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Abstract

Macrophage activation by bacterial lipopolysaccharide (LPS) leads to induction of a complex 

inflammatory gene program dependent on numerous transcription factor families. The 

transcription factor Ikaros has been shown to play a critical role in lymphoid cell development and 

differentiation, however its function in myeloid cells and innate immune responses is less 

appreciated. Using comprehensive genomic analysis of Ikaros-dependent transcription, DNA 

binding, and chromatin accessibility, we describe unexpected dual repressor and activator 

functions for Ikaros in the LPS response of murine macrophages. Consistent with the described 

function of Ikaros as transcriptional repressor, Ikzf1−/− macrophages showed enhanced induction 

for select responses. In contrast, we observed a dramatic defect in expression of many delayed 

LPS response genes and ChIP-seq analyses support a key role for Ikaros in sustained NF-κB 

chromatin binding. Decreased Ikaros expression in Ikzf1+/− mice and human cells dampens these 
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Ikaros-enhanced inflammatory responses, highlighting the importance of quantitative control of 

Ikaros protein level for its activator function. In the absence of Ikaros, a constitutively open 

chromatin state was coincident with dysregulation of LPS-induced chromatin remodeling, gene 

expression, and cytokine responses. Together, our data suggest a central role for Ikaros in 

coordinating the complex macrophage transcriptional program in response to pathogen challenge.

INTRODUCTION

Innate immune cells such as macrophages respond to pathogen associated molecular patterns 

(PAMPs) through a wide range of pattern recognition receptors (PRRs) (1–3). Among the 

PRR families, the toll like receptors (TLRs) are perhaps the most intensively studied (3–5), 

and the TLR4 response to lipopolysaccharide (LPS) in particular has become a widely used 

model system for the analysis of inflammatory gene regulation, due in part to the number 

and complexity of the gene classes induced by this ligand-receptor interaction (6–8). LPS-

activated genes exhibit differential expression kinetics, leading to their classification as 

primary and secondary response genes. These two kinetically-defined classes are in turn 

differentiated by promoter CpG content and the requirements for secondary protein 

synthesis, epigenetic modifications, and chromatin remodeling (6–8).

Activation of the NF-κB family of transcription factors, and particularly RelA/p65 (9–11), 

plays a fundamental role in PRR-induced expression of immune response genes (3, 12, 13). 

While oscillatory nuclear dynamics have been shown to regulate RelA activity (14–17), 

recent work suggests that in PRR-activated macrophages, RelA exhibits a prolonged phase 

of nuclear residence, supporting sustained activation of key immune effector genes (18). 

Considering the pervasive requirement for NF-κB activation in diverse early and late PRR-

induced macrophage responses (19), we have an incomplete understanding of how NF-κB 

activity is coordinated with the function of additional transcription factors to control 

multiple phases of inflammatory gene expression.

We previously described a role for the transcription factor Ikaros in sustaining RelA nuclear 

occupancy in response to pathogenic concentrations of LPS, which promoted positive 

feedback in the NF-κB activation cycle and led to a more robust innate immune response in 

macrophages (18). Ikaros has a well-studied role in lymphocyte development and 

differentiation (20, 21), and in lymphoid cells it has been characterized as a repressor of 

gene expression (22–24). While Ikaros expression is reduced during myeloid cell 

development, we have shown that this transcription factor is strongly induced in 

macrophages after LPS challenge (18). Considering the limited understanding of Ikaros 

function in innate immunity and its putative repressor capacity, elucidating the function of 

Ikaros in LPS-induced responses was of considerable interest.

To interrogate Ikaros function in the context of temporal control of inflammatory responses, 

we conducted a comprehensive genomic analysis of Ikaros-dependent gene expression, 

DNA binding, and chromatin accessibility in LPS-stimulated primary mouse macrophages. 

We observe dual effects of Ikaros on gene expression. A subset of LPS-induced genes were 

repressed in the context of Ikaros expression, while a larger proportion of LPS response 

genes required Ikaros for full activation, particularly among late response genes. This latter 
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effect coincides with a substantial reduction in sustained RelA chromatin binding in Ikzf1−/

− cells and altered LPS-induced chromatin accessibility. Our data suggest an unexpected 

central role for Ikaros in macrophage chromatin regulation and the associated complex 

transcriptional changes that occur during pathogen challenge.

MATERIALS AND METHODS

Mouse BMDM culture and ligand stimulation

Mice were maintained in specific-pathogen-free conditions and all procedures were 

approved by the NIAID Animal Care and Use Committee (National Institutes of Health, 

Bethesda, MD). Bone marrow progenitors from littermate wild type, Ikzf1+/− and Ikzf1−/− 

mice (20) (generously provided by K. Georgopoulos) were differentiated into BMDM in 

complete DMEM, 10% FBS, 20 mM Hepes, and 2 mM glutamine culture media containing 

60 ng/ml M-CSF (R&D). On day 7 after differentiation, complete DMEM was replaced with 

2% DMEM (2% FBS, 20 mM Hepes, and 2 mM glutamine) and 3 hr later cells were treated 

with 10ng/ml LPS for the indicated time. In cytokine validation experiments, day 6 BMDM 

were plated 100,000 cell per well of a 96 well plate, and the following day were stimulated 

with 10ng/ml LPS for the indicated time. The RAW264.7 parental cell line was from ATCC 

(cat. no. TIB-71; lot no. 2263775), and was acquired from the master stock established by 

the Alliance for Cell Signaling Consortium. Cells were authenticated by karyotyping and 

short tandem repeat profiling and were confirmed to be free of mycoplasma contamination. 

Wild type and Ikzf1−/− RAW264.7 cells were maintained in DMEM, 10% FBS, 20 mM 

Hepes, and 2 mM glutamine. LPS was from Alexis Biochemicals, Salmonella minnesota 

R595 TLRgrade, ALX-581-008-L002.

RNA-seq

Total RNA was isolated from approximately 1×106 cells by using an RNAeasy Mini Kit 

(Qiagen). Sequencing libraries were generated using the Illumina TruSeq V3 protocol and 

subject to 101 bp paired-end sequencing on an Illumina HiSeq2000. Sample quality, library 

complexity, and alignment statistics were checked using an established pipeline at the NCI 

Center for Cancer Research Sequencing Facility. All RNA-seq analyses were performed 

from two biological replicates. The sequencing reads were aligned against the reference 

mouse genome mm9 and ensemble v70 transcripts using TopHat (v. 2.0.8). The alignment 

statistics were greater than 93% for all samples. All short reads were assembled with 

Cufflinks (v. 2.0.2) with -G option to quantitate against annotated reference transcripts.

