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SUMMARY

Here we argue that susceptibility to inflammatory bowel
disease arises from dysregulation of monocyte adaptation in
the intestinal milieu. Therapeutic targeting of ETS2, a
myeloid-specific transcription factor, has the potential to
prevent macrophage colony–stimulating factor-1-dependent
monocyte differentiation into resident macrophages that are
unresponsive to bacterial stimuli, and consequently may
exacerbate intestinal inflammation.

More than 300 genomic loci have been associated with
increased susceptibility to inflammatory bowel disease
(IBD) through genome-wide association studies. A major
challenge in the translation of genome-wide association
studies to mechanistic insights lies in connecting non-
coding variants to function. For example, single-nucleotide
variants (SNVs) in the vicinity of the gene encoding the
transcription factor ETS2 on human chromosome 21 are
associated with the risk of developing IBD in Europeans.
The peak of SNV association lies within a distal enhancer
that may regulate ETS2 transcription. The interpretation of
this and many other SNV associations with IBD depends on
a model linking variation in transcriptional regulation to
the likelihood of developing chronic intestinal inflamma-
tion. One model for the ETS2 locus is that overexpression in
monocytes is causally associated with the risk allele, which
in turn leads to a hyperinflammatory state. Here we sum-
marize evidence for an alternative mechanism focused on
negative regulators of monocyte-macrophage activation.
We argue that IBD susceptibility arises from dysregulation
of monocyte adaptation in the intestinal milieu to form
resident intestinal macrophages that are anergic to in-
flammatory stimuli. This process depends on signals
initiated by macrophage colony–stimulating factor (CSF1)
binding to its receptor (CSF1R). Within this framework,
ETS2 is a myeloid-specific transcription factor, expressed
in pluripotent and committed progenitors and monocytes,
and is down-regulated by CSF1, in common with many
genes associated with IBD susceptibility, including NOD2.
ETS2 is also both a downstream target and a mediator of
the CSF1/CSF1R signaling pathway. Therapeutic targeting
of ETS2 and its upstream regulators has the potential to
prevent CSF1-dependent monocyte differentiation toward
a prorepair resident macrophage phenotype and conse-
quently exacerbate intestinal inflammation. (Cell Mol Gas-
troenterol Hepatol 2025;19:101510; https://doi.org/
10.1016/j.jcmgh.2025.101510)
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enome-wide association studies (GWAS) of inflam-
Gmatory bowel disease (IBD) susceptibility have
identified hundreds of genomic loci linked to increased
risk.1 In considering the relationship between genotype
and IBD susceptibility it is important to recognize that
known susceptibility loci account for only a fraction of the
estimated heritability and that polygenic risk scores have
limited predictive value.2 At least part of the explanation
lies in gene-by-environment interaction,3,4 the idea that a
genetically susceptible individual only develops IBD if
exposed to an environmental trigger. Dissection of the
mechanism whereby individual single-nucleotide variants
(SNV) contribute to increased IBD susceptibility has been
challenging because most variants do not alter protein-
coding sequences. The obvious exception is NOD2, where
3 major loss of function mutations are associated with the
greatest increased risk of developing IBD. NOD2 encodes
an intracellular receptor for muramyl dipeptide, derived
from microbial peptidoglycans. Even among individuals
with homozygous mutations, most do not develop IBD.5

Analysis of a mouse model of NOD2 deficiency high-
lighted the gene-by-environment interaction and gene-
gene interaction. Mice with a combined deficiency of
NOD2 and another IBD susceptibility gene, NADPH oxidase
(CYBB), developed colitis that was dependent on
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differences in microbiota between mice obtained from
different commercial suppliers.6

