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A disease-associated gene desert directs 
macrophage inflammation through ETS2

C. T. Stankey1,2,3,35, C. Bourges1,35, L. M. Haag4,35, T. Turner-Stokes1,2, A. P. Piedade1, 
C. Palmer-Jones5,6, I. Papa1, M. Silva dos Santos7, Q. Zhang8, A. J. Cameron9, A. Legrini9, 
T. Zhang9, C. S. Wood9, F. N. New10, L. O. Randzavola2, L. Speidel11,12, A. C. Brown13, A. Hall14,15, 
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D. Thorburn6,14, J. C. Knight13,30,31, A. P. Rochford5,6, C. D. Murray5,6, P. Divakar10, M. Green32, 
E. Nye32, J. I. MacRae7, N. B. Jamieson9, P. Skoglund11, M. Z. Cader16,33, C. Wallace16,34, 
D. C. Thomas16,33 & J. C. Lee1,5,6 ✉

Increasing rates of autoimmune and inflammatory disease present a burgeoning threat 
to human health1. This is compounded by the limited efficacy of available treatments1 
and high failure rates during drug development2, highlighting an urgent need to better 
understand disease mechanisms. Here we show how functional genomics could 
address this challenge. By investigating an intergenic haplotype on chr21q22—which 
has been independently linked to inflammatory bowel disease, ankylosing spondylitis, 
primary sclerosing cholangitis and Takayasu’s arteritis3–6—we identify that the causal 
gene, ETS2, is a central regulator of human inflammatory macrophages and delineate 
the shared disease mechanism that amplifies ETS2 expression. Genes regulated  
by ETS2 were prominently expressed in diseased tissues and more enriched for 
inflammatory bowel disease GWAS hits than most previously described pathways. 
Overexpressing ETS2 in resting macrophages reproduced the inflammatory state 
observed in chr21q22-associated diseases, with upregulation of multiple drug targets, 
including TNF and IL-23. Using a database of cellular signatures7, we identified drugs 
that might modulate this pathway and validated the potent anti-inflammatory activity 
of one class of small molecules in vitro and ex vivo. Together, this illustrates the  
power of functional genomics, applied directly in primary human cells, to identify 
immune-mediated disease mechanisms and potential therapeutic opportunities.

Nearly 5% of humans live with an autoimmune or inflammatory disease. 
These heterogeneous conditions, ranging from Crohn’s disease and 
ulcerative colitis (collectively inflammatory bowel disease (IBD)) to 
psoriasis and lupus, all require better therapies, but only 10% of drugs 
entering clinical development ever become approved treatments2. This 
high failure rate is mainly due to a lack of efficacy8 and reflects our poor 
understanding of disease mechanisms. Genetics provides a unique 

opportunity to address this, with hundreds of loci now directly linked 
to the pathogenesis of immune-mediated diseases9. Indeed, drugs 
that target pathways implicated by genetics have a far higher chance 
of being effective10.

However, to fully realize the potential of genetics, knowledge of 
where risk variants lie must be translated into an understanding of how 
they drive disease9. Animal models can help with this, especially for 
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coding variants in conserved genes11,12. Unfortunately, most risk vari-
ants do not lie in coding DNA, but in less-well-conserved, non-coding 
genomic regions. Resolving the biology at these loci is a formidable 
task, as the same DNA sequence can function differently depending 
on the cell type and/or external stimuli9. Most non-coding variants 
are thought to affect gene regulation13, but difficulties identifying 
causal genes, which may lie millions of bases away, and causal cell types, 
which may only express implicated genes under certain conditions, 
have hindered efforts to identify disease mechanisms. For example, 
although genome-wide association studies (GWASs) have identified 
over 240 IBD risk loci3, including several possible drug targets, fewer 
than 10 have been mechanistically resolved.

Molecular mechanisms at chr21q22
Some genetic variants predispose to multiple diseases, highlighting 
both their biological importance and an opportunity to study shared 
disease mechanisms. One notable example is an intergenic region on 
chromosome 21q22 (chr21q22), where the major allele haplotype pre-
disposes to five inflammatory diseases3–6. Such regions, which were 
originally termed ‘gene deserts’ owing to their lack of coding genes, 
often contain GWAS hits but are poorly understood. To test for a shared 
disease mechanism, we performed co-localization analyses and con-
firmed that the genetic basis for every disease was the same, meaning 
that a common causal variant(s) and a shared molecular effect was 
responsible (Fig. 1a and Extended Data Fig. 1). As these heterogeneous 
diseases are all immune mediated, we reasoned that this locus must 
contain a distal enhancer that functioned in immune cells. By examin-
ing H3K27ac chromatin immunoprecipitation–sequencing (ChIP–seq) 
data, which marks active enhancers and promoters, we identified a 
monocyte/macrophage-specific enhancer within the locus (Fig. 1b). 
Monocytes and macrophages have a key role in many immune-mediated 
diseases, producing cytokines that are often targeted therapeutically14.

We next sought to identify the gene regulated by this enhancer. 
Although the associated locus lacks coding genes, there are sev-
eral nearby candidates that have been highlighted in previous 
studies, including PSMG1, BRWD1 and ETS2 (refs. 3–6,15) (Fig. 1a). 
Using promoter-capture Hi-C and expression quantitative locus 
(eQTL) data from human monocytes (Methods), we found that the 
disease-associated locus physically interacts with the promoter of 
ETS2—the most distant candidate gene (around 290 kb away)—and 
that the risk haplotype correlates with higher ETS2 expression (Fig. 1c). 
Indeed, increased ETS2 expression in monocytes and macrophages, 
either at rest or after early exposure to bacteria, was found to have 
the same genetic basis as inflammatory disease risk (Extended Data 
Fig. 1c). To directly confirm that ETS2 was causal, we used CRISPR–Cas9 
to delete the 1.85 kb enhancer region in primary human monocytes 
before culturing these cells with inflammatory ligands, including TNF 
(a pro-inflammatory cytokine), prostaglandin E2 (a pro-inflammatory 
lipid) and Pam3CSK4 (a TLR1/2 agonist) (TPP model; Fig. 1d and 
Extended Data Fig. 2a–c). This model was designed to mimic chronic 
inflammation16, and better resembles disease macrophages than clas-
sical IFNγ-driven or IL-4-driven models17 (Extended Data Fig. 2). As flow 
cytometry antibodies were not available for the candidate genes, we 
used PrimeFlow to measure the dynamics of mRNA expression and 
detected increased levels of all three genes (ETS2, BRWD1 and PSMG1) 
after TPP stimulation of unedited monocytes (Fig. 1e). Deletion of the 
chr21q22 enhancer did not affect BRWD1 or PSMG1 expression, but the 
upregulation of ETS2 was profoundly reduced (Fig. 1f), confirming that 
this pleiotropic locus contains a distal ETS2 enhancer.

To identify the causal variant, we performed statistical fine-mapping 
in a large IBD GWAS3. Unfortunately, this did not resolve the asso-
ciation owing to high linkage disequilibrium between candidate 
single-nucleotide polymorphisms (SNPs) (Methods and Fig. 1g). We 
therefore used a functional approach to first delineate the active 

enhancers at the locus, and then assess whether any candidate SNPs 
might alter enhancer activity. This method, massively parallel reporter 
assay (MPRA), simultaneously tests enhancer activity in thousands of 
short DNA sequences by coupling each to a uniquely barcoded reporter 
gene18. Sequences that alter gene expression are identified by normal-
izing the barcode counts in mRNA, extracted from transfected cells, to 
their matching counts in the input DNA library. After adapting MPRA 
for primary macrophages (Methods and Extended Data Fig. 3), we 
synthesized a pool of overlapping oligonucleotides to tile the 2 kb 
region containing all candidate SNPs, and included oligonucleotides 
with either risk or non-risk alleles for every variant. The resulting library 
was transfected into inflammatory macrophages from multiple donors, 
ensuring that a physiological repertoire of transcription factors could 
interact with the genomic sequences. Using a sliding-window analy-
sis, we identified a single 442 bp focus of enhancer activity (chromo-
some 21: 40466236–40466677, hg19; Fig. 1h) that contained three 
(out of seven) candidate SNPs. Two of these polymorphisms were 
transcriptionally inert, but the third (rs2836882) had the strongest 
expression-modulating effect of any candidate SNP, with the risk allele 
(G) increasing transcription, consistent with the ETS2 eQTL (Fig. 1h 
and Extended Data Fig. 1b). This SNP was in the credible set of every 
co-localizing molecular trait, and lay within a macrophage PU.1 ChIP–
seq peak (Fig. 1i). PU.1 is a non-classical pioneer factor in myeloid cells19 
that can bind to DNA, initiate chromatin remodelling (thereby enabling 
other transcription factors to bind) and activate transcription20. To 
determine whether rs2836882 might affect PU.1 binding, we identi-
fied PU.1 ChIP–seq data from heterozygous macrophages and tested 
for allelic imbalances in binding. Despite not lying within a canoni-
cal PU.1 motif, strong allele-specific binding was detected, with over 
fourfold greater binding to the rs2836882 risk allele (Fig. 1i,j). This 
was replicated by genotyping PU.1-bound DNA in macrophages from 
five heterozygous donors (Extended Data Fig. 4a–f). Moreover, assay 
for transposase-accessible chromatin with sequencing (ATAC–seq) 
analysis of monocytes and macrophages from rs2836882 heterozy-
gotes revealed allelic differences in chromatin accessibility that were 
consistent with differential binding of a pioneer factor (Fig. 1k and 
Extended Data Fig. 4g).

To test for allele-specific enhancer activity at the endogenous locus, 
we performed H3K27ac ChIP–seq analysis of inflammatory mac-
rophages from rs2836882 major and minor allele homozygotes. While 
most chr21q22 enhancer peaks were similar between these donors, 
the enhancer activity overlying rs2836882 was significantly stronger 
in major (risk) allele homozygotes (Fig. 1l and Extended Data Fig. 4h), 
contributing to an approximate 2.5-fold increase in activity across the 
locus (Extended Data Fig. 4i). Collectively, these data reveal a mecha-
nism whereby the putative causal variant at chr21q22—identified by 
its functional effects in primary macrophages—promotes binding of a 
pioneer factor, enhances chromatin accessibility and increases activity 
of a distal ETS2 enhancer.