Data analysis—Transcripts shorter than 200 bp were discarded. We first compared 

methods for identification of differentially expressed genes in response to LPS. In the first 

approach, replicates were combined by taking the mean value for each transcript, and LPS-

induced transcripts were classified as having a minimum log2 (FPKM fold) change of ≥1 

FPKM from baseline in at least one time point post-LPS stimulation (2 hr, 4 hr, 10 hr). This 

method identified 2,063 differentially expressed genes. We then compared this approach to 

edgeR, another widely used RNA-seq analysis method, using an FDR < 0.001, which 

identified a much larger set of >5000 genes as LPS-induced. EdgeR analysis plots showed 

that many genes considered differentially expressed at FDR < 0.001 have a low fold change 
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(Fig. S1D). We therefore selected the FPKM method to restrict our analysis to genes with 

more substantial LPS-induced changes. Genes with multiple transcripts were assigned the 

transcripts with the largest maximum expression change across all time points post-LPS 

stimulation. Early, mid, and late-response genes were classified as those genes that reached 

peak expression change at 2 hr, 4 hr, or 10 hr, respectively. Ikaros-repressed and Ikaros 

activated were classified as those LPS-induced genes whose basal expression change was 

increased by at least 2 fold, or decreased by at least 2 fold at any time point in Ikaros KO, 

respectively. Ikaros neutral genes showed below 2 fold absolute expression change between 

WT and KO.

ChIP-seq

ChIP assays were performed as described previously (25, 26), with the following 

modifications. Cells were treated with 10 ng/ml LPS or left untreated for the indicated times. 

For the RelA and Ikaros ChIP, BMDMs were cross-linked with 1% formaldehyde for 10 min 

at room temperature. After cross-linking, chromatin was isolated from approximately 2 × 

107 cells and processed as follows. The lysis buffer to shear the chromatin contained 0.5% 

SDS, 10 mM EDTA (pH 8), 50 mM tris-HCl (pH 8), and proteinase inhibitor cocktail. 

Sonication was performed with a Bioruptor Plus (Diagenode) at medium setting for a total 

time of 17 min for Ikaros ChIP, 20 min for RelA ChIP, using a 30 sec ON, 30 sec OFF cycle 

to shear the chromatin to generate DNA fragments with a size range of 200 to 600 base 

pairs. The sonicated mixture was centrifuged at 14,000 rpm for 10 min. The sheared 

chromatin samples were diluted 1:5 in dilution buffer [0.01% SDS, 1.1% Triton-X, 1.2 mM 

EDTA (pH 8), 20 mM tris-HCl (pH 8), 167 mM NaCl, and proteinase inhibitor cocktail]. For 

the RelA ChIP, 10 μl of a rabbit polyclonal anti-RelA antibody (ab7970, Abcam) was diluted 

in 1 ml immune complex buffer with Dynabeads protein A (Invitrogen). For the Ikaros ChIP, 

10 ul of a goat polyclonal Ikaros antibody (M-20, Santa Cruz) was diluted in 1 ml immune 

complex buffer with Dynabeads protein G (Invitrogen). 200 μg chromatin DNA was 

immunoprecipitated with antibody-bead complexes at 4°C overnight. The chromatin-DNA 

complexes were washed with immune complex buffers (Low salt, High salt, LiCl and TE) 

and were eluted followed by reverse cross-linking (10 mM Tris-HCl, 300 mM NaCl, 55 mM 

EDTA, 0.5% SDS). Sequencing libraries were generated using Illumina TruSeq V3 protocol 

and subjected to 51 bp single-end sequencing on an Illumina HiSeq2000. Sample quality 

and library complexity were checked using an established pipeline at the NCI Center for 

Cancer Research Sequencing Facility. All ChIP-seq analyses were performed from two or 

three biological replicates.

Data analysis—Binary indications of Ikaros and/or RelA binding were determined as a 

hotspot maximum density (HSMaxD) greater than zero at respective time points. When 

comparing the distributions of HSMaxD in LPS induced vs. LPS non-induced genes, the 

median HSMaxD was assigned to each gene. Shifts in the distributions were assigned p-

values calculated from a Kolmogorov-Smirnov test. Raw bam files were uploaded to the 

UCSC genome browser for visualization of genome tracks. Individual gene loci at each time 

point were categorized as: uniquely bound by Ikaros, uniquely bound by RelA, or co-bound. 

Enrichment scores of Ikaros/RelA co-bound LPS-induced genes were assessed as FDR-

adjusted p-values resulting from Fisher’s Exact test applied to each target gene group 
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comparing a gene’s co-bound status against it’s classification as an early, mid, or late 

response gene. The background for the Fisher’s Exact test is the entirety of genome-wide 

bound hotspots at each time point.

ChIP-qPCR

The chromatin immunoprecipitation was performed as described above for ChIP-seq. The 

purified ChIP products were subjected to qPCR analysis with an IQ SYBR Green Supermix 

and a MyIQ singlecolor, real-time PCR detection system (Bio-Rad) according to the 

manufacturer’s instructions. DNA mixtures purified from aliquots of each chromatin sample 

were also subjected to qPCR analysis as input samples, and the results were presented as the 

ChIP-qPCR measurements normalized to their respective input levels. The ChIP-qPCR 

respective forward and reverse primers were: Tnf; CTTGGAGGAAGTGGCTGAAG and 

GCTGAGTTCATTCCCTCTGG, Rela; GTGGGAGGGGCGTAACTATT and 

CCACTATGCCAGAAGGAGGA, Rela; CTCATGGCTCTCAGGGACTC and 

ACGTTTTCCTAAGCGTGCAG, Ccl4; CATGAAGCT CTGCGTGTCT and 

GCAGCTGGAAGAGTCAACTTA, Lcn2; GTCCAGGAAGCCATGAAG TAAT and 

CCTTCCTGTTGCTCAACCTT, Negative control; AGGCCTGCACTACCAAACAC and 

TAATGCCCTTGCAGAAGACC.

DNase-seq

DNase-seq was performed as previously described (27, 28), with the following specific 

details. After treatment with 10 ng/ml LPS for the indicated times, cells were pelleted at 500 

g for 5 min at 4°C followed by nuclei isolation with ice-cold buffer A (15 mM Tris-Cl (pH 

8), 15 mM NaCl, 60 mM KCl, 1 mM EDTA (pH 8), 0.5 mM EGTA (pH 8), 0.04% NP-40, 

0.5 mM Spermidine), and the nuclei were centrifuged at 500 g for 5 min at 4°C. The isolated 

nuclei were washed with fresh-cold buffer A and chromatin from 5 million cells were 

digested with 80 U/ml DNase I (Sigma) for 3 min at 37ºC followed by termination of the 

reaction with an equal volume of Stop buffer (50 mM Tris-Cl, pH 8, 100 mM NaCl, 0.1% 

SDS, 100 mM EDTA, pH 8). The DNase I digested nuclei were deproteinized at 55ºC 

overnight with 10 μg/ml of RNaseA (Invitrogen) and Proteinase K (Ambion). Digested DNA 

fragments were purified using phenol-chloroform and enriched by size selection over a 

sucrose gradient. DNA fragments between 100 bp and 500 bp were precipitated and 

dissolved in nuclease free water (Ambion). DNase digestion was validated by qPCR with the 

following forward and reverse primer pairs. High sensitivity (Chr2); 