Genomic intervals identified by GWAS commonly contain
multiple coding genes and even peaks of association identified
by statistical fine mapping contain multiple SNVs in linkage
disequilibrium.1 Increasingly, genome-wide analysis of tran-
scriptional regulatory elements provides a link between risk
variants and candidate target genes, which may not be the
most proximal to the variant.7,8 The hypothesis that risk var-
iants in a particular locus act by altering transcriptional
regulation leads to multiple questions: (1) Which SNVs are
causal? (2) Which genes are regulated? (3) What signals
control transcriptional regulation and how is the response
altered by risk variants? (4) How does a difference in tran-
scription increase the likelihood of developing chronic dis-
ease? (5) How can the inferred mechanism be translated into
therapeutic interventions? These questions are a significant
component of the grand challenges for IBD genetics and ge-
nomics identified in a recent overview by leaders in the field.1

One recent study highlights those challenges. This study
examined the molecular basis for an association between ge-
netic variation on Chr21 and an increase in the risk of devel-
oping IBD, through an effect on the ETS2 gene.9 In this brief
review we propose an alternative interpretation of that asso-
ciation and a framework for understanding the relationship
between monocyte-macrophage differentiation in the intesti-
nal mucosa and IBD susceptibility. The difference in inter-
pretation has important implications for potential therapies.

ETS2 Transcription is Controlled by a
Super-enhancer

Like most loci linked to IBD susceptibility,1 the peak of
genetic association on Chr21 with IBD covers multiple linked
SNVs (a block of linkage disequilibrium or haplotype) within
noncoding DNA. Stankey et al9 presented evidence that a
single variant within the risk haplotype identified by statisti-
cal fine mapping, the common G allele at rs2836882, is
associated with the activity of an enhancer element that
controls monocyte transcription of the ETS2 gene, some 200
kb distant in the genome. Evidence for a monocyte-specific
physical interaction between the ETS2 promoter and the up-
stream enhancer was extracted from published large-scale
promoter chromatin capture (HiC) analysis of 17 primary
human cell populations.7 The proposed mechanism was based
in part on a correlation between the SNV genotype and the
level of ETS2mRNA in monocytes (an expression quantitative
trait locus [eQTL]). The proposed model is that the risk allele
leads to overexpression of ETS2, which encodes a transcrip-
tional regulator, in blood monocytes, which in turn has a
proinflammatory effect in the intestine.

Genome-scale transcriptomic analysis by the FANTOM5
consortium10 revealed regulated myeloid-specific bidirec-
tional promoter activity, a feature of active enhancers,11 in
the vicinity of the identified risk variant rs2836882 but also
throughout the interval between ETS2 and PSMG1
(Figure 1A). The entire interval has the characteristics of a so-
called super-enhancer12 including the regulated transcription
of at least 3 long noncoding RNAs (ETS2-AS1, LINC02940,
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LINC02943) (Figure 1A). The FANTOM5 data were consistent
with previous analysis in monocytes that revealed the
epigenetic signatures of active enhancers (open chromatin,
histone acetylation) throughout this interval.13,14 Chen et al15

analyzed a second enhancer in the interval, more proximal to
ETS2. They linked variation in expression of ETS2 in colo-
rectal tumor cells to SNV rs2836754 (Figure 1A). The minor
allele at this SNV has also been associated with IBD risk16 and
with variation in ETS2 expression in unstimulated mono-
cytes.17,18 The published monocyte HiC data7 linked the ETS2
promoter to the region surrounding rs2836754. Thus, there
is more than 1 well-established colocation of IBD GWAS hits
with active monocyte enhancers that could contribute to
ETS2 transcriptional regulation.

ETS2 is a Regulator of Myeloid
Differentiation

The FANTOM5 data also indicates that ETS2 mRNA
expression is not associated with inflammatory activation; it
is constitutively expressed in blood monocytes but also in
hematopoietic stem cells, committed myeloid progenitors,
granulocytes, and leukemia cell lines.10 ETS2 is also
commonly overexpressed in acute myeloid leukemia.19

Myeloid-specific promoters including the ETS2 promoter
share a unique architecture, lacking a TATA box and instead
initiating transcription in the vicinity of multimerized
purine-rich elements.10 The archetype of this class of pro-
moters drives expression of the monocyte-macrophage
specific CSF1R gene, encoding the receptor for the lineage-
specific growth factors, CSF1 and interleukin (IL)34.20

