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Abstract

The production of mature eosinophils is a tightly orchestrated process with the aim to sustain
normal eosinophil levels in tissues while also maintaining low numbers of these complex and
sensitive cells in the blood. To identify regulators of homeostatic eosinophilopoiesis in mice, we
took a global approach to identify genome-wide transcriptome and epigenome changes that occur
during homeostasis at critical developmental stages, including eosinophil-lineage commitment and
lineage maturation. Our analyses revealed a markedly greater number of transcriptome alterations
associated with eosinophil maturation (1199 genes) than with eosinophil-lineage commitment
(490 genes), highlighting the greater transcriptional investment necessary for differentiation.
Eosinophil progenitors (EoPs) were noted to express high levels of granule proteins and contain
granules with an ultrastructure distinct from that of mature resting eosinophils. Our analyses also
delineated a 976-gene eosinophil-lineage transcriptome that included a repertoire of 56
transcription factors, many of which have never previously been associated with eosinophils. EoPs
and eosinophils, but not granulocyte-monocyte progenitors (GMPs) or neutrophils, expressed
Helios and Aiolos, members of the Ikaros family of transcription factors, which regulate gene
expression via modulation of chromatin structure and DNA accessibility. Epigenetic studies
revealed a distinct distribution of active chromatin marks between genes induced with lineage
commitment and genes induced with cell maturation during eosinophil development. In addition,
Aiolos and Helios binding sites were significantly enriched in genes expressed by EoPs and
eosinophils with active chromatin, highlighting a potential novel role for Helios and Aiolos in
regulating gene expression during eosinophil development.
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Introduction

Eosinophils are predominately tissue-dwelling leukocytes that participate in a variety of
homeostatic and pathologic processes primarily through their ability to store and rapidly
release a plethora of mediators (1, 2). Eosinophils develop in the bone marrow from an
eosinophil lineage—committed progenitor (EoP) that expresses CD34, the receptor for IL-5
(IL-5Ra/CD125), and the transcription factor (TF) GATA-1 (3, 4). In mice, EoPs are
derived from the granulocyte-monocyte progenitor (GMP) following eosinophil-lineage
commitment (3). Several factors necessitate that the production of mature eosinophils be a
tightly regulated process: eosinophils are normally less than five percent of leukocytes in the
blood, are incapable of proliferation, and have high rates of spontaneous apoptosis (5, 6), yet
need to be regularly replenished during homeostasis in tissues such as the gastrointestinal
tract. Murine studies with genetically altered animals provide a wealth of evidence
supporting not only a critical role for IL-5 in mediating disease-associated eosinophilia, but
also, unexpectedly, that IL-5 is not required for baseline eosinophil production (7-12). The
regulatory molecules or networks necessary for optimal homeostatic eosinophil production
remain largely unknown.

Gene expression and chromatin analyses in the eosinophil lineage have been limited, likely
due to the rarity of the cell populations and the challenges in isolating naive primary EoPs
and eosinophils at sufficient purities and quantities. Eosinophil- and IL-5-dependent
changes in gene expression have been reported in experimental models of asthma (13) and
infection (14), as well as in ex vivo liquid cultures (15). However, global gene expression
analysis or chromatin mapping at specific developmental stages in homeostatic eosinophil
production has not been reported. In this study, we took a global approach to identify
genome-wide transcriptome and epigenome changes that occur at critical stages in
eosinophil development—eosinophil-lineage commitment (EoP compared to GMP) and
eosinophil maturation (eosinophil compared to EoP). We performed chromatin
immunoprecipitation coupled with massively parallel sequencing (ChiP-seq) and RNA
sequencing (RNA-seq) to identify TFs and genetic regulatory elements that are active during
homeostatic eosinophil production in the bone marrow. Our analyses revealed that markedly
more transcriptome alterations were associated with eosinophil maturation (1199 genes)
than eosinophil-lineage commitment (490 genes), highlighting the greater transcriptional
investment necessary for differentiation. In addition, we noted high expression levels of
granule proteins in EoPs and organized granules with an ultrastructure distinct from that of
mature eosinophils. We also report that Siglec-F is expressed by EoPs and, further, can be
used as a surface marker for identifying progenitors with eosinophil-lineage potential in
murine bone marrow. A 976-gene eosinophil-lineage transcriptome was delineated that
included 56 TFs, including the unexpected expression of Helios and Aiolos, members of the
Ikaros family of TFs. Epigenomic studies revealed that genes that were specifically induced
with eosinophil-lineage commitment in EoPs were “poised” with active chromatin marks in
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GMPs, despite not being expressed in GMPs. In contrast, the majority of the genes that were
highly and specifically induced with maturation in eosinophils was not associated with
poised chromatin, suggesting distinct epigenetic regulation for genes induced with lineage
commitment compared to genes induced with cell maturation during eosinophil
development. We further report significant enrichment of potential binding sites for Helios
and Aiolos in the genes expressed by EoPs and eosinophils with active chromatin,
supporting a critical role for these TFs in regulating gene expression during eosinophil
development.

