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Abstract

Intestinal macrophages are uniquely programmed to tolerate exposure to bacteria without 

mounting potent inflammatory responses. The cytokine IL-10 maintains the macrophage anti-

inflammatory response such that loss of IL-10 results in chronic intestinal inflammation. To 

investigate how IL-10-deficiency alters intestinal macrophage programming and bacterial 

tolerance, we studied changes in chromatin accessibility in response to bacteria in macrophages 

from two distinct niches, the intestine and bone-marrow, from both wild-type and IL-10-deficient 

mice. In both bone-marrow-derived and intestinal macrophages, we identified chromatin 

accessibility changes associated with bacterial exposure and IL-10-deficiency. Surprisingly, IL-10-

deficient intestinal macrophages adopted chromatin and gene expression patterns characteristic of 

an inflammatory response, even in the absence of bacteria. Further, if IL-10 protein was added to 

cells that had previously been IL-10-deficient, it could not revert the chromatin landscape to a 
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normal state. Our results demonstrate that IL-10 deficiency results in stable chromatin alterations 

in macrophages, even in the absence of bacteria. This supports a model where IL-10-deficiency 

leads to chromatin alterations that contribute to a loss of intestinal macrophage tolerance to 

bacteria, which is a primary initiating event in chronic intestinal inflammation.
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INTRODUCTION

Crohn’s Disease is a chronic intestinal inflammatory disorder driven by a combination of 

genetic and environmental factors, the intestinal bacteria, and the immune system[1]. The 

lamina propria tissue layer in the intestine is composed of multiple immune cell types 

including macrophages, B cells, and T cells, which are separated from the intestinal bacteria 

by a single layer of epithelial cells. Intestinal macrophages have adapted a unique tolerance 

to the intestinal environment by effectively killing bacteria that breach this epithelial barrier 

through phagocytosis, but unlike macrophages from other tissues, do not mount a cytokine-

mediated inflammatory response thereby preventing damage to surrounding tissue[2]. These 

mechanisms fail during Crohn’s Disease pathogenesis[3]. In contrast, bacteria-induced 

changes to histone modifications, transcription factor binding, and transcription reflective of 

vigorous inflammation have been characterized in bone-marrow-derived macrophages[4–6].

IL-10 maintains the intestinal macrophage anti-inflammatory response, and its expression 

increases when these cells are exposed to bacteria[7, 8]. Intestinal inflammation is not 

observed when IL-10-deficient (Il10−/−) mice are raised in a germ-free environment lacking 

bacteria, but emerges when mice are conventionally-raised with bacteria present or after 

colonization of germ-free Il10−/− mice with normal intestinal bacteria[9]. More specifically, 

compared to macrophages from wild-type mice, inflammatory responses to bacterial stimuli 

are more vigorous in Il10−/− bone marrow macrophages and aberrantly arise in Il10−/− 

intestinal macrophages[10–12].

In this study, we sought to understand how IL-10-deficiency alters macrophage 

programming and specifically for intestinal macrophages, bacterial tolerance. We 

hypothesized that the lack of IL-10 may alter the chromatin landscape in macrophages 

changing how they respond to bacteria. We thus determined changes in chromatin 

accessibility in response to bacteria genome-wide in intestinal and bone-marrow-derived 

macrophages from both wild-type and Il10−/− mice.

RESULTS

To investigate how IL-10-deficiency alters macrophage programming and response to 

bacteria, we studied changes in chromatin accessibility and gene expression induced by 

bacteria in two types of macrophages from wild-type (WT) or IL-10-deficient (Il10−/−) mice: 

bone-marrow-derived (inflammatory in wild-type) and intestinal (non-inflammatory in wild-

type). Bone marrow macrophages (BMMs) were treated for 4 hours with either 
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lipopolysaccharide (LPS), a molecule found in the outer membrane of bacteria and known to 

illicit a strong immune response (stimulated; “+LPS”), or phosphate-buffered saline 

(unstimulated; “-LPS”). Intestinal macrophages were assayed from mice raised germ-free 

(no bacteria present; “GF”) or conventionally (bacteria present; “CR”). Due to the small 

population of cells and expected chromatin effects that are distal from genes[4–6], we 

measured chromatin accessibility using FAIRE-seq[13], and annotated accessible chromatin 

using publically available ChIP-seq data from WT BMMs[4–6]. Transcriptional changes 

were also detected using RNA-seq (Figure 1A).

LPS and IL-10 regulate three distinct classes of differentially accessible chromatin

We first studied bone-marrow-derived macrophages (BMMs), where changes in histone 

modifications and transcription factor binding reflective of the inflammatory response have 

been studied in wild-type cells[4–6]. The effect of IL-10-deficiency on chromatin and gene 

expression in BMMs is unknown, though they exhibit an exaggerated inflammatory response 

to bacteria[11, 14].

We distinguished genomic regions with accessible chromatin selective to IL-10 status or 

LPS stimulation and classified 9,457 300-bp intervals into three categories by hierarchical 

clustering (Figure 1B, Supplementary Figure 1A). One class exhibited increased chromatin 

accessibility upon LPS stimulation (“inducible”; e.g. Nos2 promoter, Figure 1C), and 

another demonstrated reduced chromatin accessibility upon LPS stimulation (“reducible”; 

e.g. Tcf12 intron, Figure 1D). In the third category, chromatin was at baseline more 

accessible in Il10−/− BMMs and accessibility was exaggerated following stimulation (e.g. 