Purine-rich promoter elements are bound by the lineage-
specific ETS family transcription factor, PU.1 (SPI1 gene),
which acts as a pioneer to establish the open chromatin
architecture required for active transcription.21 However,
PU.1 alone is not sufficient to support transcription initia-
tion. The binding of PU.1 enables recruitment of additional
transcription factors including ETS2 and other ETS family
members that bind related purine-rich motifs21 leading to
cooperative activation of transcription. The ETS family
contains numerous members expressed by human macro-
phages,22 and dependent on genetic background, neither
PU.1 nor ETS2 is absolutely required for macrophage dif-
ferentiation in mice.20,23,24 Nevertheless, the myeloid-
specific pattern of expression combined with demonstrated
activity as a regulator of myeloid promoters, indicates that
ETS2 is involved in myeloid differentiation rather than
inflammation. Indeed, ETS2 variation may be associated with
heritable differences in myeloid cell numbers in blood. In a
recent study, the ETS2-associated SNV rs2836882 was asso-
ciated with circulating neutrophil counts in a GWAS of blood
cell traits in UK Biobank samples.25

The Cellular Basis of Genetic
Susceptibility to IBD: Failure of
Feedback Regulation

Any model for genetic susceptibility to IBD needs to
explain why inflammation is chronic and why it is specific to
10
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the lower gastrointestinal tract. Potential mechanisms
involving autophagy, antimicrobial function, Th17 lymphocyte
development, and inflammatory cytokine production have
been inferred from numerous published analyses of disease
tissue, most recently involving single-cell technologies.26

Arguably, such analyses reveal the consequences rather than
the causes of susceptibility to chronic inflammation. The focus
of the analysis of ETS2 function in IBD9 is on its putative
function in promoting excessive acute inflammatory gene
expression in individual monocytes. However, excessive in-
flammatory activation does not provide a clear explanation for
chronicity. We and others have focused instead on negative
regulators of inflammatory activation; taking the view that
chronicity arises primarily from an ongoing failure to resolve
the initial inflammation. There are hundreds of feedback reg-
ulators of inflammatory activation, which need to be activated
to suppress inflammation caused by exposure to inflammatory
stimuli. Loss of function mutations in many individual
“inflammation suppressor genes” are sufficient to generate
spontaneous colitis in mouse models,22,27–30 suggesting that
dysregulation of any of these genes could predispose to
chronic inflammation.

To understand the specific localization of chronic
inflammation to the intestine we propose the following
alternative mechanistic framework. The intestinal lamina
propria contains an abundant resident macrophage popu-
lation that, unlike other tissue resident macrophage pop-
ulations, turns over rapidly in the normal steady state and is
constantly replaced by blood monocytes.31 During adapta-
tion to the intestinal environment, monocytes must rapidly
down-regulate proinflammatory pathways to avoid inap-
propriate responses to gut flora. This process of adaptation
and maintenance of intestinal macrophages depends on
signals from CSF1R,32 the receptor for macrophage
colony–stimulating factor (CSF1) and presumably involves
an initial encounter with products of the intestinal micro-
biota. Binding of CSF1 to monocytes triggers terminal dif-
ferentiation to noninflammatory resident macrophages. The
same process of down-regulation occurs during the reso-
lution of inflammation, as recruited inflammatory mono-
cytes transition to a prorepair phenotype. Accordingly, CSF1
administration promotes tissue repair in a diverse range of
inflammation models.33–35