Macrophage inflammation requires ETS2
ETS2 is an ETS-family transcription factor and proto-oncogene21, but its 
exact role in human macrophages is unclear, with previous studies using 
either cell lines or complex mouse models and assessing a limited num-
ber of potential targets22–26. This has led to contradictory reports, with 
ETS2 being described as both necessary and redundant for macrophage 
development27,28, and both pro- and anti-inflammatory22–26. To clarify the 
role of ETS2 in human macrophages, and determine how dysregulated 
ETS2 expression might contribute to disease, we first used a CRISPR–
Cas9-based loss-of-function approach (Fig. 2a). To control for off-target 
effects, two gRNAs targeting different ETS2 exons were designed, vali-
dated and individually incorporated into Cas9 ribonucleoproteins 
for transfection into primary monocytes. These produced on-target 
editing in around 90% and 79% of cells, respectively, and effectively 
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reduced ETS2 expression (Extended Data Fig. 2d–f). Cell viability and 
macrophage marker expression were unaffected, suggesting that ETS2 
was not required for macrophage survival or differentiation (Extended 
Data Fig. 2g,h). By contrast, pro-inflammatory cytokine production, 
including IL-6, IL-8 and IL-1β, was markedly reduced after ETS2 disrup-
tion (Fig. 2b), whereas IL-10—an anti-inflammatory cytokine—was less 
affected. TNF was not assessed as it had been added exogenously. We 

next investigated whether other macrophage functions were affected. 
Using fluorescently labelled particles that are detectable by flow cytom-
etry, we found that phagocytosis was similarly impaired after ETS2 
disruption (Fig. 2c). We also tested extracellular reactive oxygen species 
(ROS) production—a major contributor to inflammatory tissue dam-
age29. Disrupting ETS2 profoundly reduced the macrophage oxidative 
burst—most likely by decreasing expression of key NADPH oxidase 

BRWD1 PSMG1

0

–0.25

–0.50

–0.75

D
ay

 0

D
ay

 3
D

ay
 4

D
ay

 5
D

ay
 6

D
ay

 0

D
ay

 3
D

ay
 4

D
ay

 5
D

ay
 6

D
ay

 0
D

ay
 3

D
ay

 4
D

ay
 5

D
ay

 6

0.50

0.25

6

6

6

6

6

6

chr21

40.2 Mb

40.3 Mb

40.4 Mb

40.5 Mb

40.6 Mb

40.7 Mb

Monocytes

B cells

CD4+ T cells

CD8+ T cells

Regulatory T cells

NK cells

Neutrophils

a

b

c

d

e

f

h

i

g

j

k

l

chr21 (Mb)

0.15

0.10

0.05

0

15

0

–0.05

–0.10

–0.15

0.8

0.9

1.0

1.11.2

G (risk)

NS

rs2836882

Padj = 9 × 10–7

rs9808651rs2836881
A AG (risk)

rs2836882
AG

0.9

1.0

1.1

NS

TG (risk)

0.8

0.9

1.0

1.1

40.455 40.46 40.47
chr21 (Mb)

40.4740.46540.4640.455

40.4740.46540.4640.455

Allele-speci�c enhancer activity

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

rs
28

36
88

2

PU.1 ChIP–seq allelic balance

More binding to
non-risk allele 

More binding to
risk allele 

Non-risk allele
counts (29)

Risk allele
counts (131)

GMCSF

3 days 3 days

GMCSF
Pam3CSK4

PGE2
TNF

Primary monocytes
In�ammatory

(TPP) macrophages 

chr21q22
3′ Cas9 RNP

chr21q22
5′ Cas9 RNP

rs4817986
(20.2%)

rs2836878
(14.5%)

rs2836883
(10.6%)

rs2836882
(16.4%)

rs9808651
(10.0%)

rs4817987
(11.3%)

rs2836881
(16.4%)

rs2836882

Risk allele homozygote

10

0

10

0

0

0

0

0

10

2.5

6

6

rs2836882

0

30

30

0

14

0

16

8

6
0

Day 0
Day 3
Day 4
Day 5
Day 6

–103 103 104 1050 –103 103 104 1050 –103 103 104 1050

PSMG1BRWD1ETS2

ETS2

P = 0.0014

ETS2
PSMG1
BRWD1Genes

ETS2
PSMG1
BRWD1Genes

0

11

IBD

–l
og

10
[P

]
(G

W
A

S
)

–l
og

10
[P

]
(G

W
A

S
)

–l
og

10
[P

]
(G

W
A

S
)

–l
og

10
[P

]
(G

W
A

S
)

IB
D

 G
W

A
S

(–
lo

g 10
[P

])

–l
og

10
[P

]
(im

m
un

oc
hi

p
)

PSC

AS

Takayasu's arteritis

ETS2 eQTL

0

Co-localization with IBD 

PP.H4 = 0.95
PP.H3 = 0.05

Co-localization with IBD 

PP.H4 = 0.99
PP.H3 = 0.01

Co-localization with IBD 

PP.H4 = 0.98
PP.H3 = 0.02

Co-localization with IBD 
Macrophage pcHi-C

PP.H4 = 0.98
PP.H3 = 0.02

chr21 (Mb)

chr21
(Mb)

rp
m

p
er

 b
p

P = 0.0001

20

40

rs2836882 A reads

chr21 (Mb)

rs2836882

rs2836882 G reads

40.46625

40.4662540.4657540.46525

R
ea

d
 d

ep
th

(1
03  

re
ad

s
p

er
 b

p
)

lo
g 2[

ex
p

re
ss

io
n-

m
od

ul
at

in
g 

ac
tiv

ity
]

lo
g 2-

tr
an

sf
or

m
ed

 r
el

at
iv

e
ex

p
re

ss
io

n 
(e

d
ite

d
/u

ne
d

ite
d

)

100

200

300

A
TA

C
–s

eq
 r

ea
d

s
(m

er
ge

d
) 

H
3K

27
ac

 C
hI

P
–s

eq
(r

p
m

 p
er

 b
p

)

D
iff

er
en

tia
l

C
hI

P
–s

eq
(–

lo
g 10

[P
])

A
TA

C
–s

eq
 r

ea
d

s
(in

d
iv

id
ua

l) 

40.46675

40.46675

MPRA enhancer

rs2836882Nearest predicted PU.1 motif

H
3K

27
ac

 C
hI

P
–s

eq
(r

p
m

 p
er

 b
p

)

40.465

Non-risk allele homozygote

Fig. 1 | Resolving molecular mechanisms at chr21q22. a, Disease associations 
at chr21q22. The red points denote the IBD 99% credible set. Co-localization 
results for each disease versus IBD. PP.H3, posterior probability of independent 
causal variants; PP.H4, posterior probability of shared causal variant. b, Immune 
cell H3K27ac ChIP–seq at chr21q22. IBD GWAS results are shown. NK cells, 
natural killer cells. rpm, reads per million. c, The ETS2 eQTL in resting monocytes, 
with co-localization versus IBD association. Macrophage promoter-capture 
Hi-C (pcHi-C) data at the disease-associated locus. d, Experimental schematic 
for studying the chr21q22 locus in inflammatory (TPP) macrophages. e, ETS2, 
BRWD1 and PSMG1 mRNA expression during TPP stimulation, measured using 
PrimeFlow RNA assays. Data are from one representative donor out of four.  
f, Relative ETS2, BRWD1 and PSMG1 expression (mean fluorescence intensity 
(MFI)) in chr21q22-edited macrophages versus unedited cells. n = 4. Data are 
mean ± s.e.m. Statistical analysis was performed using two-way analysis  
of variance (ANOVA)). g, SuSiE fine-mapping posterior probabilities for 
IBD-associated SNPs at chr21q22 (99% credible set). h, Macrophage MPRA at 
chr21q22. Data are oligo coverage (top), enhancer activity (sliding-window 

analysis with significant enhancer activity highlighted; middle) and expression- 
modulating effects of SNPs within the enhancer (bottom). For the box plots, the 
centre line shows the median, the box limits show the interquartile range, and 
the whiskers represent the minimum and maximum values. n = 8. False-discovery 
rate (FDR)-adjusted P values were calculated using QuASAR-MPRA (two-sided). 
i, Inflammatory macrophage PU.1 ChIP–seq peaks at chr21q22. Bottom, 
magnification of the location of rs2836882 and the nearest predicted PU.1 
motif. j, BaalChIP analysis of allele-specific PU.1 ChIP–seq binding at rs2836882 
in two heterozygous macrophage datasets (data are mean ± 95% posterior 
distribution of allelic balance). Total counts shown as a pie chart. k, Allele-specific 
ATAC–seq reads at rs2836882 in monocytes from 16 heterozygous donors 
(including healthy controls and patients with ankylosing spondylitis). Statistical 
analysis was performed using two-sided Wilcoxon matched-pair tests. l, H3K27ac 
ChIP–seq data from risk (top) or non-risk (bottom) allele homozygotes at 
rs2836882. Data are shown from two out of four donors. FDR-corrected P values 
were calculated using MEDIPS (two-sided). The diagrams in d and e were created 
using BioRender.



4 | Nature | www.nature.com

Article

components (Fig. 2d and Extended Data Fig. 5a). Together, these data 
suggest that ETS2 is essential for multiple inflammatory functions in 
human macrophages.

To understand the molecular basis for these effects, we performed 
RNA sequencing (RNA-seq) of ETS2-edited and unedited inflammatory 
macrophages from multiple donors. Disrupting ETS2 led to widespread 
transcriptional changes, with reduced expression of many inflam-
matory genes (Fig. 2e). These included cytokines (such as TNFSF10/
TRAIL, TNFSF13, IL1A and IL1B), chemokines (such as CXCL3, CXCL5, 
CCL2 and CCL5), secreted effector molecules (such as S100A8, S100A9, 
MMP14 and MMP9), cell surface receptors (such as FCGR2A, FCGR2C 
and TREM1), pattern-recognition receptors (such as TLR2, TLR6 and 
NOD2) and signalling molecules (such as MAP2K, GPR84 and NLRP3). 
To better characterize the pathways affected, we performed gene set 
enrichment analysis (fGSEA) using the Gene Ontology (GO) Biological 
Pathways dataset. This corroborated the functional deficits, with the 
most negatively enriched pathways (downregulated by ETS2 disrup-
tion) being related to macrophage activation, inflammatory cytokine 
production, phagocytosis and ROS production (Fig. 2f). Genes involved 
in macrophage migration were also downregulated, but those relat-
ing to monocyte-to-macrophage differentiation were unaffected— 
consistent with ETS2 being required for inflammatory functions but not 
for monocyte-derived macrophage development. Fewer genes were 
upregulated after ETS2 disruption (Fig. 2e), but positive enrichment was 
noted for aerobic respiration and oxidative phosphorylation (OXPHOS; 
Fig. 2f)—metabolic processes that are linked to anti-inflammatory 
phenotypes30. Notably, these transcriptional effects were not due to 

major changes in chromatin accessibility, although enhancer activity 
was generally reduced (Extended Data Fig. 2j,k). As expected, dele-
tion of the chr21q22 enhancer phenocopied both the transcriptional 
and functional effects of disrupting ETS2 (Fig. 2g and Extended Data 
Fig. 5a–e). Collectively, these data identify an essential role for ETS2 
in macrophage inflammatory responses, which could explain why 
dysregulated ETS2 expression predisposes to disease. Indeed, differ-
ential expression of ETS2-regulated genes was observed in resting 
(M0) macrophages from patients with IBD stratified by rs2836882 
genotype (matched for age, sex, therapy and disease activity) (Extended  
Data Fig. 5f).

ETS2 coordinates macrophage inflammation
We next studied the effects of increasing ETS2 expression, as this is what 
drives disease risk. To do this, we optimized a method for controlled 
overexpression of target genes in primary macrophages through trans-
fection of in vitro transcribed mRNA that was modified to minimize 
immunogenicity (Fig. 3a, Methods and Extended Data Fig. 3f). Resting, 
non-activated macrophages were transfected with ETS2 mRNA or its 
reverse complement, thereby controlling for mRNA quantity, length 
and purine/pyrimidine composition (Fig. 3b). After transfection, cells 
were exposed to low-dose lipopolysaccharide to initiate a low-grade 
inflammatory response that could potentially be amplified (Fig. 3a). We 
found that overexpressing ETS2 increased pro-inflammatory cytokine 
secretion, while IL-10 was again less affected (Extended Data Fig. 3g). 
To better characterize this response, we performed RNA-seq and 
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re-examined the inflammatory pathways that required ETS2. Notably, all 
of these pathways—including macrophage activation, cytokine produc-
tion, ROS production, phagocytosis and migration—were induced in a 
dose-dependent manner by ETS2 overexpression, with greater enrich-
ment of every pathway when more ETS2 mRNA was transfected (Fig. 3c). 
This shows that ETS2 is both necessary and sufficient for inflammatory 
responses in human macrophages, consistent with being a central 
regulator of effector functions, with dysregulation directly linked to  
disease.

ETS2 has a key pathogenic role in IBD
To test whether ETS2 contributes to macrophage phenotypes in 
disease, we compared the effects of overexpressing ETS2 in resting 
macrophages with a single-cell RNA-seq (scRNA-seq) signature from 
intestinal macrophages in Crohn’s disease31. ETS2 overexpression 
induced a transcriptional state that closely resembled disease mac-
rophages, with core (leading edge) enrichment of most signature genes, 

including several therapeutic targets (Fig. 3d). Similar enrichment was 
observed with myeloid signatures from other chr21q22-associated 
diseases and, to a lesser extent, from active bacterial infection, 
but not for signatures from influenza and tumour macrophages, 
suggesting that ETS2 was not simply inducing generic activation  
(Fig. 3e).