GGATTCCTTTCTGCTCGAAG and CGGTTCGGTTTTTCCTTGTA, Medium sensitivity 

(Chr7); GCAGGACGAAGAAAACAAGC and TTCCCTTTTCACCATTTCCA, Weak 

sensitivity (Chr1); GACCTAGCCCCGGAACTAAC and CAGCCCTTCTCGAGACACTT, 

and Insensitive negative control (Chr8); TAGCGGAGAGCAAAGAAAGG and 

ACTCAACTTAGGGCCCACCT. Two biological replicate samples per treatment group 

were prepared separately for high throughput sequencing. Sequencing libraries were 

generated using Illumina TruSeq V3 protocol and subject to 51 bp single-end sequencing on 

Illumina HiSeq2000. Sample quality and library complexity were checked using an 

established pipeline at the NCI Center for Cancer Research Sequencing Facility.
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Data analysis—Analysis was restricted to intra-genic gene loci (promoters, introns, 

exons). Density values were log2 transformed. Accessible loci were defined as any hotspot 

with a maximum density (MaxD) greater than 0. When comparing sample standard 

deviation across time points, error bars, representing 95% confidence intervals, were 

calculated using a basic bootstrap of the population using 1000 iterations of resampling. 

Shifts in distributions of MaxD values were assigned p-values calculated from a 

Kolmogorov-Smirnov test.

ChIP-seq & DNase-seq peak analysis

Peak hotspots were defined as statistically enriched regions of mapped reads, gauged by a 

binomial test, of a 250 bp target window in comparison to a 200kb background window. 

Coordinates for overlapping hotspots were taken to be the union of each overlapping 

hotspot. Master hotspot coordinates were taken to be the union of hotspot coordinates across 

all DNase-seq/ChIP experiments. Each of these coordinates, along with annotation, define 

each individual gene locus. Annotation of each gene locus categorized each locus as one of: 

promoter, exon, intron, downstream, upstream. Average density (AveD) was calculated as 

the total number of overlapping fragments normalized by the number of spanning 

nucleotides. Max density (MaxD) was calculated as the maximum number of overlapping 

fragments. Hotspot max density (HSMaxD) was calculated as the max density for a given 

hotspot confined to the nearest master hotspot coordinate. For comparisons of total DNase 

signal between different conditions (Fig. 4J), the HS MaxD was summed for all the 

intragenic sites associated with a given gene. All density values were normalized to the 

sequencing depth of 10 million fragments (29). Replicates were combined by averaging 

density values of overlapping peaks, and taking the union of non-overlapping peaks.

Transcription regulatory element analysis

Sequences from the center 500 bp of the original ChIP-seq peaks were used as input into the 

DREME (30) and MEME (31) algorithms. Sequence inputs were stratified into High, Mid, 

and Low density sets. The enrichment of each of the top ranked motifs output from MEME 

and DREME (High and Mid Density sequences) was further assessed by computing an 

average affinity score for that motif against the full set of hotspot sequences for a given 

experiment (e.g. Cobound 0 hr, Unique Ikaros 8 hr, etc.). This average affinity score was 

assigned a p-value by comparing it against a lognormal affinity background distribution 

created using a custom set of pooled sequences 1.5 – 2 kb long (upstream, downstream, 

intronic, exonic, promoter) gathered for each gene across the entire mm9 genome. 

Background sequences were downloaded from the UCSC genome browser. Lognormal 

enrichment was computed with the aid and slight modification of the following R packages: 

PWMEnrich, BSgenome.Mmusculus.UCSC.mm9, Biostrings, and seqLogo. Motif 

comparison was computed using TomTom. Consensus motifs for Ikaros and RelA gathered 

by the SELEX method were downloaded from TRANSFAC. We also used DiRE (32) to 

examine potential regulatory elements in gene classes with different Ikaros dependency. 

Analysis was performed using default DiRE settings on a given gene list either with a 

background of 5000 random genes, or with a background of all other LPS-induced genes not 

within the gene set being analyzed. Enriched transcription factors were ranked by an 
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Importance parameter defined as the product of TF occurrence and weight relative to the 

background gene set (33).

Bacterial infection

Day 6 BMDM were plated at 100,000 cells per well of a 96 well plate and the following day 

were infected with Salmonella typhimurium (ATCC 14028) at an MOI of 1. After 30 

minutes, media was removed and replaced with media containing 50μg/ml Gentamicin for 

30 minutes, before being replaced again with 10μg/ml Gentamicin containing media for the 

remainder of the stimulation period. The B. cenocepacia J2315 strain was grown on blood 

agar plates at 37°C for 3 days. Colonies were incubated in 25mL of Luria–Bertani (LB) 

broth at 37°C with shaking for 16–18 hrs to grow bacteria to the mid log phase. Formalin 

killed (FK) bacteria were prepared by treatment with 4% formaldehyde for 30 min at room 

temperature. Both wild type and Ikzf1 KO RAW264.7 cells were infected with bacteria at 

MOI 1 and incubated for 20 hr. The supernatant was collected and stored at −30°C until 

ready for cytokine measurement using CBA.

Human monocyte stimulation

After written informed consent was provided, human donor blood was obtained at the 

National Institutes of Health (NIH) Clinical Center under Institutional Review Board (IRB)–

approved protocols. PBMCs were purified from blood by Ficoll (Fisher Scientific) density 

gradient centrifugation, washed with RPMI 1640 plus penicillin, streptomycin, and L-

glutamine (Gibco) along with 10% FBS (Sigma-Aldrich). Cells were resuspended to a 

concentration of 1 × 106 cells/ml and aliquoted (1 ml/well) into 48-well plates. LPS (0.5 

μg/ml Sigma-Aldrich) and brefeldin A (5 μg/ml, Sigma-Aldrich) were added before 

incubation at 37 °C overnight. After incubation, cells were washed with FACS buffer and 

stained with LIVE/DEAD Blue (Life Technologies). Cells were then fixed in 1.6% 

paraformaldehyde for 10 min at room temperature, spun down, resuspended in 100% cold 

methanol, and incubated overnight at −20 °C. Cells were then washed and stained with 

fluorochrome-conjugated antibodies: CD14 (MφP9, BD Biosciences), CD11c (B-ly6, BD 

Biosciences), Ikaros (R32-1149, BD Biosciences), IL-1β (AS10, BD Biosciences), TNF-α 
(MAb11, BD Biosciences), and IL-6 (MQ2-13A5, eBioscience). The data were gated on 

CD11c+CD14+ monocytes.

Human MDM culture, siRNA knockdown, and stimulation

Elutriated monocytes from healthy human donors were obtained from the NIH blood bank. 

The monocytes were cultured in cRPMI (RPMI 1640 medium containing 10% FBS, 10 mM 

Hepes, 0.1% b-mercaptoethanol, and 2 mM glutamine) with granulocyte macrophage 

colony-stimulating factor (GM-CSF; 10 ng/ml, R&D Systems, 215-GM-010) for 7 days to 

differentiate into human MDM. The MDM were harvested to perform siRNA knock down 

using the Amaxa human macrophage nucleofector kit (Lonza, VPA-1008) following the 

manufacture’s protocol. The non-targeting control siRNA NTC5 was from GE Dharmacon 

(D-001210-05), the siRNA targeting human IKZF1 were Ambion Silencer Select siRNA. 