To model the process of adaptation, Baillie et al22 culti-
vated monocytes in CSF1 to generate monocyte-derived
Figure 1. (See previous page). Gene expression and variatio
FANTOM5 Human hg38 promoterome (https://fantom.gsc.rike
highlights the three spliced LINC RNAs transcribed in this inter
tags (CAGE) with green indicating forward and purple reverse
browser (https://fantom.gsc.riken.jp/zenbu/) reveals an expres
shown). The zoomed interval highlights the close association be
CAGE tags. (B) Haplotype variation associated with ethnicity in
and rs2836754 in Europeans, Africans and South and East Asian
relationship between rs2836882 SNV genotype and ETS2 expr
unaffected individual, n ¼ 25; red affected individual, n ¼ 25; b
differences are significant. Expression was similarly unrelated to
human genomic DNA sequences in the vicinity of rs2836882. Th
minor allele). Purple highlights the extended AP1-like element
predicted STAT1,2 binding sites. Blue highlights conserved mo
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macrophages (MDM) and analyzed a dense time course of
stimulation by the TLR4 agonist, lipopolysaccharide (LPS
[endotoxin]), to simulate encounter with microbial prod-
ucts. The LPS time course revealed a complex sequential
cascade of inducible feed forward and feedback regulation
(including transient or sustained induction of numerous
inflammation suppressor genes) ultimately producing an
LPS-unresponsive state, analogous to the state of resident
intestinal macrophages.31 Importantly, the induction of in-
flammatory cytokines, such as IL1B, in response to LPS in
MDM was short-lived and repressed around 100-fold
compared with monocytes. Conversely, the anti-
inflammatory cytokine, IL10, was highly-inducible in MDM
but not in monocytes.22 Genetic deficiencies in IL10
signaling are associated with very early onset IBD36 and 2
cases associated with neutralizing anti-IL10 antibodies have
been reported.37 Interestingly, the CSF2RB gene, encoding a
subunit of the receptor for granulocyte-macrophage
colony–stimulating factor (CSF2) shows the same pattern
as IL10 in the FANTOM5 data, being profoundly LPS-
inducible in MDM.22 Rare frame-shift mutations in CSF2RB
are associated with Crohn’s disease in Ashkenazi Jews38 and
autoantibodies against CSF2 have been associated with
disease severity and progression.39,40 These data suggest
that CSF2, like CSF1, contributes to disease resolution in the
gut. Indeed, CSF2 administration was shown to have some
therapeutic efficacy in experimental models and clinical
trials in patients with IBD (reviewed in41).

Rather than viewing macrophages generated by cultiva-
tion of monocytes for 6 days in CSF1 as a resting or M0
activation state9 we suggest their transcriptomic profile and
dampened response to inflammatory activation provides a
model for the adaptation of monocytes to the intestinal
milieu via terminal differentiation to macrophages. Based on
this model, genes associated with IBD susceptibility are
likely to be highly expressed or inducible in monocytes and
down-regulated during differentiation to resident intestinal
macrophages in response to CSF1.22 The extensive
promoter-based transcriptomic data for monocytes and
macrophages generated by the FANTOM5 consortium
identified 2413 promoters with this expression pattern.22

That set included ETS2 and the archetypal IBD susceptibil-
ity gene NOD2 and PPIF, highlighted in a recent analysis of
enhancer association with disease susceptibility loci that
also used the FANTOM5 data.8 Both ETS2 and NOD2 were
n at chr21q22. (A) Screen shots of selected tracks from the
n.jp/zenbu/) for the ETS2-PSMG1 interval. The upper track
val. The promoter tags show peaks of capped 5’ end mRNA
orientation. Selecting the interval on the FANTOM5 Zenbu
sion table showing highest expression in monocytes (not
tween rs2836882 (Chr21:39094644) and enhancer-associated
the ETS2-PSMG1 interval. Relationships between rs2836882
s were analysed using LDpair on https://ldlink.nih.gov. (C) The
ession in MDM derived from member of IBD families (black;
lue healthy controls with no family history of IBD, n ¼ 6). No
rs2836754 genotype (not shown). (D) Alignment of mouse and
e red asterisk highlights the SNV (G in the major allele, A in the
that is identical to the X2 box of HLA-DRA. Green highlights
tif including a PU.1 consensus site (GAGGAA).
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down-regulated in MDM compared with monocytes and
reinduced to lower levels in response to LPS. The low
expression of ETS2 in resident intestinal macrophages
compared with monocytes was confirmed in published
single-cell transcriptomic data.42 Down-regulation of ETS2
in monocytes in response to CSF1 is associated with almost
complete loss of the transcriptional and epigenetic signa-
tures of active enhancers in the ETS2-PSMG1 interval.11,13,14