Tle4 promoter, Figure 1E). We denoted this third class as IL-10 Variable Accessible Regions 

(“IL10VARs”) since IL-10-deficiency drove the observed variable chromatin profile. The 

majority of sites were considered inducible (5,579; 59%), with fewer in the IL10VAR 

(2,883; 30%) and reducible (995; 11%) classes.

To annotate these three differential chromatin classes, we first tested their association with 

histone modifications found in active promoters and enhancers (H3K27ac, H3K4me1, 

H3K4me3) as well as occupancy of AP-1 and ETS family transcription factors (JunB, PU.1), 

other immunomodulatory transcription factors (Bcl-6 and NFκB), and RNA Polymerase II 

(RNA Pol II) (Figure 1F). These data were derived from recent studies of the chromatin-

mediated response to LPS stimulation in WT BMMs[4–6]; Il10−/− BMMs were not 

considered in this work. Inducible and reducible sites showed concordant and dramatic 

changes in H3K27ac, JunB, and PU.1 binding upon stimulation, indicating that LPS-

responsive regions gain or lose hallmarks of active enhancer elements. Interestingly, 

IL10VARs exhibited increased recruitment of JunB upon LPS stimulation, whereas 

H3K4me3, H3K27ac, and PU.1 signals remained enriched but unchanged, at least in WT 

BMMs.

To extend these results to the Il10−/− BMMs, we performed H3K27ac ChIP-qPCR at three 

exemplary IL10VAR loci and one control locus in both WT and Il10−/− cells 

(Supplementary Figure 1B–C). For two of these regions, H3K27ac was present in WT cells 

but enhanced in Il10−/− cells, as predicted by our FAIRE data. Further, we found that an 

inaccessible region devoid of H3K27ac in WT cells exhibited both accessible chromatin by 
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FAIRE and robust H3K27ac in Il10−/− cells. Together these data indicate that changes in 

accessible chromatin associated with the lack of IL-10 can directly coincide with changes in 

histone modifications.

We next searched for over-enriched transcription factor motifs. All three classes were 

enriched with similar frequency for the PU.1 motif (Supplementary Figure 1D). The NFκB 

motif was selective to the inducible class, whereas the AP-1 motif was found in both 

inducible and IL10VARs (Supplementary Figure 1D). These results further support the 

transcription factor occupancy associations based on ChIP-seq data (Figure 1F) and identify 

PU.1 as a factor in all three classes. PU.1 is a known master regulator driving transcriptional 

responses in macrophages, and along with other transcription factors establishes tissue-

specific characteristics of macrophage populations[15].

To determine whether each differential chromatin class targeted functionally related genes, 

we mapped chromatin regions to genes and searched for enriched pathways using 

GREAT[16], independent of underlying gene expression (Supplementary Figure 1E). The 

inducible class was enriched for pathways related to immune response and LPS-responsive 

genes, and others linked to chemokine and cytokine signaling, including Il12a, Il18, Ccl2–4, 
Ccr1–3, Ccr7, and Ccr9. Reducible regions were linked to genes implicated in leukocyte 

activation, and IL10VARs were linked to FoxP3 and Myc targets. Taken together, these data 

show that FAIRE-seq detects active regulatory elements in multiple classes linked to 

biologically meaningful pathways[17, 18].

Lastly, we determined whether chromatin alterations were concordant with gene expression 

changes in the same BMMs. First, independent of chromatin status, we found 2,715 genes 

upregulated and 1,496 downregulated by LPS in WT mice (adjusted p<1×10−5; Figure 2A), 

many of which are integral to macrophage biology (Figure 2B)[19]. Next, to link changes in 

chromatin accessibility to expression changes driven by LPS and IL-10 deficiency, we 

associated regions in the three chromatin classes to genes using GREAT[16], then computed 

the fraction of those genes more highly (positive log2 fold-change) or lowly (negative log2 

fold-change) expressed due to LPS stimulation or IL-10-deficiency (Figure 2C). 

Unexpectedly, we found a nearly equal proportion of down-regulated and up-regulated genes 

linked to the inducible class upon LPS stimulation. Subdividing these up- and down-

regulated genes, we observed that their promoters showed differential H3K27ac and RNA 

Pol II levels, with increasing H3K27ac enrichment coinciding with increasing gene 

expression (Supplementary Figure 1F). Furthermore, genes linked to inducible chromatin 

sites whose expression increased upon LPS stimulation consisted of canonical cytokine 

signaling pathway members, whereas those with decreased expression included known anti-

inflammatory mediators, such as Mef2c, Mef2d, Cx3cr1, IL6r, and Myc. Mef2d directly 

mediates IL-10 expression levels[20], and Myc is a critical transcription factor for many 

cellular functions, including anti-inflammation in macrophages[18]. In contrast to these 

dichotomous inducible chromatin sites, genes linked to reducible sites and IL10VARs tended 

to show decreased expression (Figure 2C). Together, these data indicate that LPS stimulation 

tends to more frequently increase chromatin accessibility, but results in decreased expression 

of more genes. Our findings highlight the highly dynamic nature of macrophage chromatin 

accessibility regulated by cytokines and bacterial products, in agreement with recent 

Simon et al. Page 4

Eur J Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies[6]. It also suggests recruitment of both transcriptional activators and repressors to 

accessible chromatin, such as has been shown during macrophage differentiation[21]. 

Furthermore, these results suggest that IL-10-deficiency leads to baseline chromatin 

accessibility changes that may poise chromatin for recruiting transcription factors that drive 

the transcriptional differences and increased inflammation in these mice.