The sense siRNA sequences were siIKZF1_A:UGUGCUCAUGGUUCACAAAtt, 

siIKZF1_B: GCGAAGCUCUUUAGAGGAAtt, and siIKZF1_C: 

UGAUAUCUGUGGGAUCAUUtt. At 48 hr after knock down, cells were stimulated with 20 
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ng/ml LPS (Alexis Biochemicals, ALX-581-008-L002) for 6 hr and supernatants were 

collected for cytokine detection. In parallel MDM from each siRNA treatement were lysed 

in RLT buffer (Qiagen, RNAeasy mini kit, 74104) for IKZF1 mRNA quantification by 

qPCR.

Cytokine measurement

Mouse BMDM or human MDM were stimulated with LPS or S. typhimurium for the 

indicated times. In BMDM timecourse experiments, at the indicated time after LPS addition, 

supernatant was removed and replaced with new complete DMEM. Thus, 2.5h, 6h, and 12h 

represent 0-2.5, 2.5-6, and 6-12 hr of stimulation, respectively. Supernatant samples were 

diluted to appropriate concentration ranges and cytokines were detected using cytometric 

bead array (BD Biosciences). Peritoneal lavage fluid was not diulated prior to cytokine 

measurement. Bead array data were collected on a BD Fortessa, median fluoresce intensity 

was derived using FlowJo, and Microsoft excel was used to calculate concentrations using a 

standard curve.

CRISPR/Cas9 gene editing

Gene specific gRNA sequences were selected for high score and low off-target activity using 

the design rules at http://crispr.mit.edu/, and cloned as annealed oligonucleotide cassettes 

into BbsI digested pX330-puro plasmid (expressing Cas9 and all guide and tracr RNA 

sequences required for CRISPR/Cas9 gene editing). RAW264.7 cells were co-transfected 

with 5 μg of the pX330-puro gene editing plasmid and 1 μg of pMax-GFP by nucleofection 

following the manufacturer’s protocol (Cell Line Nucleofector Kit V, Lonza). The murine 

Ikzf1 gene locus was targeted using the following gRNA sequence: 5’-

CAGCAGAACTCCAAGAGTGATCGAGG-3’ (Fig. 6B). Cells were allowed to recover for 

18 hr in 6-well plates before being FACS sorted for GFP expression. Single cell clones were 

expanded and sequenced to characterize gene editing as previously described (34). Ikaros 

protein ablation was confirmed by western blot using a rabbit polyclonal Ikaros antibody 

(ab26083, Abcam).

RESULTS

Ikaros is required to sustain the LPS-induced gene program

Macrophage TLR stimulation drives induction of diverse immune mediator mRNAs and 

their expression dynamics are characterized by multiple phases of gene induction (6–8). We 

measured gene expression by RNA-seq in primary bone marrow-derived macrophages 

(BMDM) stimulated with LPS across a 10 hr time course (Fig. S1, Supplementary file S1), 

and classified LPS-responsive genes based on the timing of their highest expression level as 

early, mid or late peaking response genes (Fig. S2). The early peaking response gene set 

contains important pro-inflammatory genes such as Tnf, Il1a and Ifnb1, as well as negative 

feedback regulators of LPS-activated NF-κB (Nfkbia and Nfkbie) and MAPK (Dusp1 and 

Dusp2) signaling pathways (Fig. S2A). Additional inflammatory interleukins and interferon-

induced genes (Il6, Ccl4, Il12b, Ifit1-3) and inflammasome pathway components (Casp1, 
Casp4, Nlrp3, Nlrc4 and Il1b) are found in the mid peaking genes (Fig. S2B), while late 

peaking genes include immune mediators with sustained LPS-induced expression 
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characteristics such as Ccl2, IL12a and Irf7, as well as feedback regulators with important 

roles in resolving the inflammatory response (Irak3, Il18bp and Il1rn) (Fig. S2C).

It has been shown previously that LPS induces increased expression of the transcription 

factor Ikaros in macrophages and that this induction supports positive feedback in the NF-

κB response (18). Consistent with this prior observation, we find that the gene coding for 

Ikaros (Ikzf1) is a mid peaking LPS-induced gene (Fig. S2B). To evaluate the role of Ikaros 

in supporting the different phases of the LPS-induced gene program, we compared the LPS 

response of the same temporally defined gene classes in Ikzf1−/− BMDM using RNA-seq 

(Fig. 1, Fig. S1, Supplementary file S1). While Ikzf1−/− mice are severely runted and fail to 

thrive (20), in vitro differentiated BMDM from these animals appear phenotypically normal 

and display levels of CD11b, F4/80 and CD14 comparable to WT (Fig. S3). Within the 

early, mid and late response groups, we considered genes to be Ikaros-regulated if their 

expression increased (‘Ikaros-repressed’) or decreased (‘Ikaros-enhanced’) greater than 2-

fold relative to wild-type (WT) macrophages. Remaining genes were classified as ‘Ikaros 

Independent’. Consistent with the well-characterized function of Ikaros as a transcriptional 

repressor in lymphocytes, we found a proportion of LPS-induced genes to be Ikaros-

repressed (Fig. 1A). However, a greater proportion of LPS-induced genes were dependent on 

Ikaros for their activation, a pattern that was most evident among mid and late response 

genes, of which 56% and 40% respectively were Ikaros-enhanced (Fig. 1B). The proportion 

of Ikaros-independent LPS activated genes remained relatively constant at 50%, 37% and 

47% across the early, mid and late response gene classes respectively (Fig. 1C). These data 

suggest that Ikaros has dual repressive and positive regulatory roles in the LPS-induced gene 

program. The observation that peak induction of most Ikaros-enhanced genes was detected 

coincident with or following increased Ikzf1 gene expression suggests that quantitative 

control of Ikaros protein level could be important for its activator function.

Ikaros exhibits LPS-dependent chromatin binding at RelA occupied sites

Considering the prior evidence that Ikaros supports sustained RelA nuclear occupancy in 

LPS-stimulated macrophages (18), we used ChIP-seq to investigate steady state and LPS-

activated Ikaros and RelA chromatin binding in BMDM (Supplementary file S2). Utilizing 

empirical cumulative distribution functions to compare Ikaros and RelA binding at LPS-

induced and non-induced genes, we see a highly significant enrichment of binding of both 

RelA and Ikaros at LPS-induced gene loci (red curves) (Fig. 2A).

