma develop-
ment was not addressed in these studies. Hence, more research is 
required to unravel the possible causal relationship between 17p21- 
31 variants, ORDML3, and asthma pathogenesis.

Both the IL33 and IL1RL1 (encoding the IL- 33 receptor) loci have 
also been investigated in more detail. GWAS variants in the IL33 
locus are associated with increased IL33 expression in human BECs 
and increased eosinophil levels, with several SNPs residing in puta-
tive GREs where they may modify TF binding sites.96 Aneas et al. 
used fine- mapping and functional genomic analyses in mice, zebraf-
ish and human cell lines to pinpoint rs1888909 as a putative causal 
variant.159 Rs1888909 creates an OCT- 1 TF binding site postulated 
to interfere with an insulator GRE that controls IL33 expression, 
in agreement with increased epithelial IL33 mRNA expression and 
elevated IL- 33 plasma protein levels in carriers of the rs1888909 
risk alleles.159 Increased IL- 33 production in airway epithelial cells 
could aggravate type- 2 inflammation, explaining the genetic asso-
ciation with increased risk of asthma development. Studies of the 
IL1RL1 locus in primary human cells have painted a more complex 
picture, pinpointing missense coding but also non- coding eQTL 
SNPs associated with the expression of both IL1RL1 isoforms, that 
is, membrane- bound and soluble IL1RL1 (the latter acting as a decoy 

inhibitory receptor).160– 166 Variants associated with either increased 
or decreased IL1RL1 isoform expression were linked to asthma sus-
ceptibility. Moreover, eQTL effects were highly cell type- specific 
with substantial differences across airway epithelial cells, endothe-
lial cells, and T cells. How non- coding variants affect IL1RL1 regula-
tion remains unclear, although the IL1RL1 promoter regions appear 
particularly enriched for GWAS SNPs, as was shown for activated 
human ILC2s119 and for human BECs from asthma patients.120

Variants near TNFAIP3 (6q23) have been associated with multi-
ple inflammatory disorders, including asthma.167 TNFAIP3 encodes 
A20, a critical attenuator of pro- inflammatory NF- κB signaling.168 
Most follow- up efforts have been conducted in the context of au-
toimmunity. The rs6927172 variant emerged from multiple studies, 
localizing to an enhancer element active in human myeloid cells and 
T cells that engages in long- range interactions with the TNFAIP3 
promoter.112,141,167,169,170 Mechanistically, rs6927172 disrupts an 
NF- κB binding site required for enhancer activity and TNFAIP3 
transcription— explaining the reduced TNFAIP3 levels associated 
with the risk allele.112,141,169 Indeed, Schuijs et al. provided compel-
ling evidence that the immune- suppressive action of A20 is critical 
for increasing the threshold for developing allergic asthma in mice, 
which was further supported by reduced TNFAIP3 expression in lung 
epithelial cultures of (severe) asthmatics.64 Notably, an exonic SNP 
in TNFAIP3 (rs2230926) was associated with allergy and asthma risk 
in children,64 suggesting multiple mechanisms through which com-
mon genetic variation could affect A20 protein function.

Other asthma- associated loci from GWAS studies have received 
less attention. The 5q31 GWAS signal spanning the Th2 cytokine 
locus was shown to harbor a SNP (rs2240032) that is located in the 
Th2 locus control region (LCR), a cluster of enhancer elements that 
have been extensively characterized in mouse models as a critical 
driver of IL4, IL5, and IL13 transcription in Th2 cells.171,172 Rs2240032 
was suggested to influence IL4 expression and IL13 promoter meth-
ylation in cord blood cells, which may be relevant for asthma patho-
genesis given the central role of these cytokines in the development 
of allergic and T2- high asthma.173 5q31 variants may also affect 
type- 2 cytokine production by other cell types, including human 
ILC2s.119 Han et al. recently used an eQTL- informed approach to 
prioritize candidate causal variants near immune- associated genes, 
arriving at the CD52 gene (1p36.11) that encodes a membrane pro-
tein present on various immune cells with a known role in T- cell acti-
vation.58 Anti- CD52 antibody treatment in a mouse model of allergic 
asthma ameliorated inflammatory symptoms in vivo, providing evi-
dence that CD52 is indeed a causal gene for asthma risk.58 Finally, 
Olafsdottir et al. reported a prioritized missense variant (rs2230624) 
in TNFRSF8 and a 3′ UTR variant in TGFBR1 (rs41283642) associ-
ated with decreased asthma risk.57 Rs2230624 reduced the protein 
surface expression and shedding in a human cell line model system 
of TNFRSF8 (also known as CD30), a co- stimulatory molecule ex-
pressed on T cells that is important for the induction of allergic air-
way inflammation in mice.174 Rs41283642 alters the recognition site 
of the miR- 142- 3p microRNA,57 which mediates regulation of TGF- β 
signaling and may thus contribute to asthma pathogenesis.175
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Altogether, several excellent GWAS follow- up studies have 
started to elucidate the impact of candidate causal genetic vari-
ants on the regulation of genes (potentially) relevant for asthma 
pathophysiology. However, the vast major of associated loci re-
main unexplored and current efforts have predominantly focused 
on protein- coding genes, despite the clear relevance of non- coding 
RNA species such as microRNAs and long non- coding RNAs in 
asthma pathogenesis176,177