IL-10-deficient intestinal macrophages exhibit chromatin changes mimicking inflammation

In contrast to macrophages from other organs, intestinal macrophages under physiological 

conditions efficiently eradicate microbes that breach the intestinal epithelial barrier without 

mounting a potent inflammatory response. Mechanisms governing these functional 

adaptations of intestinal macrophages, however, remain incompletely elucidated, and the 

loss of this bacterial tolerance underlies chronic intestinal inflammatory diseases.

As with BMMs, we hierarchically clustered 7,957 300 bp regions with variable chromatin 

accessibility based on IL-10 status (WT vs Il10−/−) and presence of bacteria (germ-free vs 

conventionally-raised) in macrophages isolated from the lamina propria layer of the intestine 

(>95% purity, Supplementary Figure 2A). Similar to BMMs, we observed three distinct 

categories (inducible, reducible, and IL10VAR) (Supplementary Figure 2B, Figure 3A–B), 

however with markedly different proportions; the majority (4,724, 59%) were classified as 

IL10VARs, whereas in BMMs the majority (5,579, 57%) were inducible elements 

(Supplementary Figure 1A, Figure 1B). Importantly, intestinal macrophage IL10VARs were 

characterized by altered chromatin accessibility in Il10−/− mice even in the absence of 

intestinal bacteria and whose resulting chromatin landscape strongly mimicked that 

displayed by LPS-stimulated BMMs. We thus hypothesized that chromatin and 

transcriptional changes driven by IL-10-deficiency in intestinal macrophages heavily 

contribute to an inflammatory response typically seen in BMMs, but not intestinal 

macrophages (Figure 3B–D, Supplementary Figure 2C).

We investigated similarities between intestinal macrophage IL10VARs and LPS-responsive 

(inducible) regions in BMMs in several ways. First, we determined that 20% of intestinal 

macrophage IL10VARs directly overlapped BMM inducible regions (Figure 3C). Linking 

these regions to genes (GREAT), this concordance increased to 54% of genes held in 

common (Figure 3D). Given this overlap, many significantly enriched pathways associated 

with intestinal macrophage IL10VARs matched those enriched in the BMM inducible class, 

including cytokine and chemokine signaling, known perturbation by LPS, and known 

immune system functions (Supplementary Figure 2D). Furthermore, transcription factor 

motifs found within intestinal macrophage IL10VARs were highly consistent with those in 

BMM inducible regions, including AP-1, PU.1, CREB, RUNX, and IRF1 (Supplementary 

Figure 2E and Supplementary Figure 1D).

We next examined gene expression patterns of intestinal macrophages both confined to the 

cytokine pathway (Supplementary Figure 3A) as well as globally (Supplementary Figure 

3B–C). We noticed that although the baseline expression pattern was altered in germ-free 

intestinal macrophages from Il10−/− mice, unlike at the chromatin level, it did not mimic 

LPS-stimulated WT BMMs. Instead, this expression phenotype was only apparent in 

intestinal macrophages from conventionally-raised Il10−/− mice, where the aberrant 

Simon et al. Page 5

Eur J Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inflammatory response is manifested[8, 11, 14, 22]. For example, nearly all interleukin 

genes exhibited a relative expression decrease at baseline in germ-free Il10−/− intestinal 

macrophages, but were massively upregulated in conventionally-raised Il10−/− intestinal 

macrophages (Supplementary Figure 3A). When comparing gene expression globally, 

IL-10-associated expression changes in intestinal macrophages correlated more strongly 

with expression changes in BMMs driven by stimulation (r = 0.15) than with those driven by 

IL-10-deficiency in BMMs (r = 0.1) (Supplementary Figure 3B). However, only the 

conventionally-raised intestinal macrophages from Il10−/− mice displayed a high similarity 

to LPS-stimulated BMMs with respect to these gene expression changes (Supplementary 

Figure 3C).

Together, our findings suggest that IL-10-deficiency alone is sufficient to poise intestinal 

macrophage chromatin for an inflammatory response to intestinal bacteria, even before 

microbial colonization and subsequent manifestation of inflammation. This raises the 

possibility that in the absence of IL-10, intestinal macrophages lose their hypo-

responsiveness to the intestinal bacteria and acquire a chromatin accessibility pattern 

consistent with LPS-stimulated BMMs, poising cells to respond inappropriately through 

unabated intestinal inflammation. This model is supported by well-described phenotypic 

differences between intestinal and non-intestinal macrophages[3, 14, 19, 23, 24]. However, 

our data suggests chromatin is a key mediator of this microbial response.

Regions of dynamic macrophage chromatin are associated with enhancers but are not 
cell-type-specific

Camp et al.[25] recently described changes in chromatin accessibility and gene expression in 

intestinal (colonic and ileum) epithelial cells of conventionally-raised and germ-free mice, 

and germ-free mice intentionally conventionalized with the intestinal bacteria. They reported 

few significant accessibility changes with bacterial colonization. We questioned whether 

differential chromatin regions in macrophages exhibited altered chromatin accessibility in 

epithelial cells. In addition, we wondered whether IL-10-deficiency-driven alterations in 

chromatin were observed in macrophages from other organs. For the latter, we therefore 

generated and assessed chromatin accessibility data in splenic macrophages from the same 

conventionally-raised mice described above as an in vivo control of macrophage cellular 

environment. We integrated these chromatin data with the occupancy of histone 

modifications (H3K27ac, H3K4me1, and H3K4me3) and transcription factors (PU.1, JunB, 

NFκB, Bcl-6 and RNA polymerase II (Pol2)) in BMMs in the presence or absence of LPS to 

more comprehensively annotate the macrophage regulatory landscape (Figure 3E). We found 

that IL-10-deficiency also altered the baseline chromatin accessibility of splenic 

macrophages, suggesting similar regulatory defects in the absence of basal IL-10 production. 