We observed 883 Ikaros bound sites in the basal state, consistent with nuclear localization of 

Ikaros in untreated BMDM (18), and observed a dramatic increase in Ikaros-occupied sites 

in response to LPS stimulation over time, to 6506 and 12359 sites at 3 hr and 8 hr, 

respectively (Fig. 2B). Compared to Ikaros, we observed less binding of RelA in the steady 

state and a more transient LPS-induced maximal increase, with RelA binding peaking at 3 

hr, with 5432 sites, and dropping to 2115 sites at 8 hr (Fig 2B). These RelA binding 

dynamics are consistent with shuttling of the transcription factor back to the cytosol by IκB 

proteins after initial activation, but with a substantial proportion of RelA protein showing 

sustained nuclear occupancy in response to this high dose of LPS, dependent on an Ikaros-

mediated increase in RelA expression (18). The significant overlap between RelA and Ikaros 
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bound sites after LPS treatment, particularly at 8 hr LPS-induced gene loci (Fig. 2B, C), 

could suggest a specific role for Ikaros in maintaining RelA chromatin binding, beyond its 

enhancement of RelA expression. Furthermore, we observed increased ChIP-seq signal 

magnitude for both Ikaros and RelA at their co-bound loci, compared to loci bound uniquely 

by either transcription factor (Fig. 2D, E). Robust recruitment of both Ikaros and RelA is 

shown at gene loci for representative early (Tnfaip2), mid (Ccl4) and late (Lcn2) LPS 

response genes (Fig. 2F).

We went on to assess the sequence characteristics of the chromatin regions bound by Ikaros 

and RelA by conducting de novo motif analysis using the MEME (31) and DREME (30) 

algorithms, comparing sequences either uniquely bound or co-bound by the two 

transcription factors (Fig. S5). Ikaros and RelA bound sites show strong enrichment for short 

GGAA sequences (Fig. S4A, Cluster 1), consistent with the presence of this core sequence 

in the consensus sites for both transcription factors (Fig. S4B); significance of this overlap 

was confirmed by TomTom analysis (p-value: 8.37e-03). DREME analysis also identified 

longer (~30bp) CACA repeat sequences showing a preferential enrichment for Ikaros/RelA 

cobound sites post LPS stimulation (Fig. S4A, Cluster 3), while long A repeat sequences 

appear moderately enriched among uniquely bound RelA sites (Fig. S4A, Cluster 2). Thus, a 

common short motif may support Ikaros and RelA recruitment to specific chromatin sites 

after LPS treatment, while longer more weakly enriched sequences may be related to 

whether sites are uniquely or co-bound by these transcription factors.

Sustained RelA binding is diminished in Ikaros-deficient macrophages

To determine if co-binding of Ikaros and RelA was associated with Ikaros negative or 

positive regulatory function, we used the Fisher’s exact test to quantify enrichment of Ikaros 

and RelA co-bound hotspots at genes repressed or enhanced by Ikaros. We find that co-

binding is more prevalent at Ikaros-enhanced gene loci (Fig. 3A), with the strongest Ikaros/

RelA co-binding enrichment being observed for Ikaros-enhanced late response genes, 8 hr 

after LPS stimulation (p < 9E-14). This suggests that Ikaros may be particularly important to 

support and sustain RelA binding at these loci, maintaining robust, long-lasting 

transcriptional responses to LPS challenge. Comparison of the Ikaros/RelA co-bound sites 

occupied across the LPS time course shows that a substantial proportion (545 of 732 (74%)) 

of the hotspots occupied at 8 hr are already bound by RelA and Ikaros at 3 hr (Fig. 3B), 

indicating a pattern of sustained RelA occupancy at these sites several hours after LPS 

challenge.

To determine if Ikaros is necessary to sustain this long-term RelA binding on LPS activated 

chromatin, we conducted RelA ChIP-PCR in WT and Ikaros deficient (Ikzf1−/−) BMDM 

treated with LPS for 8 hr. We observe a significant reduction in RelA binding at the Tnf and 

Rela promoters in the absence of Ikaros (Fig. 3C).

Dysregulated basal and LPS-induced chromatin accessibility in Ikzf1−/− macrophages

Ikaros has been implicated in chromatin regulation in lymphoid cells. Thus, to investigate 

whether the cooperative Ikaros and RelA function that we observed in LPS-induced gene 

regulation relates to the macrophage chromatin state, we conducted DNase-seq to measure 
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genome-wide chromatin accessibility in LPS-stimulated macrophages (Fig. S5, 

Supplementary file S3). LPS stimulation of WT BMDM resulted in a global increase in 

chromatin accessibility at the 8 hr time point (Fig. 4A,B and Fig. S5B). Although 3 hr of 

LPS treatment appeared to induce modest effects on the genome-wide chromatin state, 

assessing the variance of intragenic (promoter+exon+intron) DNase-seq signal highlighted a 

selective increase in variance at LPS-induced loci at this time point, followed by a more 

striking increase after 8 hr of stimulation (Fig. 4C,D). We assessed the basal promoter 

DNase-seq density at the most strongly induced genes, and found that the expression level of 

these genes after 10 hr of LPS treatment was inversely correlated with the basal accessibility 

of the promoter region (Fig. 4E). Together, these data and previous studies suggest that LPS-

induced gene expression is associated with dynamic opening of chromatin that is 

inaccessible in the basal state, particularly for late or secondary response genes (6–8).

We went on to assess Ikaros-deficient BMDM using DNase-seq (Fig. S5C, Supplementary 

file S3) and found that chromatin was in a constitutively open state in the absence of Ikaros, 

to the extent similar as observed in WT BMDM after 8 hr of LPS treatment (Fig. 4F and Fig. 

S5B). This is reflected in both the median and variance of the DNase-seq peak density, with 

all Ikzf1−/− conditions being comparable to the WT 8 hr LPS stimulation condition (Fig. 

4G). Representative Ikaros repressed (Cxcl1) and Ikaros enhanced (Irf7) gene loci also 

demonstrate broadly enhanced chromatin accessibility in all Ikzf1−/− conditions (Fig. S6; 

compare panels B and D to A and C respectively). These data suggest that Ikaros may be 

required to maintain a basal ‘closed’ chromatin state, consistent with its described repressor 

functions. However, they present an apparent paradox where, despite having a seemingly 

more open chromatin state, the induction of many LPS-responsive genes is substantially 

diminished (Fig. 1B). This diminished LPS-induced expression is not due to a constitutively 

higher basal level of gene expression (which could result in a reduced relative increase in 

mRNA expression), since gene expression levels in unstimulated WT and Ikzf1−/− BMDM 

were not significantly different (Fig. 4H and Fig. S5D-E).

Temporal DNase-seq analysis indicated dysregulation of LPS-induced changes in chromatin 

accessibility in Ikzf1−/− BMDM (Fig. 4I and Fig. S5B). In contrast to WT macrophages 

where chromatin opening was most striking during the late response, Ikzf1−/− cells showed 

detectable increased chromatin accessibility only between 0 and 3 hr of LPS treatment (Fig. 