Collectively, our study reveals that the dynamic changes in gene expression associated with
eosinophil development include novel transcriptional regulators, such as Helios and Aiolos,
and distinct epigenetic profiles between EoPs and eosinophils. Comprehensive epigenomic
and transcriptomic profiling during critical stages in eosinophil development will ultimately
define the programming and gene regulatory networks necessary for eosinophil development
and will likely lead to novel therapeutic strategies to regulate eosinophil production. In
addition, our study highlights that the regulatory mechanisms that direct eosinophil
homeostasis are likely to be developmental-stage (EoP vs. eosinophil) specific. These
findings have implications for a number of diseases, including allergic and eosinophilia-
associated disorders, in which these processes may be manipulated for therapeutic benefit.

Materials and Methods

Mice

BALB/c wild-type mice were analyzed at 6 to 8 weeks of age. All mice were housed under
specific pathogen-free conditions and handled under approved protocols (#2E09072) of the
Institutional Animal Care and Use Committee of Cincinnati Children’s Hospital Medical
Center (CCHMC).

Cell isolation and identification

Bone marrow cells were isolated as previously described (16). The cells were then washed
twice in 1X PBS, counted and resuspended at 1-2 x 107 cells per mL in 1X PBS/0.1% BSA.
Goat anti-rat 1gG magnetic beads (New England BioLabs, Inc.) were prepared according to
the manufacturer’s instructions and coated with anti-mouse B220 (clone RA3.3A1/6.1),
CD19 (clone 1D3), or Ly6-G (clone 1A8) (BioXCell, 1 uL of beads per ug of antibody). The
beads were added to the cell suspension at a 5:1 ratio and incubated at least 1 h at 4°C with
gentle agitation on a rotating plate. The cell suspension was placed on an iMag rack (BD
Bioscience) for 10 min, and the negative fraction was collected, filtered through a 70-um
cell strainer, and washed twice in 1X PBS. Cells were stained for 15 min at room
temperature in FACS buffer (1X PBS, 0.5% FBS, and 2 mM EDTA). To sort GMPs and
EoPs, the cells were stained as previously described (16), except for the omission of F.
block prior to staining and the addition of PE-Cy7 anti-mouse CD16/CD32 (clone 93,
Biolegend) and Zombie NIR (fixable viability stain, Biolegend®) to the staining panel.
FITC anti-mouse CCR3 (clone 83101, R&D), PE anti-mouse Siglec-F (clone E50-2440, BD
Biosciences), and Zombie NIR were used to sort eosinophils. Cell sorting was performed on
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a FACS-Aria Il (BD Biosciences) maintained by the Research Flow Cytometry Core at
CCHMC.