Interestingly, inducible sites in intestinal macrophages (almost half of which overlap BMM 

IL10VARs, Figure 3C) also exhibited changes in epithelial cells isolated from WT germ-free 

mice compared to conventionally-raised and conventionalized mice, suggesting these 

bacteria-responsive dynamic regions may not be cell-type-specific. Based on consistent PU.1 

occupancy in the presence or absence of LPS stimulation in all intestinal macrophage and 

BMM differential chromatin regions, our data suggest that PU.1 may recruit pro-
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inflammatory (AP-1, NFκB) factors necessary to facilitate the bacterial response, a model 

that has been previously proposed[5, 6].

Proof-of-concept that chromatin alterations may also occur in human Crohn’s Disease

As shown above (Figure 3), IL-10-deficiency sufficiently poised intestinal macrophage 

chromatin for an inappropriate inflammatory response even in the absence of intestinal 

bacteria. We wondered whether specific sites of chromatin alterations identified here were 

representative of changes associated with loss of macrophage tolerance in humans as well. 

We focused on IL10VARs in intestinal macrophages to assess specifically those sites linked 

with genetic variation. To test the conservation of chromatin changes in human Crohn’s 

Disease, we generated FAIRE-seq data from colonic mucosal biopsies from two Crohn’s 

Disease and two control patients. These patients were genotyped and did not harbor variants 

near IL10 or IL10RB previously linked with Crohn’s Disease[26] and had no differences in 

IL-10 expression as measured by RNA-seq on the same colonic mucosal tissue samples 

(Figure 4A). We next converted the coordinates of the 4,724 intestinal macrophage 

IL10VARs over to the reference human genome. As genomic regulatory regions can change 

location during evolution[27], we evaluated 300-bp windows within a 10 kb region centered 

around the midpoint of each mapped regulatory element for changes in FAIRE signal 

between Crohn’s Disease and control colon samples. We found 327 windows with 

differential FAIRE signal, a significant enrichment relative to random chance (permutation, 

p<0.001; Figure 4B). Of these, 304 (93%) exhibited increased accessibility in Crohn’s 

Disease patients. This significant linkage between syntenic human-mouse regions was not 

unique to IL10VARs, however, and was also seen for inducible and reducible classes as well 

(Figure 4B). As a class, syntenically-mapped IL10VARs were again significantly enriched 

near key cytokine pathway and pro-inflammatory genes, including IL7R (Figure 4C–D), 

NFKB1, MYD88, as well as a component of Mediator, MED19. These sites and others 

suggest that human Crohn’s Disease patients may also have chromatin alterations associated 

with an inappropriate immune response.

One interesting site demonstrated Crohn’s Disease-selectivity, overlapped a site of genetic 

heterogeneity, and was upstream of the interleukin-7 receptor gene (IL7R) (Figure 4C–D). 

One Crohn’s Disease patient was heterozygous at rs185659576, a T/C variant not previously 

reported to have disease relevance, whereas the controls and other Crohn’s Disease patient 

were homozygous for the T allele. We tested for allelic effects on protein binding by using 

biotin-labeled probes surrounding the C or T alleles, incubated with human macrophage 

(THP-1) nuclear lysate and subjected to electrophoretic mobility shift assays (EMSA) 

(Figure 4E). Band shifts indicative of multiple complexes were observed. Moreover, a 

protein complex (Figure 4E, arrow) was observed when the C allele was present but not the 

T allele, suggesting differential protein binding dependent on the rs185659576 allele. 

Competition of labeled C-allele probe with excess unlabeled C-allele probe more efficiently 

competed away allele-specific bands than excess unlabeled T-allele probe, demonstrating 

allele-specificity of the protein-DNA complexes. Together, these data suggest that an 

unknown transcriptional regulator binds preferentially to the rs185659576-C allele in 

macrophages. Collectively, these results provide a proof-of-concept for using chromatin 

accessibility important in intestinal macrophage biology and colitis pathogenesis to identify 
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and prioritize regions for further experimental investigation that may be directly driving 

susceptibility to human Crohn’s Disease.

Ectopic IL-10 supplementation minimally effects aberrant chromatin associated with IL-10-
deficiency

The spontaneous onset of intestinal inflammation in IL-10-deficient mice may be reversed 

by treatment with recombinant IL-10 soon after weaning[28]. Exogenous IL-10 also 

attenuates the pro-inflammatory transcriptional output in bone-marrow-derived 

macrophages. However, use of recombinant IL-10 for the treatment of Crohn’s Disease has 

been largely unsuccessful[29] with little understanding for the basis of this failure. 