The same pattern of chromatin remodeling is evident in the
NOD2-SNX20 interval, the PPIF locus, and many other
inflammation suppressor genes.22 Indeed, detailed curation
of chromosomal intervals associated with IBD by GWAS
revealed that most contain genes that fit our proposed
criteria.22 Furthermore, additional variants associated with
Crohn’s disease by GWAS at a lower genome-wide threshold
were strongly enriched in the regions surrounding the set of
CSF1-regulated promoters, whereas no significant enrich-
ment was observed for control sets of loci/SNVs associated
with other traits or diseases, notably including rheumatoid
arthritis.22

Implications of Allele Frequencies of
rs2836882 Variants

The association between rs2836882 and IBD has only
been reported in Europeans. The risk allele associated with
the ETS2 locus is the ancestral human allele and is very
common; the allele frequency is 0.75 in Europeans but >0.9
in those of African or Asian ethnicity (https://gnomad.
broadinstitute.org/). The high prevalence of the risk allele
was proposed to be a product of balancing selection;
inferring that the reduced ETS2 expression associated with
the minor allele would decrease the risk of chronic inflam-
matory disease but also compromise innate immunity.9 This
proposal depends on the risk allele being sufficiently dele-
terious to affect transmission to progeny. An alternative
interpretation, more consistent with population data, is that
the minor allele, associated with reduced disease risk, has
been subjected to recent positive selection in Europeans,
analogous to the selection against loss-of-function ERAP2
variants by plague.43 Indeed, tuberculosis is 1 candidate
agent of selection because there is a substantial overlap
between susceptibility loci for IBD and for mycobacterial
infection.44 Regardless, reference to ETS2 as a causal gene
that directs macrophage inflammation9 is difficult to
reconcile with the fact that most individuals who are ho-
mozygous for the risk allele (>50% of Europeans), appar-
ently leading to high expression of ETS2, do not develop
IBD.

We consider 3 further caveats to the interpretation of
the association between rs2836882 and IBD. First, the ma-
jor haplotype defined by the 2 enhancer-associated SNVs,
rs2836882 and rs2836754, differs in frequency between
Europeans and African, East and South Asian populations
(Figure 1B), providing further evidence of positive selection
in Europeans and raising the possibility of interactions be-
tween SNVs located in the super-enhancer in ETS2 regula-
tion. In other words, Europeans with a particular
combination of variants may have a lesser relative risk of
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disease. Second, there are 3 long noncoding mRNAs gener-
ated from this region. An inducible long noncoding mRNA
generated from ETS2-PSMG1 interval is among those
detected in an analysis of LPS-stimulated monocytes.45

These long noncoding mRNAs could be targets of the
enhancer and potentially act as cis-acting or trans-acting
regulators independent of ETS2. Third, the region of regu-
lated chromatin structure in MDM compared with mono-
cytes13 extends into the nearby KCNJ15 locus, which is also
regulated in monocytes of individuals with tuberculosis.46

Hence, ETS2 may not be the only candidate gene in this
region. By analogy, protein coding variation in NOD2 (on
Chr16) is clearly associated with susceptibility to IBD, but
the possible function of nearby gene SNX20, which shares an
enhancer with NOD2, has not been explored. Similarly,
identification of a loss-of-function coding variant in the
ATG16L1 gene (T300A) focused attention on dysregulation
of autophagy in IBD susceptibility. There is recent evidence
that ATG16L1 is a negative feedback regulator of inflam-
matory cytokine expression.47 However, the ATG16L1 gene
contains an enhancer for the neighboring INPP5D gene
(SHIP1),22 confirmed in monocyte HiC data,7 which is linked
in turn to altered expression of INPP5D in patients with IBD
and to spontaneous colitis associated with homozygous loss
of function mutations in mice.48,49 Arguably, INPP5D dys-
regulation provides a more plausible explanation for the
SNV association with IBD susceptibility at this locus.