Progenitor analyses

For colony forming unit (CFU) assays, 1,000 sorted GMPs or EoPs were diluted in 0.4 mL
culture media with or without IL-5 (50 ng/mL) and were added to a 3.6 mL of Methocult
media (Stem Cell Technologies, #3434). The culture plates were then prepared according to
the manufacturer’s instructions (1 mL media with cells per 35-mm plate with 3 plates per
condition). After 9 days of incubation, colony types (CFU-G [granulocytes], CFU-GM
[granulocytes and monocytes] and CFU-M [monocytes]) were counted on each plate on the
basis of morphology. In addition, single colonies were picked, diluted in 0.15 mL of 1X PBS
with 0.5% BSA and then cytospun at 500 rpm for 5 min. The cytospin slides were stained
Differential Quik Modified Giemsa (Electron Microscopy Sciences). The colonies from 1
plate from each group were pooled and prepared for flow cytometry. The media was
dissolved in 10 mL of 1X PBS, centrifuged at 1200 rpm for 5 min, and washed again with
1X PBS. The cells were then resuspended in 0.1 mL of FACS buffer and stained with
Siglec-F-PE and Zombie near IR-Live/Dead. The data were acquired on a BD Fortessa cell
cytometer and analyzed with FlowJo software.

Cell morphology

Morphology of eosinophils, EoPs, and GMPs was evaluated by staining cytospins (5 min at
500 rpm) with Differential Quik Modified Giemsa or DAB substrate (Vector Labs) for
eosinophil peroxidase activity and counterstaining with Mayer’s haematoxylin (Sigma
Aldrich) following manufacturer instructions. For MBP staining, cells were fixed for 5 min
in 1X PBS/2% paraformaldehyde, permeabilized with 1X PBS/0.1% BSA/0.01% Triton
X-100 for 15 min at room temperature, and then stained with rat anti-mouse MBP (a
generous gift of Dr. J.J. Lee, Mayo Clinic, Arizona) at a 1:1000 dilution in permeabilization
buffer overnight at 4°C. Cells were washed three times in permeabilization buffer and
stained with goat anti-mouse Alexa Fluor 594 (Molecular Probes) at a 1:2000 dilution in
permeabilization buffer for 1 h at room temperature. Cells were washed and then
counterstained and mounted with DAPI Fluormount G (Southern Biotech). Imaging was
performed with an Olympus BX51 microscope at 400X or with an Olympus DP72 digital
camera at 1000X (oil immersion) magnification.

Transmission electron microscopy

Sorted EoPs were washed in 1X PBS then fixed in 2.5% glutaraldehyde/0.1M sodium
cacodylate (Electron Microscopy Sciences) overnight at 4°C. Post-fixation was performed
sequentially in 0.5% osmium tetroxide, 0.8% potassium ferricyanide, 1% tannic acid, and
1% uranyl acetate. Cells were then dehydrated through an ethanol series and embedded in
LX-112 resin (Ladd Research Industries). Thin sections were prepared with a Leica EM
UC7 ultramicrotome, attached to 200-mesh copper grids (Electron Microscopy Sciences),
and stained with 1% uranyl acetate and Reynold lead citrate. Cells were viewed on a Hitachi
H-7650 electron microscope at 80 kV using a AMT-600 camera and image capture engine
software (Advanced Microscopy Techniques) maintained by the CCHMC Pathology Core
Facility.
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Gene expression analysis