IL10VARs exhibited increased chromatin accessibility at baseline and were associated with 

expression changes in key inflammation-related genes in response to microbial stimulation 

(Figure 1, Figure 3, Supplementary Figures 2–3). To investigate whether IL-10 

supplementation in vitro can revert the Il10−/− BMM chromatin profile to a normal state, we 

performed FAIRE-seq on Il10−/− BMMs stimulated with IL-10 and/or LPS. Surprisingly, 

chromatin accessibility at <5% of the 2,883 IL10VARs in BMMs was affected by the 

addition of IL-10 (Figure 5), and was unchanged at nearly all genes with known expression 

changes (data not shown). Chromatin accessibility was also unaffected at reducible regions 

(Supplementary Figure 4A), but was more pronounced at inducible regions (Supplementary 

Figure 4B), with a small subset near genes with IL-10-mediated expression changes. These 

data suggest IL-10 may transiently modulate expression and chromatin structure of certain 

target genes (e.g. Irf1, Figure 5B), however at most IL-10-dependent loci, exogenous IL-10 

does not significantly remodel chromatin. We propose that the absence of IL-10 during 

development drives the formation of a chromatin landscape that leads intestinal 

macrophages to respond aberrantly to bacterial stimulation that cannot be corrected by IL-10 

after differentiation. This model is supported by the development of early and severe 

Crohn’s Disease in patients with genetic dysregulation of IL-10 signaling[30], the lack of 

therapeutic response to recombinant IL-10[29], and increased success with earlier IL-10 

therapeutic intervention[28].

DISCUSSION

Chromatin accessibility influences cellular identity, providing access for transcription factors 

and setting the stage for responses to changing cellular conditions and external stimuli. For 

each cell, the chromatin landscape evolves throughout differentiation[31–34], finely tuning 

regulatory programs. Closely related cells, such as macrophages from different tissues, will 

share a large fraction of their accessible regions associated with common functions, but their 

differences highlight unique regulatory programs driven by their environments and their 

normal responses. This was demonstrated in a recent study showing macrophage gene 

expression and chromatin differences depending on the microenvironment[35], despite a 

common progenitor[36]. Further, Lavin et al. showed that the differentiated macrophage 

chromatin landscape could be re-programmed after changing the microenvironment. This is 

likely due, at least in part, to the tissue-restricted expression of critical transcription factors 

that govern tissue macrophage function, including members of the GATA, RUNX, and 

MEF2 families[35]. Microenvironment and tissue-restricted transcription factors therefore 
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likely play prominent roles in properly establishing chromatin during differentiation through 

subtle alterations of the common canvas in progenitor cells, leading to significantly different 

behaviors, a concept proposed in a study of chromatin during Drosophila development[32].

Intestinal macrophages respond to bacteria very differently compared to macrophages from 

other tissues. We provide strong evidence here that chromatin plays a critical role in 

maintaining this cellular identity and function. The establishment of a proper chromatin 

landscape may depend on IL-10 early in development, even though IL-10 is not known to be 

a classic chromatin remodeler, pioneer factor, or even a factor that directly interacts with 

chromatin. We believe this may have relevance for the development of therapies for chronic 

intestinal inflammatory diseases. Drugs that simply target aberrantly expressed genes may 

fail if restoration of gene activity does not correct abnormal function due to an improper 

chromatin environment in which to operate, as is the case with current management 

strategies for patients with Crohn’s Disease[37]. In humans, mutations in IL-10 receptor 

genes (IL10RA, IL10RB) are associated with early, severe Crohn’s Disease[30], indicating 

that IL-10 activity is relevant in human disease, but are rare. Interestingly, clinical trials have 

explored recombinant IL-10 therapy in Crohn’s Disease with little success[29]. Various 

reasons have been cited for this lack of therapeutic efficacy, including dosage, timing of 

IL-10 therapy and resulting IL-10 concentration in the intestine, and the large degree of 

disease phenotype heterogeneity among patients[38]. Our results suggest an alternative, 

complementary explanation. If macrophage cellular identity has been stably altered at the 

chromatin level, simply restoring IL-10 levels may not be sufficient, especially in the long 

term. More generally, if factors essential for proper chromatin programming during 

development or differentiation are missing, their lack of chromatin-modifying activity may 

preclude their efficacy as a sole therapy later in time. Factors that drive differentiation are 

known to promote and suppress transcription, thus This model is supported by a longitudinal 

study of disease progression in mice, where recombinant IL-10 therapy administered to 

weanlings prevented the onset of intestinal inflammation, whereas adult mice only modestly 

exhibited reduced progression[28]. Future studies can examine macrophage chromatin 

dynamics during development. However, proper temporal expression of critical tissue-

specific transcription factors and other genes is also likely to play a role in establishing 

appropriate cellular identities during differentiation, and may very well occur upstream of 

structural changes to chromatin.

We also believe that this has important implications for how underlying genetics should be 

investigated for contributions to disease, and importantly here chronic intestinal 

inflammatory diseases. Not only should variant effects be investigated in the end disease 

cell, but also how they may contribute the establishment of the epigenetic program. In 

complex human disease, contributions from multiple genetic variants may result in subtle 

chromatin changes that when combined with other environmental factors may be principal 

drivers behind increased disease susceptibility. Genetic predisposition to intestinal 

inflammation, regardless of whether IL-10 signaling is involved, may therefore result from a 

poised chromatin state that drives an aberrant transcriptional response to stimuli in a tissue 

specific context. Neither human Crohn’s Disease patients we analyzed had genotypes that 

indicated IL-10 signaling had been affected, yet they exhibited chromatin changes similar to 

those found in our IL-10-deficient mouse colitis models. These findings support the well-
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described differences in transcriptional responses to microbial stimulation between intestinal 

macrophages and other non-intestinal macrophage populations[2, 39]. Loss of this perpetual 

hypo-responsiveness to the intestinal bacteria is also observed in intestinal macrophages 

from patients with Crohn’s Disease compared to intestinal macrophages from control 

patients[3].