Mechanisms for the Association
Between rs2836882 and ETS2
Expression

The proposed link between the major allele at
rs2836882, ETS2 transcription and inflammation is not
supported by direct evidence of variation in ETS2 protein
abundance or function and that remains a challenge. The
mechanistic analysis9 focused on monocyte-specific ETS2
eQTL also associated with rs2836882.17 The eQTL effect
size was relatively small and accounts for a minor fraction
of the population variance in monocyte ETS2 mRNA. Hence,
most variance is probably a consequence of trans-acting
variation at other loci and environment. Chun et al50 have
critically analyzed the limited evidence for shared effects of
individual SNVs on disease risk and gene expression.

The mechanistic link between the variation in expression
detected by the eQTL and inflammation was investigated by
analyzing the effect of deletion of the putative enhancer,
deletion of ETS2, or overexpression of ETS2 in MDM.9 The
deletion experiments used a nontargeting control that does
not recognize any sequence in the human genome and hence
would not cause any DNA damage. A nontargeting control
does not control for the known impact of double-stranded
DNA breaks (introduced by targeted CRISPR-Cas9 editing)
on differentiation and activation in macrophages.51 The
analysis of overexpression of ETS2 involved mRNA trans-
fection of MDM and analysis of their subsequent response to
a complex proinflammatory cocktail including CSF2, tumor
necrosis factor, prostaglandin E2, and a toll-like receptor 2
agonist. The contribution of the individual agonists in this
10
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Figure 2. CSF1 signaling leading to ETS2 activation. A
simplified view of CSF1 signal transduction. For a more
detailed review see Stanley & Chitu.60 CSF1 binding leads to
receptor (CSF1R) leads to dimerization and autophosphor-
ylation which initiates a phosphorylation cascade through
RAS (HRAS, KRAS, NRAS genes), RAF (RAF1, BRAF, ARAF),
MEK (MAP2K1, MAP2K2) and ERK1,2 (MAPK3/MAPK1) to
phosphorylate ETS2 (P ¼ phosphate group). ETS2 moves to
the nucleus where it interacts with PU.1 (SPI1) or AP1 com-
plexes to activate transcription of target genes
including CSF1R and PLAU. The signaling cascade is subject
to feedback at every level. The CSF1R-CSF1 complex is
dephosphorylated, internalised and degraded.60 The diagram
shows two examples highlighted in the text. MEK phos-
phorylates ERK on threonine and tyrosine. Activated ERK
acts in a feedback loop to inhibit RAF phosphorylation. The
inducible dual specificity phosphatase DUSP1 de-
phosphorylates and inactivates ERK.
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mixture to ETS2 regulation is difficult to evaluate, because
CSF2 as the sole stimulus also down-regulates ETS2 mRNA
in monocytes and TLR2 is strongly down-regulated in MDM
compared with monocytes.9 The level of overexpression
(35–60 fold) and the target cell (MDM not monocytes) are
both unrelated to the small variation in ETS2 mRNA
detected in monocytes by eQTL analysis. Given the pattern
of expression of ETS2, we argue that deletion mimics, and
overexpression reverses the differentiation response of
monocytes to CSF1, rather than demonstrating the inflam-
matory effects of ETS2.

Regulation of ETS2 Expression in
Macrophages in IBD Families

We recently generated RNA-seq data from control and
LPS-stimulated MDM cultured from a cohort of affected and
unaffected sib-pairs/trios from 22 IBD families to analyze
transcriptomic variation in MDM as a model for under-
standing IBD susceptibility.52 Regardless of disease status,
MDM from all individuals responded to LPS with transient
induction of the key inflammatory cytokine, TNF. Hence,
there is no support for the idea that IBD arises from a global
hyperresponsiveness to TLR4 signals that distinguishes
affected and unaffected individuals.53 Instead, the analysis
revealed extreme interindividual variation that was gene-
specific, notably including all-or-nothing expression of spe-
cific HLA genes that are also subject to regulation by CSF1.22