Total RNA from GMPs, EoPs, and eosinophils sorted from the pooled bone marrow of
BALB/c wild-type mice was collected in TriSure reagent (Bioline) and isolated with the
Direct-zol™ RNA MiniPrep (Zymo Research) according to the manufacturer’s protocol.
RNA-seq libraries were prepared from two independent sorts of each cell type (GMPs,
EoPs, or eosinophils) using an unstranded Illumina protocol and sent for sequencing on an
Illumina HiSeq 2500 sequencing system at the CCHMC sequencing core facility, resulting
in ~10 million reads per sample. The RNA-seq data have been deposited in NCBI’s Gene
Expression Omnibus (17) and are accessible through GEO Series accession number
GSE69707 (http://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE69707). RNA-seq data
analysis was performed using the BioWardrobe Experiment Management System (https://
biowardrobe.com/) (18). Briefly, reads were mapped to the mm10 genome and RefSeq-
based transcriptome using RNA-STAR (v. 2.4.0c) (19) and assigned to the RefSeq genes
using the Wardrobe algorithm. A minimum reads per kilobase per million mapped reads
(RPKM) equivalent to 10 was deemed the lower limit of expression on the basis of the genes
known to be expressed by EoPs and eosinophils. Differentially expressed genes with
DESEQ (v. 1) (20) P value < 0.05 and RPKM > 1 in at least one time point were analyzed.
Results were interpreted in the context of biological processes and molecular functions, as
well as pathways, through the use of ToppGene Suite (21) for gene list functional
enrichment. Heat maps of differentially expressed genes were generated using Genespring
version 12.6.1 and BioWardrobe. For independent confirmation of gene expression, cDNA
was synthesized from prepared RNA with iScript (BioRad, Hercules CA) using 0.5 ug of
RNA template according to manufacturer instructions. Completed cDNA was diluted 1:5
with nuclease-free water, and 5 ng (2 pL) was used as template for quantitative PCR on an
ABI7900HT thermal cycler (Life Technologies, Grand Island NY) with FastStart Universal
SYBR Green Master + Rox (Roche, Indianapolis IN) and oligonucelotides (IDT, Coralville
IA) at 100 nM in a reaction volume of 10 pL. Data were analyzed for fold expression over
Gapdh (279CY. The following primers were used for quantitative PCR: 1kzf3 (Aiolos, 5'-
CTGAATGACTACAGCTTGCCC, 5-GCTCCGGCTTCATAATGTTCT), Spil (PU.1, 5'-
ATGTAGGAAACCTGGTGACTG, 5-TTCCCTGAGAACCACTTCAC), Epx (EPX, 5~
ATGGAGACAGATTCTGGTGG, 5-CCAGTATTGTCGCATACAATCC), and Gapdh (5'-
CTGGTATGACAATGAATACGG, 5-GCAGCGAACTTTATTGATGG).

ChlP-sequencing

Chromatin was cross-linked with the addition of one-tenth of 10X buffer [containing 0.1M
NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM Hepes, and 8.8% formaldehyde] to suspensions
of sorted GMPs, EoPs, or eosinophils (one independent sort per cell type) and incubated for
8 min on ice. The reaction was stopped with the addition of glycine and incubated at room
temperature for 5 min. The cell suspensions were centrifuged for 5 min at 2000 x g at 4°C,
and the pellets were washed twice in cold 1X PBS. Pellets were then stored at —80°C. Prior
to sonication, the pellets were thawed and resuspended in Tris-EDTA containing 0.1% SDS
and proteinase inhibitors. Sonication was performed in a Covaris sonicator for 3 min. A
fraction of the chromatin suspension was used to check the quality of the sonication, and
glycerol was added to the remaining and stored at —80°C. The chromatin was then pre-
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cleared via incubation with magnetic beads (Dynal) prior to performing ChIP with Histone
H3 lysine 4 trimethyl (H3K4me3) antibody (Millipore) overnight in the SX-8G IP-Star ®
ChIP Robot (Diagenode). ChIP-seq data analysis was performed using the BioWardrobe
Experiment Management System (https://biowardrobe.com/) (18). Briefly, reads were
mapped to the mm10 genome using Bowtie, and islands were detected using MACS. The
areas of differential enrichment were identified using MAnorm. The ChlP-seq data have
been deposited in NCBI’s Gene Expression Omnibus (17) and are accessible through GEO
Series accession number GSE69707 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE69707).

TF binding site analysis

Results

TF binding motif enrichment analysis in H3K4me3-marked regions located near genes in
our gene sets (e.g., genes expressed specifically in EoPs or eosinophils only) was performed
using the HOMER software package with default settings (22). Briefly, HOMER uses a
library of TF binding models (in the form of position weight matrices) to scan a set of input
sequences for statistical enrichment of each position weight matrix. We supplemented the
HOMER motif library with ChlP-seq—derived motifs for Ikaros family TFs (23), as the
HOMER library does not include motifs for Aiolos or Helios and these TFs were highly
expressed in our RNA-seq data. In addition to the HOMER motif enrichment analysis, we
also identified putative Aiolos binding sites in H3K4me3-marked sequences by scanning for
matches to the published ChIP-seq—derived motif (23). We scored all sequences using the
standard log-likelihood scoring system (24) and a threshold corresponding to 80% of the
maximum possible score of the motif.