We found that IL-10-deficiency can profoundly influence establishment of the proper 

macrophage chromatin environment, effectively altering cellular identity resulting in 

aberrant behavior. We found that in the presence of bacteria, IL-10-deficient intestinal 

macrophages adopted chromatin and gene expression patterns characteristic of an 

inflammatory response. In IL-10-deficient mice raised germ-free, which do not exhibit 

intestinal inflammation, chromatin accessibility patterns indicative of inflammation were 

also present but lacked the corresponding gene expression changes.

Additionally, our work shows an association between sites in mice reflective of a baseline 

alteration in chromatin driven by IL-10 deficiency and similar Crohn’s Disease-specific 

changes in syntenic regions in human colon tissue, despite the fact that the underlying 

genetic changes are not the same. Based on these results, we postulate that multiple genetic 

mechanisms may drive a common core chromatin signature reflective of chronic 

inflammation. It is critical, therefore, to understand how all types of genetic and 

environmental variation is changing the chromatin landscape leading to increased disease 

susceptibility.

Our findings also have direct implications for the development of novel therapeutic 

strategies for Crohn’s Disease and possibly other chronic inflammatory diseases that result 

from a strong interplay between genetics and the environment. Future studies that uncover 

the mechanisms of regulatory aberrations in chronic inflammatory disorders should direct 

the exploration of new therapeutic strategies towards stimulation or inhibition of the 

appropriate intestine-specific macrophage response, especially in macrophages isolated from 

the healthy and inflamed human intestine.

MATERIALS AND METHODS

Reagents, mice, and macrophages

IL-10 was purchased from BD PharMingen (San Diego, CA), LPS was obtained from 

Sigma-Aldrich (St. Louis, MO). WT and Il10−/− mice on a C57BL/6 background and 

controls were purchased from The Jackson Laboratory (Bar Harbor, ME). WT and Il10−/− 

mice on the C57BL/6 background were matched for age in all experiments. GF mice (WT 

and Il10−/−) were derived by embryo transplant and maintained at the National Gnotobiotic 

Resource Center at the University of North Carolina. Mice were housed in accordance with 

guidelines from the American Association for Laboratory Animal Care and Research 

Protocols, and the Institutional Animal Care and Use Committee of the University of North 

Carolina approved experiments (IACUC #12-199).
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Macrophage isolation and stimulation

Bone marrow-derived macrophages (BMMs) were harvested, cultured and stimulated as 

described [11]. Macrophages were stimulated with 100 ng/mL LPS where denoted. For 

Il10−/− macrophages supplemented with IL-10, cells were pre-treated with IL-10 (10 ng/mL) 

for 24 hours. Lamina propria mononuclear cells were isolated from mouse colon by an 

enzymatic method and density gradient centrifugation, as described previously [40]. 

Splenocytes were isolated as previously described [41]. Lamina propria mononuclear cells 

and splenocytes were further separated into CD11b+ cells using anti-CD11b microbeads 

(Miltenyi Biotec, Auburn, CA). Purity was >90% by flow cytometric analysis 

(Supplementary Figure 2A).

Creation of a mouse genome blacklist filter

Certain types of genomic regions are known to induce artifactual signal caused by 

experimental or technical biases, and thus it has been suggested that these regions be masked 

or ignored[42]. Mouse blacklists were therefore created in a fashion consistent with 

ENCODE[43] for the human genome, including problematic satellite repetitive elements 

(CENSTAT, GSAT, MurSAT, and SYNREP), regions with sequence homology to 

mitochondrial DNA (NumtS), rRNA, and regions on chrX with strong sequence homology 

to chrY. The effects of these types of genomic elements on sequencing data has been 

previously discussed[42].

Formaldehyde-assisted isolation of regulatory elements (FAIRE) and hierarchical 
clustering of differentially open chromatin

FAIRE was performed as previously described[13] in biological duplicate or triplicate as 

indicated. Sequencing was performed using 50-bp single-end reads (Illumina HiSeq 2000). 

Reads were filtered such that their identical sequence could appear only up to five times, and 

only reads with quality score greater than 20 for 90% of bases were retained. Reads were 

then were filtered using TagDust [44] and aligned to the reference mouse genome (mm9) 

with GSNAP [45] using a k-mer size of 15, indel penalty of 5, and allowing 1 mismatch. 

Reads aligning to more than four locations or overlapped blacklisted regions of the mouse 

genome were removed. Reads were counted in 300-bp windows sliding by 100 bp across the 

genome and normalized for sequencing depth. Windows were then intersected with the 

union set of the top 50,000 peaks identified for each sample using Fseq [46]. For clustering 

analyses, only windows with variable signal (row standard deviation > 0.75) were retained. 

Overlapping windows were handled by retaining the one window for a given region with the 

maximal standard deviation. Remaining windows were then hierarchically clustered and 

plotted. Feature intersections were computed using BEDTools [47]. For comparison with 

exogenous IL-10, quantile normalization of wiggle files was carried out using DANPOS 

[48]. Regions were split into “responsive” and “non-responsive” based on whether a peak 

called in the +IL-10 conditions fell into the union set of the top 50,000 peaks called for all 

control samples.
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Chromatin immunoprecipitation and quantitative PCR

Chromatin immunoprecipitation (ChIP) was performed on both WT and Il10−/− with the 

ChIP-IT Express kit (ActiveMotif, Carlsbad, CA) according to the manufacturer’s 

recommendations. Briefly, 10×106 BMMs were washed with complete growth media, and 

fixed with 1% formaldehyde for 10 minutes at room temperature. IPs were carried out using 

a polyclonal H3K27ac antibody (ab4729; Abcam, Cambridge, MA). Real-time PCR was 

then performed with the SensiFAST SYBR Hi-ROX Kit (Bioline, Boston, MA) as 

recommended, using primers for the four regions (below); input DNA was diluted 10-fold 

prior to PCR. ChIP enrichment values were compared to input controls and converted to 

percentage of input DNA immunoprecipitated using 2−ΔCt. These percentage input values 

were then averaged for three independent biological replicates and standard error was 

computed.