The magnitude of the interindividual variation in specific
genes detected in MDM grown in CSF1 is much greater than
reported in published eQTL for monocytes.17,54,55 Further
analysis of these results showed that ETS2 mRNA varied
>10-fold between individuals in both basal and
LPS-stimulated cells, but we could not demonstrate an as-
sociation with either rs2836882 or rs2836754 SNV geno-
type at any timepoint (Figure 1C). As an alternative way of
dissecting the function of ETS2, we considered whether
natural interindividual variation in ETS2 in our study cohort
was correlated with other known regulators. The most
correlated transcriptional regulator, the repressor NFIL3,
also lies within an IBD susceptibility locus identified by
GWAS and like ETS2 is strongly down-regulated by CSF1.22

Nfil3-/- mice develop spontaneous colitis.56 Most impor-
tantly, variation in ETS2 expression between individuals
was not correlated with altered expression of any proin-
flammatory target genes.

The Relationship Between rs2836882
and Transcription Factor Binding

The rs2836882 minor allele was associated with
reduced chromatin H3K27 acetylation and binding of the
macrophage transcription factor, PU.1.9 PU.1 is also bound
to the ETS2 promoter, to an intronic enhancer within the
ETS2 gene, and to multiple sites in the intergenic interval.13

A missing link in understanding the functional impact of
rs2836882 is the identity of transcriptional regulators that
bind directly to the segment of DNA containing this SNV. In
the analysis of regulatory elements, cross-species sequence
1015
comparison can highlight conserved binding sites for tran-
scriptional regulators. Active bidirectional transcription
throughout the ETS2-PSMG1 interval is also detected in
macrophages in mice.11 In mouse monocytes, Ets2 is highly
expressed and the region corresponding to the human
enhancer is in open chromatin.57 Indeed, the sequence
around rs2836882 is conserved across mammalian species
(Figure 1D) and the SNV lies within a perfectly conserved 17
bp element containing an AP1-like motif (core sequence
TGCGTCA). The proposed risk variant G allele at rs2836882
is not simply the ancestral human allele, it is the ancestral
mammalian allele. The conserved AP1 motif is identical to
the X2 box of the human HLA-DRA genes, required for in-
duction by interferon-g and by phorbol esters, and shown to
bind multiple members of the ATF/CREB family (58and
references therein). We speculate that the protective A
variant at rs2836882 favors binding of a repressor. One
candidate is BATF, a member of the ATF family, which is
selectively and strongly induced by LPS in MDM but not in
10
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monocytes and lies adjacent to an IBD GWAS peak on
Chr14.22 A motif near rs2836882 was suggested as the PU.1
binding site that may be influenced in some way by the
SNV.9 This site is annotated by JASPAR on the UCSC genome
browser (https://genome.ucsc.edu/) as a binding site for
STAT1 and STAT2. There is a perfect conserved PU.1 motif
around 40 bp away (Figure 1D). In any case, chromatin
structure at this locus can be dissociated from PU.1 binding.
The loss of the enhancer chromatin signature in monocytes
in response to CSF1 occurs without the loss of bound PU.1.13

We suggest that the observed allele-associated variation in
bound PU.19 is more likely a consequence rather than a
cause of altered chromatin structure. The conservation of
the ETS2 enhancer between mouse and human opens up the
possibility of testing function by deletion, mutation, or
replacement in the mouse genome.