Given the central role of ETS2 in inflammatory macrophages and 
the importance of these cells in disease, we hypothesized that other 
genetic associations would also implicate this pathway. A major goal 
of GWAS was to identify disease pathways, but this has proven to be 
challenging due to a paucity of confidently identified causal genes 
and variants9. To determine whether the macrophage ETS2 pathway 
was enriched for disease genetics, we focused on IBD as this has more 
GWAS hits than any other chr21q22-associated disease. Encouragingly, 
a network of 33 IBD-associated genes in intestinal mucosa was previ-
ously found to be enriched for predicted ETS2 motifs32. Examining 
the genes that were consistently downregulated in ETS2-edited mac-
rophages (adjusted P (Padj) < 0.05 for both gRNAs), we identified over 
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20 IBD-risk-associated genes, including many thought to be causal 
at their respective loci3,33 (Extended Data Table 1). These included 
genes that are known to affect macrophage biology (such as SP140, 
LACC1, CCL2, CARD9, CXCL5, TLR4, SLAMF8 and FCGR2A) and some 
that are highly expressed in macrophages but not linked to specific 
pathways (such as ADCY7, PTPRC, TAGAP, PTAFR and PDLIM5). A poly-
genic risk score comprising these variants associated with features 
of more severe IBD across 18,249 patients, including earlier disease 
onset, increased the need for surgery, and stricturing or fistulating 
complications in Crohn’s disease (Extended Data Fig. 6a–h). To bet-
ter test the enrichment of IBD GWAS hits in ETS2-mediated inflam-
mation, and compare this with known disease pathways, we used 
SNPsea34—a method to identify pathways affected by disease loci. In 
total, 241 IBD loci were tested for enrichment in 7,658 GO Biological 
Pathways and 2 overlapping lists of ETS2-regulated genes (either 
those downregulated by ETS2 disruption or upregulated by ETS2 
overexpression). Statistical significance was computed using 5 mil-
lion matched null SNP sets, and pathways implicated by IBD genet-
ics were extracted for comparison. Notably, IBD-associated SNPs 
were more significantly enriched in the macrophage ETS2 pathway 
than in many IBD pathways, with not a single null SNP set being more 
enriched in either ETS2-regulated gene list (Fig. 3f and Extended Data 
Fig. 6i). SNPs associated with primary sclerosing cholangitis (PSC), 
ankylosing spondylitis and Takayasu’s arteritis were also enriched 
in ETS2-target genes (Extended Data Fig. 6j). Collectively, this sug-
gests that macrophage ETS2 signalling has a central role in multiple 
inflammatory diseases.

ETS2 has distinct inflammatory effects
We next investigated how ETS2 might control such diverse macrophage 
functions. Studying ETS2 biology is challenging because no ChIP-grade 
antibodies exist, precluding direct identification of its transcriptional 
targets. We therefore first used a guilt-by-association approach to 
identify genes that were co-expressed with ETS2 across 67 human 
macrophage activation conditions (comprising 28 stimuli and vari-
ous durations of exposure)16. This identified PFKFB3—encoding the 
rate-limiting enzyme of glycolysis—as the most highly co-expressed 
gene, with HIF1A also highly co-expressed (Fig. 4a). Together, these 
genes facilitate a ‘glycolytic switch’ that is required for myeloid inflam-
matory responses35. We therefore hypothesized that ETS2 might con-
trol inflammation through metabolic reprogramming—a possibility 
supported by OXPHOS genes being negatively correlated with ETS2 
(Fig. 4a) and upregulated after ETS2 disruption (Fig. 2f). To assess the 
metabolic consequences of disrupting ETS2, we quantified label incor-
poration from 13C-glucose in edited and unedited TPP macrophages 
using gas chromatography coupled with mass spectrometry (GC–MS). 
Widespread modest reductions in labelled and total glucose metabo-
lites were detected after ETS2 disruption (Fig. 4b and Extended Data 
Fig. 7a–c). This affected both glycolytic and tricarboxylic acid (TCA) 
cycle metabolites, with significant reductions in lactate, a hallmark 
of anaerobic glycolysis, and succinate, a key inflammatory metabo-
lite36. These results are consistent with glycolytic suppression, with 
reductions in TCA metabolites being due to reduced flux into TCA and 
increased consumption by mitochondrial OXPHOS37. To determine 
whether metabolic changes accounted for ETS2-mediated inflamma-
tory effects, we treated ETS2-edited macrophages with roxadustat—
a HIF1α stabilizer that promotes glycolysis. This had the predicted 
effect on glycolysis and OXPHOS genes, but did not rescue the effects 
of ETS2 disruption, either transcriptionally or functionally (Fig. 4c and 
Extended Data Fig. 7d,e). Thus, while disrupting ETS2 impairs mac-
rophage glycometabolism, this does not fully explain the differences 
in inflammation.

We therefore revisited whether we could directly identify ETS2- 
target genes. As ChIP–seq involves steps that can alter protein epitopes 

and prevent antibody binding (such as fixation) we tested whether 
any anti-ETS2 antibodies might work for cleavage under targets and 
release using nuclease (CUT&RUN), which does not require these 
steps. One antibody identified multiple significantly enriched genomic 
regions (peaks), of which 6,560 were reproducibly detected across 
two biological replicates with acceptable quality metrics38 (Fig. 4d). 
These peaks were mostly located in active regulatory regions (90% in 
promoters or enhancers; Fig. 4d,e) and were highly enriched for both 
a canonical ETS2 motif (4.02-fold versus global controls; Fig. 4f) and 
for motifs of known ETS2 interactors, including FOS, JUN and NF-κB39 
(Extended Data Fig. 7f). After combining the biological replicates to 
improve peak detection, we identified ETS2 binding at genes involved 
in multiple inflammatory functions, including NCF4 (ROS produc-
tion), NLRP3 (inflammasome activation) and TLR4 (bacterial pattern 
recognition) (Fig. 4g). Overall, 48.3% (754 out of 1,560) of genes dys-
regulated after ETS2 disruption and 50.3% (1,078 out of 2,153) of genes 
dysregulated after ETS2 overexpression contained an ETS2-binding 
peak within their core promoter or cis-regulatory elements (Fig. 4h). 
Notably, ETS2 targets included HIF1A, PFKFB3 and other glycolytic 
genes (such as GPI, HK2 and HK3), consistent with the observed meta-
bolic changes being directly induced as part of this complex inflam-
matory programme. Notably, we also detected ETS2 binding at the 
chr21q22 enhancer (Fig. 4i). This is consistent with reports that PU.1 
and ETS2 can interact synergistically40, and suggests that ETS2 might 
contribute to the activity of its own enhancer. Indeed, manipulating 
ETS2 expression altered enhancer activity in a manner consistent with 
positive autoregulation (Extended Data Fig. 7g–i). Together, these data 
implicate ETS2 as a central regulator of monocyte and macrophage 
inflammatory responses that is able to direct a multifaceted effector 
programme and create a metabolic environment that is permissive 
for inflammation.

Targeting the ETS2 pathway in disease
To assess how ETS2 affects macrophage heterogeneity in diseased 
tissue, and whether this could be targeted therapeutically, we exam-
ined intestinal scRNA-seq data from patients with Crohn’s disease 
and healthy control individuals41. Within myeloid cells, seven clus-
ters were detected and identified using established markers and/or 
previous literature (Fig. 5a,b). Inflammatory macrophages (cluster 1, 
expressing CD209, CCL4, IL1B and FCGR3A) and inflammatory mono-
cytes (cluster 2, expressing S100A8/A9, TREM1, CD14 and MMP9) 
were expanded in disease, as previously described42, and expressed 
ETS2 and ETS2-regulated genes more highly than other clusters, 
including tissue-resident macrophages (cluster 0, expressing C1QA, 
C1QB, FTL and CD63) and conventional dendritic cells (cluster 5, 
expressing CLEC9A, CADM1 and XCR1) (Fig. 5a,b and Extended Data 
Fig. 8a). Using spatial transcriptomics, a similar increase in inflam-
matory macrophages was observed in PSC liver tissue, with these 
cells being closely apposed to cholangiocytes—the main target of 
pathology (Fig. 5c–e). Notably, expression of ETS2-regulated genes 
was higher the closer macrophages were to cholangiocytes (Fig. 5f 
and Extended Data Fig. 8b). Indeed, using bulk RNA-seq data, we 
found that the transcriptional footprint of ETS2 was detectable in 
affected tissues from multiple chr21q22-associated diseases (Extended  
Data Fig. 8c).

We next examined whether this pathway could be targeted phar-
macologically. Specific ETS2 inhibitors do not exist and structural 
analyses indicate that there is no obvious allosteric inhibitory mecha-
nism43. We therefore used the NIH LINCS database to identify drugs that 
might modulate ETS2 activity7. This contains over 30,000 differentially 
expressed gene lists from cell lines exposed to around 6,000 small 
molecules. Using fGSEA, 906 signatures mimicked the effect of disrupt-
ing ETS2 (Padj < 0.05), including several approved IBD therapies. The 
largest class of drugs was MEK inhibitors (Fig. 5g), which are licensed 
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for non-inflammatory human diseases (such as neurofibromatosis). 
This result was not due to a single compound, but rather a class effect 
with multiple MEK1/2 inhibitors downregulating ETS2-target genes 
(Fig. 5h). This made biological sense, as MEK1/2, together with several 

other targets identified, are known regulators of ETS-family transcrip-
tion factors (Fig. 5g). Some of these compounds have shown benefit in 
animal colitis models44, although this is often a poor indicator of clinical 
efficacy, as several IBD treatments are ineffective in mice and many 
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compounds that improve mouse models are ineffective in humans45. 
To test whether MEK inhibition abrogates ETS2-driven inflammation in 
human macrophages, we treated TPP macrophages with PD-0325901, a 

selective non-ATP competitive MEK inhibitor. Potent anti-inflammatory 
activity was observed that phenocopied the effects of disrupting ETS2  
or the chr21q22 enhancer (Fig. 5i,j and Extended Data Fig. 9a–c).  
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Fig. 5 | ETS2-driven inflammation is evident in disease and can be 
therapeutically targeted. a, Myeloid cell clusters in intestinal scRNA-seq  
from Crohn’s disease and health (top). Middle, scaled expression of ETS2- 
regulated genes (downregulated by ETS2 disruption). Bottom, the source of 
cells (disease or health). b, Scaled expression of selected genes. c, Spatial 
transcriptomics of PSC and healthy liver. n = 4. The images show representative 
fields of view (0.51 mm × 0.51 mm) with cell segmentation and semisupervised 
clustering. The main key (left and middle below images) denotes InSituType 
cell types; clusters a–e (far right key) are unannotated cell populations. Hep., 
hepatocyte; LSECs, liver sinusoidal endothelial cells; non-inflamm. macs, 
non-inflammatory macrophages. d, The number of macrophages within the 
indicated distances of cholangiocytes. e, The distance from cholangiocytes  
to the nearest macrophage. Data are shown as Tukey box and whisker plots. 
Statistical analysis was performed using two-tailed Mann–Whitney U-tests. 
Data in d and e are from 10,532 PSC and 13,322 control cholangiocytes. f, Scaled 
expression of ETS2-regulated genes in 21,067 PSC macrophages at defined 
distances from cholangiocytes (excluding genes used to define macrophage 

subsets). g, Classes of drugs that phenocopy ETS2 disruption (from the NIH 
LINCS database). h, fGSEA results for NIH LINCS drug signatures. Significant 
MEK inhibitor signatures are coloured by molecule. i, The log2[fold change]  
of differentially expressed genes after chr21q22 enhancer deletion, plotted 
against their fold change after MEK inhibition. The percentages indicate the 
proportion of upregulated (red) and downregulated genes (blue). The coloured 
points (blue or red) were differentially expressed after MEK inhibition  
(FDR < 0.1). j, fGSEA of differentially expressed genes between MEK-inhibitor- 
treated and control TPP macrophages. Results are shown for pathways 
downregulated by ETS2 disruption. The dot size denotes the unadjusted P value 
(two-sided) and the colour denotes the NES. k, IBD biopsy cytokine release  
with PD-0325901, infliximab or vehicle control. l, GSVA enrichment scores for 
chr21q22-downregulated genes in IBD biopsies after MEK inhibition. m, GSVA 
enrichment scores of a biopsy-derived molecular inflammation score (bMIS). 
Data are mean ± 95% CI (f and l) and mean ± s.e.m. (k and m). Statistical analysis 
was performed using two-sided paired t-tests. n = 10 (k), n = 9 (l). **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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To further assess the therapeutic potential, we cultured intestinal  
biopsies from active, untreated IBD with either a MEK inhibitor or a 
negative or positive control (Methods). MEK inhibition reduced inflam-
matory cytokine release to similar levels as infliximab (an anti-TNF  
antibody that is widely used for IBD; Fig. 5k). Moreover, ETS2-regulated 
gene expression was reduced (Fig. 5l and Extended Data Fig. 9d) and 
there was improvement in a transcriptional inflammation score46 
(Fig. 5m). Together, these data show that targeting an upstream 
regulator of ETS2 can abrogate pathological inflammation in a 
chr21q22-associated disease, and may be useful therapeutically.