Primer sequences used were as follows:

Primer set name Forward Reverse

Suz12 5′TGGTGGGGGAGTTAAATATCTG 5′ATGACAGGTGCTTTTGAGGTTT

Irf1 5′GAGTTCCTACTGCCCCGTATTT 5′TATGTCCCTGTACCGCCTTACT

Steap3 5′CTCAGCAGTTTGTGCTGATAGG 5′GTGCCCTTATCTACCATTTCCA

Cacng8 (neg. control) 5′AGGCCATGTTTGGGATACTG 5′AAAGCAGAAGCGGAACTCAC

Transcript abundance measurements and differential expression using RNA-seq

RNA was isolated using Qiagen RNeasy Mini Kit (Valencia, CA). This kit uses a column-

based DNase treatment to eliminate DNA contamination. RNA was sequenced using paired-

end 50bp reads (Illumina Hiseq 2000). Reads were filtered using TagDust (Lassmann et al. 

2009) and only reads with quality score greater than 20 for 90% of bases were retained. 

Reads were then aligned to the reference mouse genome (mm9) with GSNAP [45] using 

parameters described above. Reads aligning to blacklisted regions of the mouse genome 

were removed. Transcript abundance was estimated by computing RPKM [49] using RefSeq 

gene models aggregated by gene symbol. For differential expression analyses, raw counts 

over RefSeq exons were used, then compared across samples using DESeq [50] at an 

adjusted p-value threshold of p < 1×10−5.

Analysis of ChIP-seq and DNase-seq data

Sequencing reads were obtained from the Short Read Archive and re-processed by filtering 

using TagDust [44] and aligning to the reference mouse genome (mm9) with Bowtie [51] 

using default parameters. Reads aligning to blacklisted regions of the mouse genome were 

removed. Remaining reads were extended in silico to an assumed fragment length of 250 bp. 

DNase data were obtained from Camp et al. [25].
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Motif analysis

Significantly enriched known transcription factor (TF) motifs were identified using HOMER 

[15]. The 300-bp flanking region was used as local background. The motifs detected de novo 
are presented in Supplementary Figure 1 and Supplementary Figure 2. Highly similar entries 

were merged.

Ontologies associated with differentially open chromatin

Regions from Clusters 1–3 were associated with Gene Ontologies using GREAT [16]. The 

top term for a given ontology with q < 1 × 10−5 was presented.

Patient Population

CD patients from the adult IBD Center at University of North Carolina were included in this 

study. A total of 4 samples (2 CD and 2 non-CD controls) were studied using FAIRE-seq. 

This study received IRB approval at UNC Chapel Hill (Protocol # 10-0355).

Genotyping and analysis of human FAIRE-seq data

Genotypes for two non-IBD and two CD individuals were assayed on the Illumina 

Immunochip. QC and removal of poor quality SNPs was performed using a standard cluster 

file from Illumina. Genotype imputation was performed with MaCH-admix [52], and sex-

specific, custom genomes were created for each individual using genotype calls for all 

genotyped and imputed variants. FAIRE-seq reads with quality scores greater than 20 for 

90% of bases were retained. High quality reads were aligned to their respective personalized 

genomes using the SNP-tolerant GSNAP software [45].

Cross-species analysis

Windows falling into one of the three classes from mouse analyses were converted to 

coordinates in the human genome using LiftOver with a conservation threshold of 0.1[27]. 

These new regions were then extended 5 kb on either side of the region midpoint. New 300 

bp windows sliding by 100 bp were then constructed across these 10 kb regions, and 

normalized FAIRE-seq enrichment for the two control and two CD individuals was 

computed. Regions with variable open chromatin (row standard deviation > 0.25) were then 

detected. Overlapping windows were handled by retaining the one window for a given 

region with the maximal standard deviation. Permutations were computed by shuffling a 

given class of regions across the uniquely mappable mouse genome, and then repeating this 

cross-species process 1,000 times and counting how many variable windows were detected 

relative to the number that converted successfully. P-values for permutations were derived 

empirically based on how many times the shuffled set of mouse windows resulted in more 

patient-variable regions than the actual regions from our three clusters.

Electrophoretic mobility shift assay (EMSA)

Complementary oligonucleotides (5′-CTTATATATGTAA[C/T]ATATG-3′) were designed 

around the variant rs185659576 (Integrated DNA Technologies, Coralville, IA). Total 

nuclear protein of human monocyte THP-1 cells was extracted using a NE-PER Extraction 

Kit (Thermo Scientific, Waltham, MA), and the protein concentration was measured with the 
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BCA Protein Assay (Thermo Scientific). The LightShift Chemiluminescent EMSA Kit 

(Thermo Scientific) was used following the manufacturer’s protocol, and all incubations 

were carried out at room temperature. The biotin-labeled probe-protein binding reaction was 

incubated for 25 min and contained: 1× binding buffer, 1 μg poly(dI-dC), 5 μg nuclear 

extract, and 200 fmol 5′-biotin-labeled double-stranded oligonucleotide probe in a final 20 