4J), primarily contributed by LPS-responsive gene loci (Fig. 4K), without further increases 

between 3 and 8hr. These aberrant chromatin alterations in Ikzf1−/− cells are also reflected in 

genome browser shots of representative Ikaros repressed (Cxcl1; Fig S5A-B) and Ikaros 

enhanced (Irf7; Fig S5C-D) LPS-responsive genes. To further assess the role of known 

Ikaros-associated chromatin remodeling factors at these gene loci, we measured binding of 

the Chd4 NuRD component (35, 36). Consistent with a primary role for NuRD in 

maintaining a closed chromatin state in resting cells, we observed basal Chd4 binding at 

these loci, which was substantially reduced in response to LPS (Fig. S7A). In contrast, we 

observed a robust increase in Ikaros binding in response to LPS, consistent with a principal 

role for Ikaros in facilitating chromatin opening for binding of stimulus-induced 

transcription factors such as RelA (Fig. S7B-E). Together these data suggest that appropriate 

LPS-induced chromatin accessibility may contribute to Ikaros-dependent positive regulation 

of mid and late LPS response genes requiring chromatin remodeling.
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Ikaros expression level is critical for robust production of Ikaros-enhanced inflammatory 
mediators

Our RNA-seq, ChIP-seq and DNase-seq analyses suggest that Ikaros performs dual roles in 

macrophages. It negatively regulates expression of select genes, potentially through 

previously described interactions with transcriptional repressors (24, 35–38), while 

enhancing expression of a large proportion of the LPS gene program, coincident with 

regulation of chromatin accessibility and sustained NF-κB binding. We compared enriched 

transcriptional regulatory elements between Ikaros repressed and enhanced genes using 

DiRE (32), and noted that with a genome-wide gene background, the enriched motifs for 

both gene groups are dominated by the known LPS activated transcription factors NF-kB, 

AP1 and IRF (Fig. S8A). However, when compared against an LPS induced gene 

background to exclude these shared motifs, the enriched transcription factors at Ikaros-

repressed and Ikaros-enhanced genes are distinct, with the Ikaros-repressed group showing 

enrichment of motifs for known repressive factors (39–41) (Fig. S8B).

To validate the dual roles of Ikaros at the level of LPS-induced cytokine secretion, we 

stimulated WT and Ikzf1−/− BMDM and assayed supernatant protein levels at varying times. 

Consistent with the RNA-seq data (Fig. 5A), we observed increased secretion of the Ikaros-

repressed cytokines GCSF and CXCL1 in Ikzf1−/− cells, but substantially diminished 

responses for Ikaros-enhanced CCL4, CCL3, TNF and IL6 (Fig. 5B, C). Interestingly, the 

impact of Ikaros heterozygousity varied according to cytokine class. Ikzf1+/− BMDM (42) 

show diminished LPS-induced production of Ikaros-enhanced cytokines, comparable to 

Ikaros deficient cells (Fig. 5C, right). In contrast, the heterozygous phenotype for Ikaros-

repressed cytokines was more similar to WT cells (Fig. 5C, left). Considering that induction 

of Ikaros expression by LPS precedes the peak of Ikaros-enhanced genes, together these data 

support a model whereby the level of Ikaros protein is particularly important to support its 

role as an activator of sustained gene expression. Production of Ikaros-enhanced 

inflammatory mediators was also diminished in response to gram-negative bacterial 

infection, in Ikzf1+/− BMDM infected with S. typhimurium (Fig. 6A), and in Ikzf1−/− 

RAW264.7 cells (Fig. 6B, C) infected with B cenocepacia (Fig. 6D).

Considering the substantial effect of Ikaros heterozygosity in the mouse macrophage 

response, we sought to examine effects of Ikaros expression variation in human myeloid 

cells . LPS-stimulated monocytes from a specific NIH Clinical Center subject were noted to 

express lower levels of Ikaros compared to three other healthy donors (Fig. 7A), and this 

decreased Ikaros expression was coincident with impaired production of the Ikaros-

enhanced inflammatory mediators IL-6, TNF, and IL-1b (Fig. 7B). The molecular 

mechanisms responsible for altered Ikaros regulation in this individual’s family is the 

subject of ongoing investigation. Heterogeneity in the cytokine response also allowed us to 

observe a correlation between Ikaros expression and cytokine production at the single cell 

level. Compared to cytokine negative cells, monocytes producing IL-6, TNF, and IL-1b 

displayed a higher mean flourescence intensity (MFI) for Ikaros in all subjects tested (Fig. 

8A, B). To further address the causal nature of Ikaros expression variation in human cells, 

we performed siRNA knockdown in human monocyte derived macrophages (MDM). For 

three independent siRNA tested, we found that IKZF1 knockdown resulted in decreased 
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IL-6 and TNF production, and that the efficiency of knockdown for these siRNA correlated 

with the degree of cytokine reduction (Fig. 8C). These data from human monocytes and 

macrophages highlights the importance of this transcription factor, and suggest an important 

role for Ikaros in regulation of human inflammatory responses in myeloid cells. Together, 

our mouse and human data are consistent with a model in which quantitative control of 

Ikaros expression level supports its dichotomous regulatory function.

DISCUSSION

We have conducted broad transcriptomic and epigenetic analyses of Ikaros function in 

primary macrophages during an LPS response time course. This approach has illuminated a 

dual role for Ikaros in orchestrating the macrophage gene expression response to microbial 

stimuli; a subset of genes are Ikaros-repressed, while a larger group of genes with late 

sustained expression characteristics are Ikaros-activated. While there are prior reports of 

both negative and positive effects of Ikaros on gene expression (23, 24, 37, 38, 43), Ikaros’ 

mechanisms of action have mostly been characterized in the context of its transcriptional 

repressor role: in stimulated lymphocytes, Ikaros is found in large repressor complexes 

associated with chromatin remodeling activities (21). For the subset of LPS-induced genes 

showing enhanced expression in Ikzf1−/− macrophages, filtering out motifs of the core LPS-

activated TF families reveals distinct motifs enriched for known transcriptional repressors. 

As described in lymphocytes, Ikaros may therefore cooperate with established repressive 

factors to attenuate expression of specific gene loci during the LPS response.

Considering the established function of Ikaros in transcriptional suppression, we were 

surprised that a larger proportion of LPS responsive genes were enhanced in the presence of 

Ikaros. This positive regulatory effect of Ikaros in supporting efficient expression of many 

LPS-induced immune effector genes was most prominent among late response genes. 

Furthermore, we demonstrated both enrichment of Ikaros and RelA co-binding at sustained 

response gene loci and a requirement for Ikaros for long-term LPS-induced RelA chromatin 

association. These findings are consistent with our prior observation that Ikaros promotes 

NF-κB positive feedback and sustained NF-κB nuclear occupancy, at least in part through 

increased RelA protein expression, allowing DNA binding and transcriptional function of 

NF-κB at late timepoints in the face of induced negative feedback regulators (18). Together, 

our studies suggest that after macrophages encounter high concentrations of LPS, Ikaros has 

a prominent role in supporting sustained transcription and NF-κB binding at numerous 

innate immune response genes. Failure of Ikaros deficient cells to support and sustain late 

gene expression is also coincident with loss of late LPS-activated chromatin opening. 