Discussion
Arguably the greatest challenge in modern genetics is to translate 
the success of GWAS into a better understanding of disease. Here, by 
studying a pleiotropic disease locus, we identify a central regulator of 
human macrophage inflammation and a pathogenic pathway that is 
potentially druggable. These findings also provide clues to the gene– 
environment interactions at this locus, highlighting a potential role for 
ETS2 in macrophage responses to bacteria. This would provide a balanc-
ing selection pressure that might explain why the risk allele remains so 
common (frequency of around 75% in Europeans and >90% in Africans) 
despite first being detected in archaic humans over 500,000 years ago 
(Extended Data Fig. 10).

Although ETS2 was reported to have pro-inflammatory effects on 
individual genes24,25, the full extent of its inflammatory programme—
with effects on ROS production, phagocytosis, glycometabolism and 
macrophage activation—was unclear. Moreover, without direct proof 
of ETS2 targets, nor studies in primary human cells, it was difficult to 
reconcile reports of anti-inflammatory effects at other genes23,26. By 
systematically characterizing the effects of ETS2 disruption and overex-
pression in human macrophages, we identify an essential role in inflam-
mation, delineate the mechanisms involved and show how ETS2 can 
induce pathogenic macrophage phenotypes. Increased ETS2 expression 
may also contribute to other human pathology. For example, Down’s 
syndrome (trisomy 21) was recently described as a cytokinopathy47, 
with basal increases in multiple inflammatory cytokines, including 
several ETS2 targets (such as IL-1β, TNF and IL-6). Whether the addi-
tional copy of ETS2 contributes to this phenotype is unknown, but 
warrants further study.

Blocking individual cytokines is a common treatment strategy in 
inflammatory disease14, but emerging evidence suggests that targeting 
several cytokines at once may be a better approach48. Blocking ETS2 
signalling through MEK1/2 inhibition affects multiple cytokines, includ-
ing TNF and IL-23, which are targets of existing therapies, and IL-1β, 
which is linked to treatment resistance49 and not directly modulated 
by other small molecules (such as JAK inhibitors). However, long-term 
MEK inhibitor use may not be ideal owing to the physiological roles of 
MEK in other tissues, with multiple side-effects having been reported50. 
Targeting ETS2 directly—for example, through PROTACs—or selectively 
delivering MEK inhibitors to macrophages through antibody–drug 
conjugates could overcome this toxicity, and provide a safer means 
of blocking ETS2-driven inflammation.

In summary, using an intergenic GWAS hit as a starting point, we have 
identified a druggable pathway that is both necessary and sufficient 
for human macrophage inflammation. Moreover, we show how genetic 
dysregulation of this pathway—through perturbation of pioneer fac-
tor binding at a critical long-range enhancer—predisposes to multiple 
diseases. This highlights the considerable, yet largely untapped, oppor-
tunity to resolve disease biology from non-coding genetic associations.
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Methods

Analysis of existing data relating to chr21q22
IBD GWAS summary statistics3 were used to perform multiple causal 
variant fine-mapping using susieR51, with reference minor allele and 
LD information calculated from 503 European samples from 1000 
Genomes phase 3 (ref. 52). All R analyses used v.4.2.1. Palindromic SNPs 
(A/T or C/G) and any SNPs that did not match by position or alleles were 
pruned before imputation using the ssimp equations reimplemented in 
R. This did not affect any candidate SNP at chr21q22. SuSiE fine-mapping 
results were obtained for ETS2 (identifier ENSG00000157557 or 
ILMN_1720158) in monocyte/macrophage datasets from the eQTL 
Catalogue53. Co-localization analyses were performed comparing 
the chr21q22 IBD association with summary statistics from other 
chr21q22-associated diseases3–6 and monocyte/macrophage eQTLs54–58 
to determine whether there was a shared genetic basis for these dif-
ferent associations. This was performed using coloc (v.5.2.0)59 using 
a posterior probability of H4 (PP.H4.abf) > 0.5 to call co-localization.

Raw H3K27ac ChIP–seq data from primary human immune cells were 
downloaded from Gene Expression Omnibus (GEO series GSE18927 and 
GSE96014) and processed as described previously60 (code provided in 
the ‘Code availability’ section).

Processed promoter-capture Hi-C data61 from 17 primary immune 
cell types were downloaded from OSF (https://osf.io/u8tzp) and cell 
type CHiCAGO scores for chr21q22-interacting regions were extracted.

Monocyte-derived macrophage differentiation
Leukocyte cones from healthy donors were obtained from NHS Blood 
and Transplant (Cambridge Blood Donor Centre, Colindale Blood Cen-
tre or Tooting Blood Donor Centre). Peripheral blood mononuclear 
cells (PBMCs) were isolated by density centrifugation (Histopaque 
1077, Sigma-Aldrich) and monocytes were positively selected using 
CD14 Microbeads (Miltenyi Biotec). Macrophage differentiation was 
performed either using conditions that model chronic inflammation 
(TPP)16: 3 days GM-CSF (50 ng ml−1, Peprotech) followed by 3 days 
GM-CSF, TNF (50 ng ml−1, Peprotech), PGE2 (1 μg ml−1, Sigma-Aldrich) 
and Pam3CSK4 (1 μg ml−1, Invivogen); or, to produce resting (M0) mac-
rophages: 6 days M-CSF (50 ng ml−1, Peprotech). All cultures were per-
formed at 37 °C under 5% CO2 in antibiotic-free RPMI1640 medium 
containing 10% FBS, GlutaMax and MEM non-essential amino acids 
(all Thermo Fisher Scientific). Cells were detached using Accutase 
(BioLegend).

Identifying a model of chronic inflammatory macrophages
Human monocyte/macrophage gene expression data files (n = 314) 
relating to 28 different stimuli with multiple durations of exposure 
(collectively comprising 67 different activation conditions) were 
downloaded from the GEO (GSE47189) and quantile normalized. Data 
from biological replicates were summarized to the median value for 
every gene. Gene set variation analysis62 (using the GSVA package in R) 
was performed to identify the activation condition that most closely 
resembled CD14+ monocytes/macrophages from active IBD using 
disease-associated lists of differentially expressed genes63.

CRISPR–Cas9 editing of primary human monocytes
gRNA sequences were designed using CRISPick and synthesized 
by IDT (Supplementary Table 3). Alt-R CRISPR–Cas9 negative con-
trol crRNA 1 (IDT) was used as a non-targeting control. Cas9–gRNA 
ribonucleoproteins were assembled as described previously60 and 
nucleofected into 5 × 106 monocytes in 100 μl nucleofection buffer 
(Human Monocyte Nucleofection Kit, Lonza) using a Nucleofector 
2b (Lonza, program Y-001). After nucleofection, monocytes were 
immediately transferred into 5 ml of prewarmed culture medium in a 
six-well plate, and differentiated into macrophages under TPP condi-
tions. The editing efficiency was quantified by PCR amplification of the 

target region in extracted DNA. All primer sequences are provided in 
Supplementary Table 3. The editing efficiency at the chr21q22 locus 
was measured by quantification of amplified fragments (2100 Bioana-
lyzer, Agilent) as previously described60. The editing efficiency for indi-
vidual gRNAs was assessed using the Inference of CRISPR Edits tool64  
(ICE, Synthego).

PrimeFlow RNA assay
RNA abundance was quantified by PrimeFlow (Thermo Fisher Scien-
tific) in chr21q22-edited and unedited (NTC) cells on days 0, 3, 4, 5 and 
6 of TPP differentiation. Target probes specific for ETS2 (Alexa Fluor 
647), BRWD1 (Alexa Fluor 568) and PSMG1 (Alexa Fluor 568) were used 
according to the manufacturer’s instructions. Data were collected using 
FACS Diva software and analysed using FlowJo v10 (BD Biosciences).

MPRA
Overlapping oligonucleotides containing 114 nucleotides of genomic 
sequence were designed to tile the region containing chr21q22 candi-
date SNPs (99% credible set) at 50 bp intervals. Six technical replicates 
were designed for every genomic sequence, each tagged by a unique 
11-nucleotide barcode. Additional oligonucleotides were included to 
test the expression-modulating effect of every candidate SNP in the 99% 
credible set. Allelic constructs were designed as described previously60 
and tagged by 30 unique 11-nucleotide barcodes. Positive and nega-
tive controls were included as described previously60. 170-nucleotide 
oligonucleotides were synthesized as part of a larger MPRA pool (Twist 
Biosciences) containing the 16-nucleotide universal primer site ACTGG 
CCGCTTCACTG, 114-nucleotide variable genomic sequence, KpnI and 
XbaI restriction sites (TGGACCTCTAGA), an 11-nucleotide barcode 
and the 17-nucleotide universal primer site AGATCGGAAGAGCGTCG. 
Cloning into the MPRA vector was performed as described previ-
ously60. A suitable promoter for the MPRA vector (RSV) was identi-
fied by testing promoter activities in TPP macrophages. The MPRA 
vector library was nucleofected into TPP macrophages (5 μg vector 
into 5 × 106 cells) in 100 μl nucleofection buffer (Human Macrophage 
Nucleofection Kit, Lonza) using a Nucleofector 2b (program Y-011). 
To ensure adequate barcode representation, a minimum of 2 × 107 
cells was nucleofected for every donor (n = 8). After 24 h, RNA was 
extracted and sequencing libraries were made from mRNA or DNA 
input vector as described previously60. Libraries were sequenced on 
the Illumina HiSeq2500 high-output flow-cell (50 bp, single-end reads). 
Data were demultiplexed and converted to FASTQ files using bcl2fastq 
and preprocessed as previously described using FastQC60. To iden-
tify regions of enhancer activity, a paired t-test was first performed 
to identify genomic sequences that enhanced transcription and a 
sliding-window analysis (300 bp window) was then performed using 
the les package in R. Expression-modulating variants were identified 
using QuASAR-MPRA65, as described previously60.

BaalChIP
Publicly available PU.1 ChIP–seq datasets from human macrophages 
were downloaded from GEO, and BAM files were examined (IGV genome 
browser) to identify heterozygous samples (that is, files containing 
both A and G allele reads at chr21:40466570; hg19). Two suitable sam-
ples were identified (GSM1681423 and GSM1681429) and used for a 
Bayesian analysis of allelic imbalances in PU.1 binding (implemented 
in the BaalChIP package66 in R) with correction for biases introduced 
by overdispersion and biases towards the reference allele.