Therapeutic Implications of ETS2
Involvement in IBD

The focus on ETS2 as a proinflammatory transcriptional
regulator leads logically to discussion of therapeutic stra-
tegies for IBD via inhibition of the upstream regulator
mitogen-activated protein kinase, MAP2K1 (MEK1).9 An
MEK inhibitor was found to inhibit inflammatory cytokine
expression in macrophages in vitro and in explants of
inflamed tissue ex vivo.9 The effect of MEK inhibition on
inducible cytokine expression in macrophages was reported
previously, but the inferred mechanism involved phos-
phorylation of the ELK1 transcription factor and induction
of EGR159 rather than ETS2. Any discussion of MAP2K1 as a
target should consider the possible consequences of inhib-
iting CSF1R signaling. The tyrosine kinase signaling pathway
activated by CSF1 binding to CSF1R involves the classical
RAS-RAF-MAP kinase pathway shared by many growth
factor receptors, leading to the activation of MAP2K1.60 This
pathway is shown in Figure 2. The major transcriptional
effectors of this pathway in different cell types, including
tumor cells, are the closely related ETS1 and ETS2 pro-
teins.61,62 In macrophages, phosphorylation and activation
of the targets of MAP2K1, MAPK1 (ERK2), and MAPK3
(ERK1) leads in turn to phosphorylation of the pointed
domain of ETS2, which is required for transcriptional acti-
vation.63 The sustained activation of this pathway by CSF1
leads to induced expression of ETS2 target genes including
urokinase plasminogen activator (PLAU) through interaction
with inducible transcription factors in the AP1 family.64,65

Like all signaling pathways, the RAS-RAF-MAP kinase
pathway is limited by inducible feedback control at multiple
levels, including the down-regulation of ETS2. A key
inducible feedback regulator, DUSP1 encodes the major dual
specificity phosphatase that inactivates MAP kinases.
Monocyte differentiation to MDM in response to CSF1 in-
volves and likely requires complete down-regulation of
DUSP1, which is expressed constitutively in monocytes.22

Interestingly, DUSP1 is also within an IBD susceptibility
locus, transiently reinduced in MDM by LPS and coregulated
with ETS2. Based on the idea that ETS2 is a proin-
flammatory mediator, MAP2K1 (MEK1) was proposed as a
1015
potential therapeutic target.9 If, as we suggest, CSF1 pro-
vides a differentiation signal to drive a resident macrophage
phenotype and resolution of inflammation, any therapeutic
intervention to prevent ETS2 activation is likely to be
counterproductive because it will block this necessary
process. The same argument applies to CSF1R and the 2
ligands, CSF1 and IL34. Expression of both ligands is
increased in experimental and human IBD and IL34 was
proposed as target for therapy.66 We argue that neutralizing
either ligand or blocking the receptor is more likely to
exacerbate disease.

The potential for ERK as a target is further compromised
by the negative feedback that attenuates RAF protein kinase
activity (Figure 2). Blocking ERK activation through MEK
inhibition relieves this feedback inhibition of RAF and pro-
motes flow through the pathway, activating ERK and hence
ETS2. For this reason, MEK inhibitors have limited clinical
use.62 In any case, DUSP1, which inactivates ERK, is pro-
foundly inducible in macrophages by glucocorticoids in both
humans and mice.67 Although now commonly replaced by
immunotherapies, glucocorticoids were previously a front-
line therapy in acute IBD exacerbation, producing clinical
remission but with limited evidence of mucosal healing.68,69
Conclusions
In overview, we propose that IBD susceptibility and

chronic inflammation arise from dysregulation of the CSF1/
CSF1R-dependent adaptation of monocytes (via terminal
differentiation to macrophages) to the environment of the
lower intestine in which down-regulation of ETS2 is
essential. Indeed, the proresolution, anti-inflammatory ac-
tions may provide a rationale for application of CSF1 as a
therapy in inflammatory disease. That framework gives rise
to alternative explanations for the reported association be-
tween rs2836882, transcriptional regulation of ETS2, and
IBD risk9 that applies equally to many other susceptibility
loci identified by GWAS. Our critical analysis illustrates the
many challenges in linking noncoding SNVs identified by
GWAS to mechanism. The corollary of the recent finding that
each individual has a unique macrophage transcriptome52 is
that the power of GWAS analysis may be compromised by
viewing IBD as a single entity. In essence, the genetic
contribution to IBD risk may be unique to each individual or
family. Such variation may contribute to the known IBD
disease heterogeneity and variation in treatment efficacy70

and to the nature of the environmental trigger.
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