Gene expression associated with eosinophil-lineage commitment

To assess genome-wide changes in gene expression following commitment to the eosinophil
lineage (Figure 1A), GMPs and EoPs were identified via flow cytometry based on surface
marker expression in naive murine bone marrow (Figure 1B), sorted, and then subjected to
colony-forming assays to confirm lineage potential and to RNA-seq analysis. In GMP and
EoP cultures, eosinophil-containing colonies (CFU-G) were observed in the absence and
presence of IL-5 (Figure 1C). Progeny of both GMPs and EoPs expressed Siglec-F (Figure
1D) and had cell morphology consistent with eosinophils (Figure 1E). Together, these data
indicate that a fraction of GMPs from BALB/c bone marrow have eosinophil-lineage
potential, as previously shown in C57BL6 mice (3), and that the frequency of eosinophils
increases with IL-5 stimulation. We next investigated the alterations in gene expression that
are related to eosinophil development. Eosinophil-lineage commitment was associated with
386 genes that were significantly upregulated (Figure 1F) and with 104 genes that were
significantly downregulated in EoPs compared to GMPs (Supplemental Figure SLA-B). The
genes with the highest induction in EoPs compared to GMPs (Figure 1G) included known
eosinophil-associated genes such as eosinophil peroxidase (Epx), IL-5Ra (115ra), IL-4 (114),
and Siglec-F (Sglecb). The genes with the highest transcript levels in EoPs included genes
encoding granule-associated proteins, such as major basic protein (MBP, Prg2) and
eosinophil peroxidase (Epx) (Figure 1G). Notably, transcripts for several of these highly
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expressed genes were also expressed by GMPs (e.g. Ctseand Ly6e), but at lower levels
(Figure 1G).

EoPs express granule proteins and Siglec-F

With the unexpected finding of markedly high transcript levels for granule proteins in EoPs,
we further investigated EoP morphology and cellular contents. Staining of sorted EoPs
revealed significant granularity compared to GMPs (Figure 2A) with high levels of
eosinophil peroxidase activity and MBP protein expression in the cytoplasm (Figure 2B-C).
Ultrastructural morphology of the granules within EoPs revealed specific granules with a
variety of phenotypes (Figure 2D). Some specific granules contained an electron dense core
similar to that seen in a resting eosinophil (Figure 2D, asterisk), whereas others had irregular
electron-dense regions and clearing of the central matrix (Figures 2D-E), indicating that the
specific granules within EoPs are not uniform. As our transcriptome analyses revealed
expression of Siglec-F (Sglec5) by EoPs (Figure 1G), we confirmed surface expression of
Siglec-F on EoPs by flow cytometry (Figure 2F). Notably, Siglec-F expression was
equivalent to IL-5Ra (CD125) expression in identifying EoPs within the CD34-expressing
progenitors (Lin"CD34*CD117i") population (Figure 2G). To determine whether these two
Siglec-F—expressing populations had similar eosinophil potential, we sorted the two
populations, EOP-CD125 (Lin"CD34*CD117!"CD125"%) and EoP-Siglec-F
(Lin"CD34*CD1171MSiglec-F*), and subjected the cells to colony-forming assays. Notably,
the CD125-expressing EoPs gave rise only to eosinophil-containing colonies, whereas the
EoP-Siglec-F cultures yielded colonies containing eosinophils and monocytes (Figures 2H-
1), suggesting that Siglec-F is a marker of eosinophil and/or monocyte potential in murine
bone marrow progenitors whereas CD125 expression represents eosinophil-lineage
commitment.