Allele-specific PU.1 ChIP genotyping
A 100 ml blood sample was taken from five healthy rs2836882 het-
erozygotes (assessed by Taqman genotyping; Thermo Fisher Sci-
entific). All of the participants provided written informed consent. 
Ethical approval was provided by the London–Brent Regional Ethics 
Committee (21/LO/0682). Monocytes were isolated from PBMCs using 
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CD14 Microbeads (Miltenyi Biotec) and differentiated into inflamma-
tory macrophages using TPP conditions16. After differentiation, mac-
rophages were detached and cross-linked for 10 min in fresh medium 
containing 1% formaldehyde. Cross-linking was quenched with glycine 
(final concentration 0.125 M, 5 min). Nucleus preparation and shearing 
were performed as described previously60 with 10 cycles sonication 
(30 s on/30 s off, Bioruptor Pico, Diagenode). PU.1 was immunopre-
cipitated overnight at 4 °C using a polyclonal anti-PU.1 antibody (1:25; 
Cell Signaling) using the SimpleChIP Plus kit (Cell Signaling). The ratio 
of rs2836882 alleles in the PU.1-bound DNA was quantified in dupli-
cate by TaqMan genotyping (assay C 2601507_20). A standard curve 
was generated using fixed ratios of geneblocks containing either the 
risk or non-risk allele (200-nucleotide genomic sequence centred on 
rs2836882; Genewiz).

PU.1 MPRA ChIP–seq
The MPRA vector library was transfected into TPP macrophages from 
six healthy donors. Assessment of PU.1 binding to SNP alleles was per-
formed as described previously60, with minimal sonication (to remove 
contaminants without chromatin shearing). Immunoprecipitation was 
performed as described above. Sequencing libraries were prepared 
as for MPRA and sequenced on the MiSeq system (50 bp, single-end  
reads).

ATAC–seq analysis
ATAC–seq in ETS2-edited and unedited TPP macrophages was per-
formed using the Omni-ATAC protocol67 with the following modifica-
tions: the cell number was increased to 75,000 cells; the cell lysis time 
was increased to 5 min; the volume of Tn5 transposase in the transposi-
tion mixture was doubled; and the duration of the transposition step 
was extended to 40 min. Amplified libraries were cleaned using AMPure 
XP beads (Beckman Coulter) and sequenced on the NovaSeq6000 sys-
tem (100 bp paired-end reads). Data were processed as described pre-
viously68. Differential ATAC–seq analysis was performed as described 
previously using edgeR and TMM normalization69. Allele-specific ATAC–
seq analysis was performed in 16 heterozygous monocyte datasets from 
healthy controls and patients with ankylosing spondylitis70 and in 2 
deeply sequenced heterozygous TPP macrophage samples. For these 
analyses, sequencing reads at rs2836882 were extracted from preproc-
essed data using splitSNP (https://github.com/astatham/splitSNP) (see 
the ‘Code availability’ section).

H3K27ac ChIP–seq
H3K27ac ChIP–seq was performed as described previously60 using an 
anti-H3K27ac antibody (1:250, Abcam) or an isotype control (1:500, 
rabbit IgG, Abcam). Sequencing libraries from TPP macrophages from 
major and minor allele homozygotes at rs2836882 (identified through 
the NIHR BioResource, n = 4) were sequenced on the HiSeq4000 sys-
tem (50 bp, single-end reads). Sequencing libraries from ETS2-edited 
and unedited TPP macrophages (n = 3) or resting M0 macrophages 
overexpressing ETS2 or control mRNA (n = 3) were sequenced on the 
NovaSeq6000 system (100 bp, paired-end reads). Raw data were pro-
cessed, quality controlled and analysed as described previously using 
the Burrows-Wheeler Aligner60. Unpaired differential ChIP–seq analy-
sis, to compare rs2836882 genotypes, was performed using MEDIPS71 
by dividing the 560 kb region around rs2836882 (chr21:40150000–
40710000, hg19) into 5 kb bins. Paired differential ChIP–seq analyses, 
to assess the effect of perturbing ETS2 expression on enhancer activ-
ity, were performed using edgeR with TMM normalization69,72 (with 
donor as covariate). Genome-wide analyses used consensus MACS2 
peaks. Superenhancer activity was evaluated using Rank-Ordering of 
Super-Enhancers (ROSE). Chr21q22-based analyses used the enhancer 
coordinates that exhibited allele-specific activity (chr21:40465000–
40470000, hg19). Code is provided for all data analysis (see the ‘Code 
availability’ section).

Assays of macrophage effector functions
Flow cytometry. Expression of myeloid markers was assessed using  
flow cytometry (BD LSRFortessa X-20) with the following panel: 
CD11b PE/Dazzle 594 (BioLegend), CD14 evolve605 (Thermo Fisher 
Scientific), CD16 PerCP (BioLegend), CD68 FITC (BioLegend), Live/
Dead Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific) and 
Fc Receptor Blocking Reagent (Miltenyi). All antibodies were used 
at a dilution of 1:40; Live/Dead stained was used at 1:400 dilution. 
Data were collected using FACS Diva and analysed using FlowJo v.10  
(BD Biosciences).

Cytokine quantification. Supernatants were collected on day 6 of 
TPP macrophage culture and frozen. Cytokine concentrations were 
quantified in duplicate by electrochemiluminescence using assays 
(Meso Scale Diagnostics, DISCOVERY WORKBENCH v.4.0).

Phagocytosis. Phagocytosis was assessed using fluorescently  
labelled Zymosan particles (Green Zymosan, Abcam) according to 
the manufacturer’s instructions. Cells were seeded at 105 cells per well 
in 96-well round-bottom plates. Cytochalasin D (10 μg ml−1, Thermo 
Fisher Scientific) was used as a negative control. Phagocytosis was 
quantified by flow cytometry, and a phagocytosis index was calculated 
(the proportion of positive cells multiplied by their mean fluorescence 
intensity).

Extracellular ROS production. Extracellular ROS production was 
quantified using the Diogenes Enhanced Superoxide Detection Kit 
(National Diagnostics) according to the manufacturer’s protocol. Cells 
were seeded at a density of 105 cells per well and prestimulated with 
PMA (200 ng ml−1, Sigma-Aldrich).

Western blotting. Western blotting was performed as described 
previously73 using the following primary antibodies: mouse anti- 
gp91phox (1:2,000), mouse anti-p22phox (1:500; both Santa Cruz), 
rabbit anti-C17ORF62/EROS (1:1,000; Atlas), mouse anti-vinculin 
(Sigma-Aldrich). Loading controls were run on the same gel. Second-
ary antibodies were as follows: goat anti-rabbit IgG-horseradish or 
goat anti-mouse IgG-horseradish peroxidase (both 1:10,000; Jack-
son Immuno). Chemiluminescence was recorded on the ChemiDoc 
Touch imager (Bio-Rad) after incubation of the membrane with ECL 
(Thermo Fisher Scientific) or SuperSignal West Pico PLUS (Thermo 
Fisher Scientific) reagent. Densitometry analysis was performed using  
ImageJ.

RNA-seq analysis
RNA was isolated from macrophage lysates (AllPrep DNA/RNA Micro 
Kit, Qiagen) and sequencing libraries were prepared from 10 ng RNA 
using the SMARTer Stranded Total RNA-Seq Kit v2 Pico Input Mamma-
lian (Takara) according to the manufacturer’s instructions. Libraries 
were sequenced on either the NextSeq 2000 (50 bp paired-end reads: 
CRISPR, roxadustat and PD-0325901 experiments) or NovaSeq 6000 
(100 bp paired-end reads: overexpression experiments) system and 
preprocessed using MultiQC. Reads were trimmed using Trim Galore 
(Phred score 24) and filtered to remove reads <20 bp. Ribosomal reads 
(mapping to human ribosomal DNA complete repeating unit; Gen-
Bank: U13369 .1) were removed using BBSplit (https://sourceforge.net/
projects/bbmap/). Reads were aligned to the human genome (hg38) 
using HISAT2 (ref. 74) and converted to BAM files, sorted and indexed 
using SAMtools75. Gene read counts were obtained using the feature-
Counts program76 from Rsubread using the GTF annotation file for 
GRCh38 (v.102). Differential expression analysis was performed in 
R using limma77 with voom transformation and including donor as a 
covariate. Differential expression results are shown in Supplementary 
Tables 1 and 2.
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GSEA
GSEA was performed using fGSEA78 in R with differentially expressed 
gene lists ranked by t-statistic. Gene sets were obtained from GO Bio-
logical Pathways (MSigDB), experimentally derived based on differen-
tial expression analysis or sourced from published literature31,42,70,79–86. 
Specific details of disease macrophage signatures (Fig. 3f) are pro-
vided as source data. GO pathways shown in Figs. 2–5 are as follows: 
GO:0002274, GO:0042116, GO:0097529, GO:0006909, GO:0071706, 
GO:0032732, GO:0032755, GO:0032757, GO:2000379, GO:0009060, 
GO:0006119 and GO:0045649. Statistical significance was calculated 
using the adaptive multilevel split Monte Carlo method.

IBD BioResource recall-by-genotype study
IBD patients who were rs2836882 major or minor allele homozygotes 
(n = 11 of each) were identified through the NIHR IBD BioResource. 
Patients were matched for age, sex, treatment and disease activity, and 
all provided written informed consent. Ethical approval was provided 
by the London–Brent Regional Ethics Committee (21/LO/0682). A 50 ml 
blood sample was taken from all patients and M0 monocyte-derived 
macrophages were generated as described. After 6 days, cells were 
collected, lysed and RNA was extracted. Quantitative PCR analysis of 
a panel of ETS2-regulated genes was performed in triplicate after 
reverse transcription (SuperScript IV VILO, Thermo Fisher Scientific) 
using the Quantifast SYBR Green PCR kit (Qiagen) on the Roche Light-
Cycler 480. Primer sequences are provided in Supplementary Table 3 
and PPIA and RPLP0 were used as housekeeping genes. Expression 
values for each gene (2 cΔ T ) were scaled to a minimum 0 and maximum 
1 to enable intergene comparison.

In vitro transcription
The cDNA sequence for ETS2 (NCBI Reference Sequence Data-
base NM005239.5) preceded by a Kozak sequence was synthesized 
and cloned into a TOPO vector. This was linearized and a PCR amplicon 
generated, adding a T7 promoter and an AG initiation sequence (Phu-
sion, NEB). A reverse complement (control) amplicon was also gener-
ated. These amplicons were used as templates for in vitro transcription 
using the HiScribe T7 mRNA Kit with CleanCap Reagent AG kit (NEB) 
according to the manufacturer’s instructions, but with substitution 
of N1-methyl-pseudouridine for uridine and methylcytidine for cyti-
dine (both Stratech) to minimize non-specific cellular activation by 
the transfected mRNA. mRNA was purified using the MEGAclear Kit 
(Thermo Fisher Scientific) and polyadenylated using an Escherichia 
coli poly(A) polymerase (NEB) before further clean-up (MEGAclear), 
quantification and analysis of the product size (NorthernMax-Gly gel, 
Thermo Fisher Scientific). For optimizing overexpression conditions, 
GFP mRNA was produced using the same method. All primer sequences 
are provided in Supplementary Table 3.

mRNA overexpression
Lipofectamine MessengerMAX (Thermo Fisher Scientific) was diluted 
in Opti-MEM (1:75 v/v), vortexed and incubated at room temperature 
for 10 min. IVT mRNA was then diluted in a fixed volume of Opti-MEM 
(112.5 μl per transfection), mixed with an equal volume of diluted 
Lipofectamine MessengerMAX and incubated for a further 5 min at 
room temperature. The transfection mix was then added dropwise 
to 2.5 × 106 M0 macrophages (precultured for 6 days in a six-well 
plate in antibiotic-free RPMI1640 macrophage medium containing 
M-CSF (50 ng ml−1, Peprotech), with medium change on day 3). For 
GFP overexpression, cells were detached using Accutase 18 h after 
transfection and GFP expression was measured using flow cytometry. 
For ETS2/control overexpression, either 250 ng or 500 ng mRNA was 
transfected and low-dose LPS (0.5 ng ml−1) was added 18 h after transfec-
tion, and cells were detached using Accutase 6 h later. Representative 
ETS2 expression in untransfected macrophages was obtained from 

previous data (GSE193336). Differential H3K27ac ChIP–seq analysis in 
ETS2-overexpressing macrophages was performed using 500 ng RNA 
transfection (see the ‘Code availability’ section).