Considering our observations that strongly induced genes have ‘closed’ basal-state 

promoters and that accessibility increases dramatically after LPS stimulation, together with 

evidence that secondary response genes require chromatin modification (6, 7), dysregulation 

of chromatin opening in the absence of Ikaros likely contributes to diminished induction of 

mid and late LPS response genes. Thus, a constitutively open chromatin state in Ikzf1−/− 

cells is not in itself sufficient to support robust and late gene expression. Since these cells 

show diminished or absent RelA binding at LPS-responsive genes, this suggests that the 

substantial loss of association of important regulatory transcription factors such as NF-κB 
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reflects a defect in a coordinated LPS-induced gene regulatory program that requires both 

chromatin state change and sustained transcriptional regulator activity.

A role for Ikaros in macrophage chromatin regulation is consistent with the previously 

reported association of Ikaros with typically repressive chromatin complexes such as NuRD 

(35, 36) and the polycomb repressive complex 2 (38, 44). Considering that Ikaros 

interactions with NuRD and the P-TEFb transcriptional elongation complex influence its 

repressive and activating effects on gene expression (45), Ikaros-NuRD interactions in 

macrophages may limit gene expression in the basal state, while Ikaros-P-TEFb interactions 

induced by LPS support activation of transcriptional elongation and facilitate recruitment of 

critical stimulus-dependent transcription factors such as NF-κB. This is supported by our 

observation of reduced NuRD binding at LPS-responsive gene loci after ligand activation, 

with concomitant increases in Ikaros and NF-κB binding. While it remains unclear why 

constitutively open chromatin that is accessible to transcription factors would not support 

effective gene induction, it is possible that dysregulation of P-TEFb in Ikzf1−/− cells could 

underlie suboptimal LPS-induced gene expression. Another possible explanation for the dual 

roles of Ikaros is suggested by the observation that, similar to several chromatin remodeling 

enzymes (27), NuRD exhibits both chromatin closing and opening enzymatic activities (46, 

47). Since Ikaros constitutively associates with NuRD (35) and has been shown to tightly 

control its nucleosome-remodeling functions in lymphocytes (48), it is conceivable that 

NuRD interactions and activities could underlie both of the dual roles we observe for Ikaros 

during the macrophage response to LPS.

Intriguingly, it has been proposed that the balance between the transcriptionally repressive 

and activating functions of Ikaros depends on the level of Ikaros expression (45), with higher 

Ikaros levels favoring activation of P-TEFb, which promotes gene expression. This model is 

consistent with our observation of increased Ikaros mRNA expression and chromatin 

occupancy in response to LPS and with our previous finding that Ikaros-mediated NF-κB 

positive feedback and sustained nuclear occupancy was highly dependent on increased 

Ikaros expression (18). The model is further supported by the dramatically impaired 

production of Ikaros-enhanced cytokines in Ikzf1+/− macrophages responding to LPS or S. 
typhimurium, in contrast to the minimal impact of Ikaros heterozygosity on the Ikaros-

repressed cytokines examined. The dose-dependent nature of Ikaros function is particulary 

interesting in light of the natural human variation we observed. Reduced human Ikaros 

expression was coincident with impaired LPS-induced production of Ikaros-enhanced 

inflammatory mediators. We speculate that the repressive function remains intact in 

individuals with reduced Ikaros expression and this is the subject of ongoing investigation.

In summary, using comprehensive genomic analyses, we have identified a central role for 

Ikaros in regulation of macrophage chromatin and gene expression in response to LPS. 

While previous studies have focused on Ikaros function in the lymphoid lineage, we now 

show that Ikaros deficiency also has a dramatic effect on myeloid cell transcriptional control, 

where the induced expression of Ikaros in response to LPS and bacteria is vital for robust 

and sustained expression of numerous inflammatory mediators. Furthermore, our findings 

suggest that the multi-faceted functions of Ikaros orchestrate multiple phases of gene 
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induction, thus tuning dynamic immune effector expression for appropriate responses to 

pathogen infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ikaros is required to sustain the LPS-induced gene program
WT and Ikzf1−/− BMDMs were stimulated with 10 ng/ml LPS for 2, 4 and 10 hr and RNA 

expression levels (fold change log2 FPKM from baseline) were compared by RNA-seq. (A) 

Genes whose expression is repressed by Ikaros (2 fold minimum increase in Ikzf1−/− versus 

WT in at least one time point). (B) Genes whose expression is enhanced by Ikaros (2 fold 

minimum decrease in Ikzf1−/− versus WT in at least one time point). (C) Genes whose 

expression is unaffected by Ikaros. Data were averaged from two independent experiments 

(see also Supplementary file S1 and Methods).
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Figure 2. Ikaros exhibits LPS-dependent chromatin binding at RelA occupied sites
Comparison of Ikaros and RelA chromatin binding in LPS-stimulated macrophages by 

ChIP-seq. (A) Comparison of empirical cumulative distribution functions of Ikaros and 

RelA bound hotspot maximum density between LPS induced and LPS non-induced genes at 

each time point post LPS-stimulation. Values > 0, Kolmogorov-Smirnov test p-values < 

0.05. Shift in distributions suggest LPS-induced genes have greater affinity for Ikaros and 

RelA than LPS-non-induced genes throughout the LPS response. (B) Proportion of RelA 

bound hotspots that overlap with Ikaros bound hotspots during the LPS response. (C) 
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Overlap of Ikaros and RelA bound hotspot regions throughout the LPS response both at 

whole genome level and at LPS-induced gene loci. (D) Comparison of average Ikaros ChIP-

seq density between sites bound uniquely by Ikaros and sites co-bound with RelA. (E) 

Comparison of average RelA ChIP-seq density between sites bound uniquely by RelA and 

sites co-bound with Ikaros. (F) Genome browser images of Ikaros and RelA co-bound 

intragenic hotspots at Tnfaip2, Ccl4, and Lcn2 gene loci. Data in panels A-C were averaged 

from two independent experiments, data in panels D-E were averaged from replicate 

experiments (mean + s.d.) ****P < 0.0001 (two-tailed t test), while panel D shows browser 

tracks from a representative ChIP-seq experiment (See also Supplementary file S2).

Oh et al. Page 20

J Immunol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Ikaros/RelA co-bound hotspots are enriched among Ikaros activated genes and Ikaros 
is required for sustained RelA binding
(A) Adjusted p-values (FDR) from Fisher’s exact test, assessing the significance for 

enrichment of Ikaros and RelA co-bound hotspots. Each box corresponds to a specific time 

point, for each of the Ikaros-dependent, LPS-induced gene expression classes. (B) Number 

of Ikaros and RelA co-bound hotspots overlapping at each time point in LPS-induced genes. 