Gene expression associated with eosinophil differentiation

To assess genome-wide changes in gene expression that are associated with eosinophil
maturation (Figure 3A), eosinophils were identified via flow cytometry based on surface
marker expression in naive murine bone marrow (Figure 3B). We used co-expression of
CCR3 and Siglec-F surface expression as a marker of mature eosinophils, as CCR37Siglec-
F* cells had the morphology of immature eosinophils (Supplemental Figure S1C). Mature
eosinophils (Siglec-F*CCR3*) were sorted and then subjected to RNA-seq analysis.
Eosinophil maturation was associated with a significant reduction in the expression of 504
genes (eosinophils vs. EoPs, Figure 3C). Notably, transcript levels for genes that encode for
granule proteins were significantly lower in eosinophils than EoPs (Figure 3D). Eosinophil
maturation was also associated with significant elevation in expression of 695 genes
(eosinophils vs. EoPs, Figure 3E). The genes with the greatest induction in mature
eosinophils compared to EoPs (Figure 3F) included genes not previously associated with
eosinophils, including resistin-like molecule gamma (Retnlg) and ADAM 19 (Adam19), as
well as genes encoding proteins important for eosinophil effector functions, such as CCR3
(Ccr3) and the matrix metalloproteinases MMP-8 (Mmp8) and MMP-9 (Mmp9). A majority
of the genes with the highest transcript levels in eosinophils were also expressed in EoPs
(Figure 3G), including MBP (Prg2), arachidonate 15-lipoxygenase (Alox15),
myeloperoxidase (Mpo) and the chemokine CCL6 (Ccl6), suggesting early and sustained
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expression of a subset of genes associated with effector functions during eosinophil
development.

Identification of eosinophil-lineage transcriptome

We next compared gene expression between GMPs, EoPs, and eosinophils and noted that
the largest grouping of genes were genes that were expressed by all three cell types (Figure
4A). Of the expressed genes that were not common to all three cell types, EoPs shared a
significant proportion of this non-communal transcriptome subset with GMPs (628/1664,
38%) and mature eosinophils (482/1664, 29%), which is consistent with a cell early in
lineage commitment and differentiation (Figure 4A). Eosinophils shared a much greater
proportion of their non-communal transcriptome with EoPs (482/1007, 48%) than GMPs
(31/1007, 3%) (Figure 4A). We identified an eosinophil-lineage transcriptome comprising
976 genes that were expressed by eosinophils, but not GMPs (Supplemental Table S1),
which included I15ra, Emrl, Sglec5, Alox15, and 114 (Figure 4A, numbers in red font). Of
note, 49% (482/976) of the eosinophil-lineage transcriptome was also expressed by EoPs
(Figure 4A). To identify potential regulators of the eosinophil-lineage transcriptome, we
next compared expression of TFs between GMPs, EoPs, and eosinophils. We identified 119
TFs that were expressed by GMPs, EoPs, or eosinophils (Figure 4B, Supplemental Table
S2). One-third (39/119) of the TFs were expressed by all three cell types, whereas there was
cell-specific expression of 5, 19, and 35 TFs in GMPs, EoPs, and eosinophils, respectively
(Figure 4B), suggesting a more diverse repertoire of TF expression is necessary to regulate
eosinophil maturation. We identified a subset of 56 TFs that were included in the eosinophil-
lineage transcriptome, including Gatal, Cebpe, and Sat3 (Figure 4B). A number of these
TFs have not been previously associated with eosinophils, including Helios (1kzf2) and
Aiolos (Ikzf3), members of the Ikaros family of zinc finger TFs. We next looked at the
differential expression levels of the 119 TFs expressed by GMPs, EoPs, and eosinophils and
identified 5 clusters based on expression pattern (Figure 4C). Cluster 1 included the TFs that
were expressed only by GMPs (e.g. 1rf8, Figure 4D). Cluster 2 included TFs that were
expressed by all three cell types, such as PU.1 (Sfpil) and ATF2 (Atf2, Figure 4D). Cluster 3
included TFs with higher levels of expression in GMPs and EoPs than in eosinophils (e.g.
Patz1, Figure 4D). Cluster 4 included TFs that were expressed by EoPs and eosinophils but
not by GMPs (e.g. Gatal, Cebpe, Ikzf2, and Ikzf3, Figure 4D), and Cluster 5 included TFs
that were expressed by eosinophils but not by EoPs or GMPs (e.g. Stat6 and Sat1, Figure
4D).