9  |  CONCLUSIONS AND FUTURE 
DIREC TIONS

Asthma GWAS have identified 3129 SNP- trait associations linked 
to >140 loci, and EWAS has collectively identified thousands 
of disease- associated epigenetic variants. Increasing the size of 
GWAS/EWAS efforts will undoubtedly uncover additional asthma- 
associated variants and genes,178 although the extensive clinical 
heterogeneity of asthma as well as the underrepresentation of pop-
ulations of non- European descent represent significant challenges 
that future studies need to address. Performing GWAS/EWAS 
on homogeneous populations of more therapy- resistant T2- low, 
adult onset, obesity- associated asthma or asthma with specific co- 
morbidities could yield endotype- specific variants and offer novel 
biological insights.178 Indeed, well- powered GWAS have for example 
identified genetic variants specifically linked to childhood or adult- 
onset asthma56,60,179 and a smaller scale study identified (m)eQTLs 
specifically associated with obesity- associated asthma in children. In 
addition, well- powered and ethnically diverse studies also have the 
potential to improve the power of common variants to identify indi-
viduals at risk of developing asthma via polygenic risk scores, which 
can be used in the clinic for patient stratification and precision medi-
cine approaches.179,180 Through such approaches, GWAS/EWAS 
findings may also prove valuable as biomarkers in a clinical context, 
for example, by supporting patient phenotyping or for predicting risk 
of developing exacerbations and therapy response.33,181,182 Given 
that cost of (epi)genotyping assays have been rapidly decreasing, 
we envision that well- curated sets of (epi)genetic variants could in 
the future be employed in various clinical settings. Regarding EWAS 
findings, it should be noted that replication of these associations has 
remained challenging, likely due to relatively small cohort sizes and 
differences in the investigated cell types or tissues.76

Perhaps, the most significant challenge that we now face is how 
to capitalize on the wealth of available asthma GWAS/EWAS data. 
Given that human genetics evidence supports two- third of the 2021 
FDA- approved drugs183 and that drug targets with genetic support 
are twice as likely to get FDA approval,184 we believe it is import-
ant for the field to focus on the functional dissection of asthma- 
associated variants. Indeed, current asthma treatment modalities 
include biologicals that act on proteins that have been extensively 
associated to asthma in GWAS and EWAS data, including IL- 5, IgE, 
and TSLP.185– 188 However, very few associations have been thor-
oughly investigated to determine which variant(s) are causal, what 

molecular mechanisms underlie the impact of the genetic variants, 
and which biological pathways relevant for the risk of developing 
asthma are affected. Furthermore, in order to fully understand the 
mechanistic basis of asthma it is crucial to validate findings from as-
sociation studies in more sophisticated models like animal or primary 
cell- based models, rather than remaining at the association level. It 
will be important in this endeavor to not only focus on genes and 
pathways that are well- known to be relevant for asthma pathogene-
sis. Rather, loci should be explored with less clear links to the disease, 
as these may provide novel entry points for biomarker or therapy 
development.57,58 With an ever- increasing capacity for “omics” 
data generation and analysis, we propose to take full advantage of 
publicly available epigenomics and QTL resources to prioritize non- 
coding variants for functional follow- up studies to arrive at action-
able biological processes relevant for asthma pathophysiology.
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