PRS
Plink1.9 (https://www.cog-genomics.org/plink/1.9/) was used to cal-
culate a polygenic risk score (PRS) for patients in the IBD BioResource 
using 22 ETS2-regulated IBD-associated SNPs (β coefficients from a pre-
vious study3). Linear regression was used to compare PRSs with age at 
diagnosis, and logistic regression to estimate the effect of PRSs on IBD 
subphenotypes, including anti-TNF primary non-response (PNR), CD 
behaviour (B1 versus B2/B3), perianal disease and surgery. For variables 
with more than two levels (for example, CD location or UC location), 
ANOVA was used to investigate the relationship with PRS. For analyses 
of age at diagnosis, anti-TNF response and surgery, IBD diagnosis was 
included as a covariate.

SNPsea
Pathway analysis of 241 IBD-associated GWAS hits3 was performed 
using SNPsea v.1.0.4 (ref. 34). In brief, linkage intervals were defined 
for every lead SNP based on the furthest correlated SNPs (r2 > 0.5 in 
1000 Genomes, European population) and were extended to the 
nearest recombination hotspots with recombination rate > 3 cM per 
Mb. If no genes were present in this region, the linkage interval was 
extended up- and downstream by 500 kb (as long-range regulatory 
interactions usually occur within 1 Mb). Genes within linkage inter-
vals were tested for enrichment within 7,660 pathways, comprising 
7,658 GO Biological Pathways and two lists of ETS2-regulated genes 
(either those significantly downregulated after ETS2 disruption with 
gRNA1 or those significantly upregulated after ETS2 overexpres-
sion, based on a consensus list obtained from differential expression 
analysis including all samples and using donor and mRNA quantity as 
covariates). The analysis was performed using a single score mode: 
assuming that only one gene per linkage interval is associated with 
the pathway. A null distribution of scores for each pathway was per-
formed by sampling identically sized random SNP sets matched on the 
number of linked genes (5,000,000 iterations). A permutation P value 
was calculated by comparing the score of the IBD-associated gene list 
with the null scores. An enrichment statistic was calculated using a 
standardized effect size for the IBD-associated score compared to the 
mean and s.e.m. of the null scores. Gene sets relating to the following 
IBD-associated pathways were extracted for comparison: NOD2 signal-
ling (GO:0032495), integrin signalling (GO:0033627, GO:0033622), 
TNF signalling (GO:0033209, GO:0034612), intestinal epithelium 
(GO:0060729, GO:0030277), Th17 cells (GO:0072539, GO:0072538, 
GO:2000318), T cell activation (GO:0046631, GO:0002827), IL-10 
signalling (GO:0032613, GO:0032733) and autophagy (GO:0061919, 
GO:0010506, GO:0010508, GO:1905037, GO:0010507). SNPs associ-
ated with PSC5,87, ankylosing spondylitis4,87, Takayasu arteritis6,88,89 and 
schizophrenia90 (as a negative control) were collated from the indicated 
studies and tested for enrichment in ETS2-regulated gene lists.

ETS2 co-expression
Genes co-expressed with ETS2 across 67 human monocyte/macrophage 
activation conditions (normalized data from GSE47189) were identified 
using the rcorr function in the Hmisc package in R.

13C-glucose GC–MS
ETS2-edited or unedited TPP macrophages were generated in trip-
licate for each donor and on day 6, the medium was removed, cells 
were washed with PBS, and new medium with labelled glucose was 
added. Labelled medium was as follows: RPMI1640 medium, no glu-
cose (Thermo Fisher Scientific), 10% FBS (Thermo Fisher Scientific), 
GlutaMax (Thermo Fisher Scientific), 13C-labelled glucose (Cam-
bridge Isotype Laboratories). After 24 h, a timepoint selected from 
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a time-course to establish steady-state conditions, the supernatants 
were snap-frozen and macrophages were detached by scraping. 
Macrophages were washed three times with ice-cold PBS, counted, 
resuspended in 600 μl ice-cold chloroform:methanol (2:1, v/v) and 
sonicated in a waterbath (3 times for 8 min). All of the extraction steps 
were performed at 4 °C as previously described91. The samples were 
analysed on the Agilent 7890B-7000C GC–MS system. Spitless injec-
tion (injection temperature of 270 °C) onto a DB-5MS (Agilent) was 
used, using helium as the carrier gas, in electron ionization mode. The 
initial oven temperature was 70 °C (2 min), followed by temperature 
gradients to 295 °C at 12.5 °C per min and to 320 °C at 25 °C per min 
(held for 3 min). The scan range was m/z 50–550. Data analysis was per-
formed using in-house software MANIC (v.3.0), based on the software 
package GAVIN92. Label incorporation was calculated by subtracting 
the natural abundance of stable isotopes from the observed amounts. 
Total metabolite abundance was normalized to the internal standard 
(scyllo-inositol91).

Roxadustat in TPP macrophages
ETS2-edited or unedited TPP macrophages were generated as described 
previously. On day 5 of culture, cells were detached (Accutase) and 
replated at a density of 105 cells per well in 96-well round-bottom plates 
in TPP medium containing roxadustat (FG-4592, 30 μM). After 12 h, 
cells were collected for functional assays and RNA-seq as described.

CUT&RUN
Precultured TPP macrophages were collected and processed imme-
diately using the CUT&RUN Assay kit (Cell Signaling) according to 
the manufacturer’s instructions but omitting the use of ConA-coated 
beads. In brief, 5 × 105 cells per reaction were pelleted, washed and 
resuspended in antibody binding buffer. Cells were incubated with 
antibodies: anti-ETS2 (1:100, Thermo Fisher Scientific) or IgG control 
(1:20, Cell Signaling) for 2 h at 4 °C. After washing in digitonin buffer, 
cells were incubated with pA/G-MNase for 1 h at 4 °C. Cells were washed 
twice in digitonin buffer, resuspended in the same buffer and cooled 
for 5 min on ice. Calcium chloride was added to activate pA/G-MNase 
digestion (30 min, 4 °C) before the reaction was stopped and cells incu-
bated at 37 °C for 10 min to release cleaved chromatin fragments. DNA 
was extracted from the supernatants using spin columns (Cell Signal-
ing). Library preparation was performed using the NEBNext Ultra II 
DNA Library Prep Kit according to a protocol available at protocols.
io (https://doi.org/10.17504/protocols.io.bagaibse). Size selection 
was performed using AMPure XP beads (Beckman Coulter) and the 
fragment size was assessed using the Agilent 2100 Bioanalyzer (High 
Sensitivity DNA kit). Indexed libraries were sequenced on the NovaSeq 
6000 system (100 bp paired-end reads). Raw data were analysed using 
guidelines from the Henikoff laboratory93. In brief, paired-end reads 
were trimmed using Trim Galore and aligned to the human genome 
(GRCh37/hg19) using Bowtie2. BAM files were sorted, merged (techni-
cal and, where indicated, biological replicates), resorted and indexed 
using SAMtools. Picard was used to mark unmapped reads and SAM-
tools to remove these, re-sort and re-index. Bigwig files were created 
using the deepTools bamCoverage function. Processed data were 
initially analysed using the nf-core CUT&RUN pipeline v.3.0, using 
CPM normalization and default MACS2 parameters for peak calling. 
This analysis yielded acceptable quality metrics (including an average 
FRiP score of 0.23) but there was a high number of peaks with low fold 
enrichment (<4) over the control. More stringent parameters were 
therefore applied for peak calling (--qvalue 0.05 -f BAMPE --keep-dup 
all -B --nomodel) and we applied an irreproducible discovery rate (IDR; 
cut-off 0.001) to identify consistent peaks between replicates, imple-
mented in the idr package in R (see the ‘Code availability’ section). 
Enrichment of binding motifs for ETS2 and other transcription factors 
expressed in TPP macrophages (cpm > 0.5) within consensus IDR peaks 
was calculated using TFmotifView94 using global genomic controls. 

The overlap between consensus IDR peaks and the core promoter 
(−250bp to +35 bp from the transcription start site) and/or putative 
cis-regulatory elements of ETS2-regulated genes was assessed using 
differentially expressed gene lists after ETS2 disruption (gRNA1) or 
ETS2 overexpression (based on a consensus across mRNA doses, as 
described earlier). Putative cis-regulatory elements were defined as 
shared interactions (CHiCAGO score > 5) in monocyte and M0 and M1 
macrophage samples from publicly available promoter-capture Hi-C 
data61. Predicted ETS2- and PU.1-binding sites were identified at the 
rs2836882 locus (chr21:40466150–40467450) using CisBP95 (database 
2.0, PWMs log odds motif model, default settings).

Intestinal scRNA-seq
Raw count data from colonic immune cells41 (including healthy con-
trols and Crohn’s disease) were downloaded from the Single Cell Portal 
(https://singlecell.broadinstitute.org/single_cell). Myeloid cell data 
were extracted for further analysis using the cell annotation provided. 
Raw data were preprocessed, normalized and variance-stabilized using 
Seurat (v.4)96. PCA and UMAP clustering was performed and clusters 
annotated using established markers and/or previous literature. Marker 
genes were identified using the FindAllMarkers function. Modular 
expression of ETS2-regulated genes (downregulated after ETS2 editing, 
gRNA1) was measured using the AddModuleScore function.

Spatial transcriptomics
Formalin-fixed paraffin-embedded sections (thickness, 5 μm) were 
cut from two PSC liver explants and two controls (healthy liver adja-
cent to tumour metastases), baked overnight at 60 °C and prepared 
for CosMx according to manufacturer’s instructions using 15 min 
target retrieval and 30 min protease digestion. Tissue samples were 
obtained through Tissue Access for Patient Benefit (TAP-B, part of 
the UCL-RFH Biobank) under research ethics approval: 16/WA/0289 
(Wales Research Ethics Committee 4). One case and one control were 
included on each slide. The Human Universal Cell Characterization 
core panel (960 genes) was used, supplemented with 8 additional 
genes to improve identification of cells of interest: CD1D, EREG, ETS2, 
FCN1, G0S2, LYVE1, MAP2K1, MT1G. Segmentation was performed 
using the CosMx Human Universal Cell Segmentation Kit (RNA), 
Human IO PanCK/CD45 Kit (RNA) and Human CD68 Marker, Ch5 
(RNA). Fields of view (FOVs) were tiled across all available regions 
(221 control, 378 PSC) and cyclic fluorescence in situ hybridization 
was performed using the CosMx SMI (Nanostring) system. Data were 
preprocessed on the AtoMx Spatial Informatics Platform, with images 
segmented to obtain cell boundaries, transcripts assigned to single 
cells, and a transcript by cell count matrix was obtained97. Expres-
sion matrices, transcript coordinates, polygon coordinates, FOV 
coordinates and cell metadata were exported, and quality control, 
normalization and cell-typing were performed using InSituType98—
an R package developed to extract all the information available in 
every cell’s expression profile. A semi-supervised strategy was used 
to phenotype cells, incorporating the Liver Human Cell Atlas refer-
ence matrix. Spatial analysis of macrophage phenotypes was per-
formed according to proximity from cholangiocytes (anchor cell 
type). Radius and nearest-neighbour analyses were performed using 
PhenoptR (https://akoyabio.github.io/phenoptr/) with macrophage 
distribution from cholangiocytes binned in 100 μm increments up 
to 500 μm. Nearest-neighbour analysis was performed to determine 
the distance from cholangiocytes to the nearest inflammatory and 
non-inflammatory macrophage and vice versa.