Chromatin modifications during eosinophil development

To learn more about the regulatory networks controlling differential gene expression during
eosinophil development, we next investigated the distribution of a chromatin modification
(H3K4me3) associated with active promoters and strong enhancers (25-27). Chromatin
marked with H3K4me3 was associated with gene induction, and the marks clustered around
the transcriptional start sites (TSSs) of the expressed genes in GMPs, EoPs, and eosinophils
(Figure 5A). The majority of the H3K4me3 islands at the TSSs were present in both EoPs
and GMPs and in EoPs and eosinophils (Figure 5B), highlighting that EoPs share gene
regulatory mechanisms with both GMPs and eosinophils. More than 75% of the genes
expressed by EoPs or eosinophils contained H3K4me3 marks in their promoters (Figure
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5C), supporting a correlation between the presence of this mark and promoter activity. We
next compared H3K4me3 marks between expressed genes (RPKM = 10) and silent genes
(RPKM < 2). Nearly all of the expressed genes in EoPs and eosinophils were marked with
H3K4me3 (Figure 5D). In contrast, a vast majority of the silent genes in either EoPs or
eosinophils was unmarked, but a small proportion of the silent genes had H3K4me3 at their
TSS (Figure 5D). Of the silent genes that were marked with H3K4me3 in EoPs, 53 genes
were expressed in eosinophils, including those encoding ST2 (111rl1), $7 integrin (Itgb7),
and PAF receptor (Ptafr), suggesting that a subset of genes associated with eosinophil
effector functions may be poised for expression as early as lineage commitment. Gene
ontology analysis of the silent genes that were H3K4me3 marked in eosinophils showed that
this gene set was enriched for cell cycle genes; thirteen of these genes were expressed in
GMPs, and 23 of these genes were expressed in EoPs, suggesting that these genes were
marked early in development and remained marked through differentiation despite
downregulation of expression in the mature eosinophil.

We next investigated whether the genes that were specifically induced with eosinophil-
lineage commitment (i.e. genes expressed in EoPs but not in GMPs) were already marked
(or poised) for expression in GMPs. A vast majority of the genes that are expressed in EoPs
but not in GMPs do contain H3K4me3 marks in GMPs (Figure 5E), suggesting that they are
poised for induction prior to lineage commitment. We next examined whether the genes that
were specifically induced with eosinophil maturation (i.e. genes expressed in eosinophils but
not in EoPs) were already marked in EoPs. Notably, a majority (87%, 392/451, P = e-92
hypergeometric test) of the genes expressed in eosinophils but silent in EoPs were not
H3K4me3 modified (or poised) in EoPs (Figure 5E). These genes included
metalloendopeptidases (Mmp25, Adam19, Mmp8, Mmp9) and complement C3a receptor
(C3ar1l), highlighting that during eosinophil maturation, these genes undergo an additional
regulatory step (i.e. chromatin modification) for upregulation of expression.

TF binding sites in H3K4me3-marked promoters

To identify potential novel regulators of eosinophil-lineage commitment and differentiation,
we analyzed the sequences marked with H3K4me3 for enrichment of TF binding sites
within and near genes expressed by EoPs and/or eosinophils. Notably, potential binding sites
for Helios (IKZF2) and Aiolos (IKZF3) were significantly enriched in all 3 subsets of genes
analyzed: 1) genes only expressed by EoPs (and not by GMPs or eosinophils, Figure 6A), 2)
genes included in the eosinophil-lineage transcriptome (expressed by EoPs and eosinophils
but not GMPs, Figure 6B), and 3) genes only expressed by eosinophils (and not by GMPs or
EoPs, Figure 6C), supporting a potential regulatory role for Helios and Aiolos in eosinophil
development. In genes expressed by EoPs, but not eosinophils or GMPs, potential binding
sites for YY1 and STAT3, TFs expressed by both EoPs and eosinophils, were significantly
enriched in the sequences marked by H3K4me3 (Figure 6A). In the eosinophil-lineage
transcriptome, potential binding sites for IRF1 and IRF2, TFs expressed by eosinophils (and
not by GMPs or EoPs), were significantly enriched in the sequences marked by H3K4me3,
suggesting a novel role for these TFs in eosinophil maturation (Figure 6B). In the genes
expressed by only eosinophils, binding sites for KLF5 and NFATc1 were significantly
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enriched in the H3K4me3-marked sequences, highlighting potential novel roles for these
TFs in regulating gene expression during eosinophil maturation (Figure 6C).