(C) ChIP-qPCR of RelA binding at Rela and Tnf loci in WT and Ikzf1−/− BMDM stimulated 

with 10 ng/ml LPS for 8 hr. Data were averaged from two independent experiments. Panel C 

(mean + s.d.). **P < 0.01, ***P < 0.001 (two-tailed t test) (See also Supplementary file S2).
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Figure 4. Dysregulated basal and LPS-induced chromatin accessibility changes in Ikzf1−/− 

macrophages
DNase-seq analysis of chromatin accessibility in LPS stimulated WT and Ikzf1−/− 

macrophages. (A and B) Smoothed scatterplots of maximum DNase-seq peak density in 

each given DNase-seq hotspot between different LPS treatment conditions. Larger density 

values correspond to greater chromatin accessibility. All values > 0. (C and D) Variance in 

maximum DNase-seq peak density across LPS time course at either (C) all gene loci or (D) 

LPS responsive genes. (E) Correlation between maximum density of basal DNase-seq 

promoter hotspots and the 10 hr LPS induced expression of the 95th percentile of expressed 
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genes. Red dashed line is a non-linear fit of the curve: Y = a/(x + b), where a and b are 

parameters, Y := DNase-seq data shown in scatterplot, x := RNAseq data shown in 

scatterplot. R-squared = 0.2397542, Spearman Rank Correlation = −0.6355441, Pearson 

Rank Correlation = −0.5200625. (F) Smoothed scatterplots of maximum DNase-seq peak 

density in each given DNase-seq hotspot comparing Ikzf1−/− to WT macrophages for each 

LPS treatment condition (See also Fig. S4B). (G) Violin plots of maximum density of 

DNase-seq intragenic hotspots at 0h, 3h, 8h post-LPS stimulation in WT versus Ikzf1−/− 

macrophages. Black dots represent median value. (H) Comparison of basal gene expression 

levels in WT and Ikzf1−/− macrophages. (I) Smoothed scatterplots of maximum DNase-seq 

peak density in each given DNase-seq hotspot between different LPS treatment conditions in 

Ikzf1−/− macrophages. (J) Change in distributions of total DNase density per gene between 

time points post-LPS stimulation in WT versus Ikzf1−/− macrophages. (K) Proportion of all 

detected DNase-seq sites accessible under different ligand stimulation conditions at both 

LPS responsive and non-responsive gene loci in WT and Ikzf1−/− macrophages. Dnase-seq 

data shown were averaged from 3 (WT) or 2 (Ikzf1−/−) independent experiments. Panels C

+D (mean + s.d. ****P < 0.0001 (two-tailed unpaired t test)), K (mean + 95%CI). See also 

Supplementary file S3.
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Figure 5. Ikaros has dual negative and positive regulatory roles in immune effector production in 
response to LPS
(A) WT and Ikzf1−/− BMDMs were stimulated with 10 ng/ml LPS for 2, 4 and 10 hr and 

RNA expression levels (fold change log2 FPKM from baseline) were determined by RNA-

seq (See also Supplementary file S1). Expression values from replicate samples are shown 

for select cytokine genes. (B and C) WT, Ikzf1−/−, or Ikzf1+/− BMDM were stimulated with 

10 ng/ml LPS for the times indicated and secreted cytokines were quantified by cytometric 

bead array. (B) Each data point represents one independent experiment (of four total) using 

cells from an experimentally matched pair of WT and KO mice, with data presented as the 
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cytokine output ratio for KO/WT. (C) One representative experiment from pooled data in 

panel B, each point representing the average of replicate wells for BMDM from an 

individual mouse.
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Figure 6. Ikaros has dual negative and positive regulatory roles in immune effector production in 
response to bacterial infection
(A) WT or Ikzf1+/− BMDM were stimulated with 10 ng/ml LPS or infected with S. 
typhimurium (S. Tm.) and secreted cytokines were quantified by cytometric bead array. Box 

plots represent BMDM from 4 WT mice and 5 HET mice, pooled from two independent 

experiments, and are representative of three experiments. (B) Schematic is shown to indicate 

the exon targeted for genome editing at the Ikzf1 mouse gene locus in RAW264.7 cells. The 

guide RNA (gRNA) target sequence is shown with the 3’ NGG PAM sequence, and the 

resulting genome edit within the gRNA is indicated. (C) Western blot showing ablated 

Ikaros protein expression in the Ikzf1−/− RAW264.7 cell line. (D) WT and Ikzf1−/− 

RAW264.7 cells were infected with formalin killed (FK) B. cenocepacia at an MOI of 1 for 
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24 hr and secreted cytokines were quantified by cytometric bead array. Data are 

representative of two or more independent experiments.
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Figure 7. Ikaros expression level determines inflammatory cytokine output in human monocytes
Total human PBMC from 1 ‘Ikaros low’ subject and 3 other healthy donors were stimulated 

with 0.5 μg/ml of LPS for 24 hr in the presence of 5 μg/ml Brefeldin A. Samples were 

stained intracellularly for (A) Ikaros, and (B) IL-6, TNF and IL-1β, analyzed by flow 

cytometry, and gated on CD11c+CD14+ monocytes. Shaded histograms in panel B represent 

unstimulated cells from the same individuals.
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Figure 8. Ikaros expression correlates with inflammatory cytokine production at both the person 
and single cell level
Total human human PBMC from 1 ‘Ikaros low’ subject and 3 other healthy donors were 

stimulated with 0.5 μg/ml of LPS for 24 hr in the presence of 5 μg/ml Brefeldin A. Samples 

were stained intracellularly for Ikaros, (A) IL-6 and (B) TNF and IL-1β, analyzed by flow 

cytometry, and gated on CD11c+CD14+ monocytes. Gating for contour plots in A and B 

was determined using unstimulated cells. The upper-right quadrants represent cytokine 

production by Ikaros+ monocytes, with the percentage of cells in each quadrant indicated on 
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the plots. Histograms in panel A represent IL-6 positive cells (solid line histograms) and 

IL-6 negative cells (dashed line histograms), with the Ikaros MFI for each population shown 

within the plots. (C) Human MDM were treated with non-targeting control (NTC) siRNA or 

one of three distinct IKZF1 siRNA for 48 hr prior to IKZF1 quantification or LPS 

stimulation. Data points represent percent IKZF1 expression from two experiments or the 

concentration of cytokine detected in replicate wells from one of three representative 

experiments.

Oh et al. Page 30

J Immunol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mouse BMDM culture and ligand stimulation
	RNA-seq
	Data analysis

	ChIP-seq
	Data analysis

	ChIP-qPCR
	DNase-seq
	Data analysis

	ChIP-seq & DNase-seq peak analysis
	Transcription regulatory element analysis
	Bacterial infection
	Human monocyte stimulation
	Human MDM culture, siRNA knockdown, and stimulation
	Cytokine measurement
	CRISPR/Cas9 gene editing

	RESULTS
	Ikaros is required to sustain the LPS-induced gene program
	Ikaros exhibits LPS-dependent chromatin binding at RelA occupied
sites
	Sustained RelA binding is diminished in Ikaros-deficient macrophages
	Dysregulated basal and LPS-induced chromatin accessibility in
Ikzf1−/− macrophages
	Ikaros expression level is critical for robust production of Ikaros-enhanced
inflammatory mediators

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