To generate overlay images, raw transcript and image (morphology 
2D) data were exported from AtoMx. Overlays of selected ETS2-target 
genes (CXCL8, S100A9, CCL2, CCL5) and fluorescent morphology mark-
ers were generated using napari (v.0.4.17, https://napari.org/stable/
index.html) on representative FOVs: FOV287 (PSC with involved duct), 
FOV294 (PSC background liver) and FOV55 (healthy liver).
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Chr21q22 disease datasets
Publicly available raw RNA-seq data from the affected tissues of 
chr21q22-associated diseases (and controls from the same experi-
ment) were downloaded from the GEO: IBD macrophages (GSE123141), 
PSC liver (GSE159676), ankylosing spondylitis synovium (GSE41038). 
Reads were trimmed, filtered and aligned as described earlier. For 
each disease dataset, a ranked list of genes was obtained by differen-
tial expression analysis between cases and controls using limma with 
voom transformation. For IBD macrophages, only IBD samples with 
active disease were included. fGSEA using ETS2-regulated gene lists 
was performed as described.

LINCS signatures
A total of 31,027 lists of downregulated genes after exposure of a 
cell line to a small molecule was obtained from the NIH LINCS data-
base7 (downloaded in January 2021). These were used as gene sets 
for fGSEA (as described) with a ranked list of genes obtained by dif-
ferential expression analysis between ETS2-edited and unedited TPP 
macrophages (gRNA1) using limma with voom transformation and 
donor as a covariate. Drug classes for gene sets with FDR-adjusted 
P < 0.05 were manually assigned on the basis of known mechanisms  
of action.

MEK inhibition in TPP macrophages
TPP macrophages were generated as described previously. On day 4 
of culture, PD-0325901 (0.5 μM, Sigma-Aldrich) or vehicle (DMSO) 
was added. Cells were collected on day 6 and RNA was extracted and 
sequenced as described.

Colonic biopsy explant culture
During colonoscopy, intestinal mucosal biopsies (6 per donor) were 
collected from ten patients with IBD (seven patients with ulcerative coli-
tis, three patients with Crohn’s disease). All had endoscopically active 
disease and were not receiving immunosuppressive or biologic thera-
pies. All biopsies were collected from a single inflamed site. All patients 
provided written informed consent. Ethical approval was provided by 
the London–Brent Regional Ethics Committee (21/LO/0682). Biopsies 
were collected into Opti-MEM and, within 1 h, were weighed and placed 
in pairs onto a Transwell insert (Thermo Fisher Scientific), designed to 
create an air–liquid interface99, in a 24-well plate. Each well contained 
1 ml medium and was supplemented with either DMSO (vehicle control), 
PD-0325901 (0.5 μM) or infliximab (10 μg ml−1; MSD). Medium was as fol-
lows: Opti-MEM I (Gibco), GlutaMax (Thermo Fisher Scientific), 10% FBS 
(Thermo Fisher Scientific), MEM non-essential amino acids (Thermo 
Fisher Scientific), 1% sodium pyruvate (Thermo Fisher Scientific), 1% 
penicillin–streptomycin (Thermo Fisher Scientific) and 50 μg ml−1 
gentamicin (Merck). After 18 h, the supernatants and biopsies were 
snap-frozen. The supernatant cytokine concentrations were quantified 
using the LEGENDplex Human Inflammation Panel (BioLegend). RNA 
was extracted from biopsies and libraries were prepared as described 
earlier (n = 9, RNA from one donor was too degraded). Sequencing was 
performed on the NovaSeq 6000 system (100 bp paired-end reads). 
Data were processed as described earlier and GSVA was performed for 
ETS2-regulated genes and biopsy-derived signatures of IBD-associated 
inflammation46.

Chr21q22 genotypes in archaic humans
Using publicly available genomes from seven Neanderthal individu-
als100–103, one Denisovan individual104, and one Neanderthal and Den-
isovan F1 individual105, genotypes were called at the disease-associated 
chr21q22 candidate SNPs from the respective BAM files using bcftools 
mpileup with base and mapping quality options -q 20 -Q 20 -C 50 and 
using bcftools call -m -C alleles, specifying the two alleles expected 
at each site in a targets file (-T option). From the resulting .vcf file, the 

number of reads supporting the reference and alternative alleles was 
extracted and stored in the ‘DP4’ field.

Inference of Relate genealogy at rs2836882
Genome-wide genealogies, previously inferred for samples of the 
Simons Genome Diversity Project106 using Relate107,108 (https://reichdata.
hms.harvard.edu/pub/datasets/sgdp/), were downloaded from https://
www.dropbox.com/sh/2gjyxe3kqzh932o/AAAQcipCHnySgEB873t9EQ
jNa?dl=0. Using the inferred genealogies, the genealogy at rs2836882 
(chr21:40466570) was plotted using the TreeView module of Relate.

Data presentation
The following R packages were used to create figures: Genomi-
cRanges109, EnhancedVolcano110, ggplot2 (ref. 111), gplots112, karyop-
loteR113.

Statistical methodology
Statistical methods used in MPRA analysis, fGSEA and SNPsea are 
described above. For other analyses, comparison of continuous varia-
bles between two groups was performed using Wilcoxon matched-pairs 
tests (paired) or Mann–Whitney U-tests (unpaired) for nonparametric 
data or a t-tests for parametric data. Comparison against a hypothetical 
value was performed using Wilcoxon signed-rank tests for nonparamet-
ric data or one-sample t-tests for parametric data. A Shapiro–Wilk test 
was used to confirm normality. Two-sided tests were used as standard 
unless a specific hypothesis was being tested. Sample sizes are provided 
in the main text and figure captions.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets produced in this study are accessible at the follow-
ing repositories: MPRA (GEO: GSE229472), RNA-seq data of ETS2 or 
chr21q22-edited TPP macrophages (EGA: EGAD00001011338), RNA-seq 
data of ETS2 overexpression (EGA: EGAD00001011341), RNA-seq data 
of MEK-inhibitor-treated TPP macrophages (EGA: EGAD00001011337), 
H3K27ac ChIP–seq data in TPP macrophages (EGA: EGAD00001011351), 
ATAC–seq and H3K27ac ChIP–seq data in ETS2-overexpressing  
or -edited macrophages (EGA: EGAD50000000154), ETS2 CUT&RUN 
data (EGA: EGAD00001011349), biopsy RNA-seq data (EGA: 
EGAD00001011333). MetaboLights: Metabolomics (MTBLS7665). 
The counts table for CosMx is provided at Zenodo (https://zenodo.
org/records/10707942)114. The phenotype and genotype data used for 
the PRS analysis are available on application to the IBD Bioresource 
(https://www.ibdbioresource.nihr.ac.uk/). Source data are provided 
with this paper.

Code availability
Code to reproduce analyses are available at GitHub (https://github.
com/JamesLeeLab/chr21q22_manuscript; https://github.com/ 
chr1swallace/ibd-ets2-analysis; https://github.com/qzhang314/PRS_
IBD_subpheno)114. Final code is deposited at Zenodo (https://zenodo.
org/records/10707942).
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Extended Data Fig. 1 | Colocalisation between genetic associations at 
chr21q22. a. Example comparison of genetic associations at chr21q22: IBD  
and ETS2 eQTL in unstimulated monocytes. Plot adapted from locuscomparer. 
b. Tukey box-and-whisker plot depicting ETS2 expression stratified by 
rs2836882 genotype in unstimulated monocytes (AA, n = 39; AG, n = 142; GG, 
n = 233)54. P-value is as reported in index study. c. Radar plot of representative 
colocalization results for the indicated genetic associations compared to IBD. 

Posterior probability of independent causal variants, PP.H3, dark blue; posterior 
probability of shared causal variant, PP.H4, light blue. PP.H4 > 0.5 was used  
to call colocalisation (denoted by dashed line). Labels are coloured according 
to class of data (indicated in the key). Asterisks denote colocalisation. Data 
sources are: IBD3, PSC5, AS4, Takayasu Arteritis6, BLUEPRINT56, Fairfax54, Quach55, 
Nedelec57, Alasoo58.

https://www.ncbi.nlm.nih.gov/snp/?term=rs2836882


Extended Data Fig. 2 | CRISPR-Cas9 editing of the chr21q22 locus and  
ETS2 in monocytes. a. Cas9 gRNAs were designed to flank the chr21q22 
enhancer region at the indicated sites. b. Representative bioanalyzer trace  
of PCR-amplified target region following monocyte CRISPR/Cas9 editing with 
an equimolar mix of RNPs containing 5′ and 3′ chr21q22 gRNAs. Example 
editing efficiency calculation shown. c. Editing efficiency at the chr21q22 
locus. Mean enhancer deletion: 42.4% (n = 11). d. Location and sequence of 
gRNAs used to disrupt ETS2. e. ETS2 editing efficiency. gRNA1 (mean), 89.7% 
(n = 31); gRNA2 (mean), 78.6% (n = 14). f. ETS2 expression (relative to NTC) 
following CRISPR/Cas9 editing, measured by qPCR (housekeeping gene PPIA; 
equivalent results with other housekeeping genes; n = 10). g. Viability following 

monocyte nucleofection with Cas9 RNPs and macrophage differentiation. 
Mean values: NTC, 97.9%; gRNA1: 98.3%; gRNA2, 98.6% (n = 6). h. Expression of 
myeloid lineage markers following ETS2 editing and TPP differentiation (n = 5). 
Gating strategy shown in Supplementary Information Fig. 2. i. GSVA enrichment 
scores for 67 different monocyte/macrophage activation conditions to identify 
stimuli that phenocopy CD14+ monocytes/macrophages from IBD patients.  
j. Chromatin accessibility in ETS2-edited versus unedited inflammatory 
macrophages (n = 3). k. Enhancer activity (H3K27ac) in ETS2-edited versus 
unedited inflammatory macrophages (n = 3). P values calculated using edgeR 
(two-sided) in j, k. Red points denote adjusted P-value (Padj) < 0.1, grey points 
NS. Error bars are mean±SEM in c, e-h. * P < 0.05. NTC: non-targeting control.



Article

Extended Data Fig. 3 | Optimization of MPRA and mRNA overexpression 
in primary human macrophages. a. Schematic of MPRA. A library of 
oligonucleotides (each containing a genomic sequence and unique barcode, 
separated by restriction enzyme sites) is cloned into a pGL4.10 M cloning 
vector. A promoter and reporter gene are inserted using directional cloning. 
The resulting plasmids are transfected into primary human macrophages 
(TPP) and RNA is extracted after 24 h. Barcode abundance in cellular mRNA 
and input DNA library are quantified by high-throughput sequencing, and 
mRNA barcode counts are normalized to corresponding counts in DNA 
library to assess expression-modulating activity. b. Identification of suitable 
promoters for MPRA in TPP macrophages. TPP macrophages were transfected 
with reporter vectors, each with GFP expression under the control of a different 
promoter. GFP expression was quantified by flow cytometry after 24 h.  

c. Adapted MPRA vector for use in primary human macrophages, containing 
RSV promoter. d. Heatmap showing pairwise correlation of expression- 
modulating activity of all constructs between donors. e. Principal component 
analysis of element counts (sum of barcodes tagging same genomic sequence) 
in mRNA from TPP macrophages (n = 8 donors; red) and four replicates of DNA 
vector (black). f. Primary human macrophages (M0) were transfected with 
different quantities of GFP mRNA using Lipofectamine MessengerMAX. GFP 
expression was quantified by flow cytometry 18 h after transfection. g. Cytokine 
secretion following ETS2 overexpression. Plot shows relative cytokine 
concentrations in macrophage supernatants (ETS2 relative to control) 
following transfection with 500 ng mRNA (n = 11). Error bars are mean±SEM. 
One-sample t-test (two-tailed) * P < 0.05, ** P < 0.01. The diagram in a was 
created using BioRender.