μL reaction volume. The unlabeled probe-protein competition reaction contained 100-fold 

excess of unlabeled probe and was incubated with the nuclear extract for 15 minutes prior to 

adding the biotin-labeled probe and incubating for another 25 minutes. The DNA-protein 

complexes were resolved using 6% DNA retardation electrophoresis gels (Life 

Technologies, Carlsbad, CA) in 0.5× TBE (Lonza, Basel, Switzerland). The gels were 

transferred to Biodyne Nylon Transfer Membranes (Thermo Scientific). After UV 

crosslinking, chemiluminescence was used to visualize the protein-probe complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Three regulatory element classes in bone marrow macrophages driven by IL-10 deficiency 
and bacterial stimulation
A. Experimental schema. Bone Marrow Macrophages (BMMs) were isolated from wild-type 

(WT) and IL-10-deficient (Il10−/−) mice. BMMs stimulated with lipopolysaccharide (LPS) 

were compared against control (-LPS). Intestinal macrophages (IMs) were isolated from the 

lamina propria intestinal layer of wild-type (WT) and IL-10-deficient (Il10−/−) mice. 

Intestinal macrophages isolated from germ-free (GF) mice were compared against 

conventionally-raised (CR) mice. Data were also generated on WT and Il10−/− 
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conventionally-raised splenic macrophages (SM). B. Average normalized FAIRE-seq signal 

across two biological replicates for WT (black) and Il10−/− (red) for both LPS-stimulated 

(dotted) and control (solid) BMMs is plotted around regions (±3 kb) classified as inducible 

(left), reducible (middle), or IL10VAR (right). C–E Representative loci for inducible (C), 

reducible (D), and IL10VARs (E). F. Annotation with published ChIP-seq signal[4–6].
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Fig. 2. Alterations in gene expression due to IL-10 status or bacterial stimulation affect many key 
cytokine genes
A. Differential expression analysis between LPS-stimulated and unstimulated BMMs for 

two biological replicates (red points, DEseq adjusted p < 1 × 10−5). B. Log10 expression of 

genes in the cytokine signaling pathway is plotted on a scale of 0 (blue) to 3.0 (white) to 5.0 

(red), and genes with a significant alteration in expression (DEseq adjusted p < 1 × 10−5) are 

denoted with an asterisk. C. Fraction of genes linked to three regulatory element classes that 

were up- or down-regulated with respect to IL-10 status (Il10−/− vs WT) or LPS stimulation.
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Fig. 3. Aberrant chromatin accessibility in Il10−/− intestinal macrophages from germ-free mice 
mimics that of LPS-stimulated bone marrow macrophages but is not cell-type-specific
A. Average normalized FAIRE-seq signal across 2–3 biological replicates for WT (black) 

and Il10−/− (red) for both conventionally-raised (dotted) and germ-free (solid) intestinal 

macrophages is plotted around regions (±3 kb) classified as inducible (left), reducible 

(middle), or IL10VARs (right). B. Representative locus for IL10VARs. FAIRE-seq signal 

from WT LPS-stimulated BMMs (blue) included as a comparator for IL10VARs. C. 

Percentage of overlapping sites in three regulatory element classes from BMMs and 
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intestinal macrophages. Overlap values presented reflect the percentage overlap relative to 

the given set of regions on the left. D. Fraction of common genes linked to intestinal 

macrophage IL10VAR and BMM inducible (top) or intestinal macrophage inducible and 

BMM IL10VAR (bottom). E. Annotation of regulatory element classes with averaged 

FAIRE-seq signal in BMM (red), intestinal macrophage (IM, green), and splenic 

macrophages (SM, blue), as well as published DNase-seq signal from colonic (purple) and 

ileal epithelial cells (orange). Summarized ChIP-seq data for transcription factors and 

histone modifications is presented on the right as percent overlap.
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Fig. 4. IL10VARs display enrichment for differential chromatin in syntenic regions in human 
tissue and allele specific protein binding
A. Expression levels (RPKM) of IL10, IL10RA, and IL10RB for each human patient 

biopsied as measured by RNA-seq. B. Regions falling into one of three regulatory element 

classes from intestinal macrophages were mapped to the human genome and selected based 

on CD-selective chromatin accessibility in mucosal biopsies from CD and non-CD patients. 

The number of final CD-variable windows relative to the number of windows that 

successfully mapped to the human genome is compared to a permuted control for each 

regulatory element class. P-values were derived empirically based on 1,000 permutations. 

Error bars represent standard deviation around the mean. C–D. Normalized FAIRE-seq 

signal at Il7r (mouse, C) and IL7R (human, D) depicting conserved enrichment in mouse 

intestinal macrophages and human mucosal biopsies. Crohn’s Disease (CD) and control 

patient genotypes for overlapping variant rs185659576 are also presented. E. Electrophoretic 

Mobility Shift Assay (EMSA) with human THP-1 macrophage nuclear extract utilizing 

complementary oligonucleotides containing either the T (reference) or C (alternate) alleles 

of rs185659576. Protein complex binding specifically to the C allele is demarcated with an 

arrow.
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Fig. 5. Ectopic IL-10 does not revert aberrant baseline chromatin structure of Il10−/− 

macrophages
A. Normalized FAIRE-seq signal for BMMs with and without LPS stimulation and ectopic 

IL-10 supplementation within 3 kb of IL10VARs divided into responsive or non-responsive 

based on effect from ectopic IL-10. B–C. FAIRE-seq signal without (red) and with (green) 

ectopic IL-10 at responsive (B) and non-responsive (C) regions.
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