Extended Data Fig. 4 | Molecular effects of allelic variation at rs2836882.  
a. Schematic of PU.1 ChIP-genotyping assay to assess allele-specific PU.1 
binding at rs2836882 in human macrophages. b. Schematic of standard curve 
generation by TaqMan genotyping various pre-defined ratios of risk and 
non-risk containing DNA sequences. c. Standard curve generated using 
different allelic ratios of 200-nt DNA geneblocks centred on either the major 
(risk) or minor (non-risk) rs2836882 allele. d. Allele-specific PU.1 binding at 
rs2836882 in TPP macrophages (one-sample t-test, two-sided, n = 5). Error bars 
represent mean±95%CI. e. Schematic of PU.1 MPRA-ChIP assay to assess allele- 
specific PU.1 binding at individual SNPs within chr21q22 enhancer. f. Allele- 
specific PU.1 binding at SNPs within chr21q22 enhancer in TPP macrophages. 
Data represents the allelic ratio of normalized PU.1 binding for constructs 
centred on the SNP allele from the MPRA library (fixed-effects meta-analysis  

of QuASAR-MPRA results, two-sided, n = 6). Box represents median (IQR), 
whiskers represent minima and maxima. g. Allele-specific ATAC-seq reads at 
rs2836882 in two deeply sequenced heterozygous TPP macrophage datasets 
(left: 154.7 million non-duplicate paired-end reads, right: 165.4 million non- 
duplicate paired-end reads). h. H3K27ac ChIP-seq data from risk (red) or non-risk 
(blue) allele homozygotes at rs2836882 (n = 4). i. Rank Ordering of Super- 
Enhancers (ROSE) analysis of H3K27ac ChIP-seq data from TPP macrophages 
from major (left) and minor (right) allele homozygotes. Dashed line denotes 
inflection point of curve, with enhancers above this point being denoted as 
super-enhancers. Red points indicate rs2836882-containing chr21q22 
enhancer. SE, super-enhancer. The diagrams in a, b and e were created using 
BioRender.
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Extended Data Fig. 5 | Functional effects of the chr21q22 enhancer.  
a. Extracellular ROS production by unedited (NTC), chr21q22-edited, and  
ETS2 g1-edited TPP macrophages, quantified by chemiluminescence. Points 
represent relative area under curve for edited versus unedited cells (Wilcoxon 
signed-rank test, two-sided; n = 6). b. Cytokine secretion from inflammatory 
macrophages following deletion of the chr21q22 enhancer. Heatmap shows 
relative cytokine concentrations in the supernatants of chr21q22-edited  
TPP macrophages versus unedited (NTC) cells (Wilcoxon signed rank test, 
one-sided; n = 7). c. Representative flow cytometry histograms demonstrating 
phagocytosis of fluorescently-labelled zymosan particles by chr21q22-edited 
and unedited (NTC) TPP macrophages. d. Phagocytosis index for unedited and 

chr21q22-edited TPP macrophages, calculated as proportion of positive  
cells multiplied by mean fluorescence intensity of positive cells. Plot shows 
relative phagocytosis index for chr21q22-edited cells versus unedited cells 
(Wilcoxon signed-rank test two-sided; n = 7). e. Enrichment of differentially- 
expressed genes following deletion of the disease-associated chr21q22 locus 
(upregulated genes, top; downregulated genes, bottom) in ETS2-edited versus 
unedited macrophages. Padj, FDR-adjusted P-value (two-sided). f. Tukey box- 
and-whisker plot depicting quantitative PCR of selected ETS2-target genes in 
resting (M0) macrophages from minor and major allele homozygote IBD patients 
(n = 22, expression normalized to PPIA and scaled to minimum 0, maximum 1). 
Mann-Whitney test (one-sided). * P < 0.05, ** P < 0.01, *** P < 0.001.



Extended Data Fig. 6 | Polygenic Risk Score of 22 ETS2-regulated 
IBD-associated genes. a. Summary of IBD BioResource cohorts used for  
PRS analysis. b. Association between PRS and age at diagnosis. c. Association 
between PRS and extent of ulcerative colitis (E1, proctitis; E2, left-sided; E3, 
extensive colitis). d. Association between PRS and Crohn’s disease location  
(L1, ileal; L2, colonic; L3, ileocolonic). L2 is associated with a milder disease 
phenotype. e. Association between PRS and perianal involvement in  
Crohn’s disease. f. Association between PRS and Crohn’s disease behaviour  
(B1, inflammatory; B2, stricturing; B3, fistulating). B2 and B3 represent more 
aggressive, complicated forms of Crohn’s disease. g. Association between PRS 
and response to anti-TNFα in Crohn’s disease and ulcerative colitis (PR, primary 
responder; PNR, primary non-responder). h. Association between PRS and 
need for surgery in Crohn’s disease and ulcerative colitis. Overall, higher PRS 

was associated with: earlier age at diagnosis, ileal or ileocolonic forms of Crohn’s 
disease, B2/B3 Crohn’s disease behaviour, and increased need for surgery in 
IBD. Analysis in b performed using linear regression. Analyses in c-h performed 
using logistic regression (with diagnosis as covariate in g and h). SNPs included 
in PRS are listed in Extended Data Table 1. i. Plot of enrichment statistic 
(standardized effect size) against statistical significance from SNPsea analysis 
of genes tagged by 241 IBD SNPs within ETS2-regulated genes (red) and known 
IBD pathways (black). j. SNPsea analyses of SNPs associated with PSC, ankylosing 
spondylitis, Takayasu’s arteritis or Schizophrenia (negative control) within  
lists of ETS2-regulated genes–either upregulated by ETS2 overexpression, 
downregulated by ETS2 disruption, or downregulated following chr21q22 
deletion (all FDR < 0.05). Dashed line denotes P < 0.05.
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Extended Data Fig. 7 | Effects of modulating ETS2. a and b. Changes in  
total metabolite abundance (a) and percentage of label incorporation from 
13C-glucose (b) following ETS2 editing in TPP macrophages (n = 6). Colour depicts 
median log2 fold-change in ETS2-edited macrophages relative to unedited 
macrophages (transfected with non-targeting control RNPs; NTC). Bold black 
border indicates P < 0.05 (Wilcoxon signed rank test, two-sided). c. Heatmap 
summarizing metabolic changes following ETS2 disruption. Colour depicts 
median log2 fold-change in ETS2 g1-edited cells relative to unedited cells 
(Wilcoxon signed rank test, two-sided, * P < 0.05). d. Phagocytosis index in 
unedited (NTC) and ETS2-edited TPP macrophages treated with roxadustat 
(ROX) or vehicle. Phagocytosis index is calculated as proportion of positive cells 
multiplied by mean fluorescence intensity of positive cells (488 nm channel). 
Data normalized to phagocytosis index in unedited cells (n = 5). e. Extracellular 
ROS production by unedited (NTC) and ETS2-edited TPP macrophages treated 

with ROX or vehicle – quantified using a chemiluminescence assay. Data 
represent log2 fold-change of area under curve (AUC) normalized to unedited 
(NTC) TPP macrophages (n = 5). f. TFmotifView enrichment results for motifs of 
transcription factors expressed in TPP macrophages (CPM > 0.5) within ETS2 
CUT&RUN peaks. Results shown for all significantly enriched transcription 
factors (Bonferroni P value < 0.05, two-sided) with motifs in more than 10% 
peaks. g. Schematic of experiment to assess how ETS2 disruption affects the 
activity of the chr21q22 ETS2 enhancer in inflammatory (TPP) macrophages.  
h. Schematic of experiment to assess how ETS2 overexpression affects  
the activity of the chr21q22 ETS2 enhancer in resting (M0) macrophages.  
i. Normalized H3K27ac ChIP-seq read counts (edgeR fitted values) from 
chr21:40,465,000-40,470,000 in experiments depicted in g (left) and h (right) 
(edgeR P values, two-sided, n = 3 for each). Error bars in d and e represent 
mean±SEM. The diagrams in g and h were created using BioRender.



Extended Data Fig. 8 | The transcriptional signature of ETS2 is detectable  
in affected tissues from chr21q22-linked diseases. a. ETS2 expression in 
scRNA-seq clusters of myeloid cells from Crohn’s disease and healthy controls 
(upper panel). Relative contributions of single cells from Crohn’s disease or 
healthy controls to individual clusters (same UMAP dimensions as for combined 
analysis). b. Overlay of CosMx morphology 2D image data and raw transcripts 
of selected ETS2 target genes. Fluorescent morphology markers alone (top 
row), CXCL8 (cyan) and S1009A (yellow) transcripts (middle row), CCL5 (cyan) 
and CCL2 (yellow) transcripts (bottom row). Columns are representative 

examples of PSC with diseased ducts (left), PSC with uninflamed background 
liver (centre), and healthy liver (right). Size marker (white) on every field of  
view (FOV) denotes 50 μm. c. Gene set enrichment analysis (fGSEA) of genes 
downregulated following chr21q22 enhancer deletion or ETS2 disruption 
(gRNA1 or gRNA2) within intestinal macrophages from patients with active  
IBD (compared to control intestinal macrophages, n = 20; left), ankylosing 
spondylitis synovium (compared to control synovium, n = 15; centre), and  
PSC liver biopsies (compared to control liver biopsies, n = 17; right). Padj, 
FDR-adjusted P-value (two-sided).



Article

Extended Data Fig. 9 | Effect of MEK1/2 inhibition on ETS2-regulated genes. 
a-c. Gene set enrichment analysis (fGSEA) in MEK1/2 inhibitor-treated TPP 
macrophages showing enrichment of gene sets upregulated (upper panel) or 
downregulated (lower panel) following ETS2 or chr21q22 editing (MEK1/2 
inhibited using PD-0325901, 0.5 μM). Gene sets obtained from differential 
gene expression analysis (limma using voom transformation) following ETS2 
disruption with gRNA1 (a), gRNA2 (b), or following chr21q22 deletion (c).  
d. fGSEA in intestinal biopsies from IBD patients showing enrichment of gene 

sets downregulated following ETS2 or chr21q22 editing in MEK inhibitor- 
treated biopsies. Upregulated gene sets were not enriched. e. Proportion  
and pathway analysis of MEK inhibitor-induced differentially expressed genes 
that have no evidence for being ETS2 targets in macrophages (incorporating 
differential expression from knockout or overexpression experiments and 
promoter / regulatory element binding from ETS2 CUT&RUN). Padj, FDR-adjusted 
P-value (two-sided).



Extended Data Fig. 10 | Geographic distribution and history of rs2836882. 
a. rs2836882 allele frequency in modern global populations (data from 1000 
Genomes Project, plotted using Geography of Genetic Variants browser: 
https://popgen.uchicago.edu/ggv/). b. Genotypes of candidate SNPs at 
chr21q22 (99% credible set) in archaic humans (Neanderthals and Denisovans). 
Colour depicts the proportion of reads containing ALT alleles, with a value 
close to 0 consistent with a homozygous REF (risk) genotype, a value close to 1 

consistent with a homozygous ALT (non-risk) genotype, and an intermediate 
value indicating a potential heterozygous genotype. Number in each cell 
indicates the number of reads at that SNP in the indicated sample. Putative 
causal variant highlighted in red. c. Inferred genealogy of the age of the 
rs2836882 polymorphism – analysed using Relate. The diagram in a was 
created using the Geography of Genetic Variants browser.
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Extended Data Table 1 | IBD risk genes downregulated following ETS2 disruption

Results shown for IBD-associated genes that were differentially expressed between ETS2-edited and unedited (NTC) TPP macrophages (n = 9). Log2 fold-change is with respect to expression  
in unedited cells. Genes in bold have been denoted as causal at their respective loci or are the only candidate gene at the locus. P-value (two-sided) adjusted for multiple testing using 
Benjamini-Hochberg method. PMID denotes PubMed ID of study with strongest IBD association for each gene. *Consistent effect but adjusted P value (adj.P.val) <0.05 for one gRNA only.  
†Not included in PRS (rare variant that was not genotyped in IBD BioResource).
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