With the unexpected expression of Helios and Aiolos by EoPs and eosinophils in our RNA-
seq data and significant over-representation of potential Helios and Aiolos binding sites in
genes expressed by EoPs and/or eosinophils, we further investigated a role for Aiolos in
eosinophil production. We confirmed elevated Helios and/or Aiolos expression in mature
murine eosinophils compared to neutrophils in data sets assembled by the ImmGen
consortium (Supplemental Figure S1D) (28), as well as Aiolos expression in sorted EoPs
and eosinophils from independent experiments (Figure 6D). A search of the GEO Profiles
database (29) revealed Helios and Aiolos expression in human eosinophils as well
(Supplemental Figure S1E; GEO accession GSE28492) (30). Collectively, these data
demonstrate conserved Helios and Aiolos expression in the eosinophil lineage in mice and
humans.

To further investigate the potential for Aiolos as a positive regulator of gene expression
during eosinophil development, we next investigated whether the genes with Aiolos binding
sites also contained significantly elevated H3K4me3 peaks (2 fold or more, P < 0.01) and
were significantly induced (2 fold or more, P < 0.05) during eosinophil development.
During eosinophil commitment (GMP to EoP), 23% (90/388) of the genes with significantly
elevated expression in the EoP compared to GMP had Aiolos binding motifs in the gene (P
= 0.04, hypergeometric test), and 26% (23/90) of those genes also had significantly higher
H3K4me3 peaks (Figure 6D and Supplemental Table S3). Notably, 15 of the induced genes
with Aiolos binding motifs are associated with cytoplasmic membrane—bound vesicles (P =
1.9 x 107%), including SNAP23, a protein involved in exocytosis in human eosinophils (31).
During eosinophil differentiation (EoP to eosinophil), 38% (261/683) of the genes with
significantly elevated expression in eosinophils compared to EoPs contained Aiolos binding
motifs (P = 4.4e-15, hypergeometric test), and 57% (150/261) of those genes also contained
elevated H3K4me3 modifications (Figure 6E and Supplemental Table S3). More than 30 of
the induced genes that contained both Aiolos binding motifs and elevated H3K4me3
modification are associated with cell migration, including integrins (Itgam, Itgb2, Itgh3,
Itghb7) and CCR1, suggesting that Aiolos may regulate a subset of genes important for
eosinophil trafficking. Collectively, these data highlight that Aiolos has the potential to
regulate a significant portion of the genes that are induced during eosinophil-lineage
commitment and eosinophil maturation.

Discussion

Eosinophils are terminally differentiated cells with a high turnover rate in the circulation and
a tissue lifespan of less than a week (32-35). In addition, mature eosinophils do not have the
capability to divide and have high rates of spontaneous or intrinsic apoptosis (36),
highlighting the need for highly regulated (and perpetual) homeostatic production of new
eosinophils. Even though IL-5 has been shown experimentally to be essential for disease-
associated eosinophilia (10, 37-39), homeostatic eosinophil production is independent of
IL-5, as eosinophil levels are just modestly reduced in IL-5—deficient mice (10). In contrast,
regulatory mechanisms involving G-CSF are responsible for both steady-state neutrophil
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production and disease-associated neutrophilia (40). The regulatory mechanisms that direct
homeostatic eosinophilopoiesis are largely unknown. As changes in gene expression are
tightly associated with hematopoiesis (22, 41, 42), we took a global approach combining
genome-wide transcriptomic and epigenomic analyses at critical stages in homeostatic
eosinophil development to delineate the changes in gene expression and characterize the
promoters, or genetic regions surrounding the TSS, that drive these transcriptome
alterations. Our aim was to begin to molecularly define the regulatory program associated
with eosinophil-lineage commitment and eosinophil maturation. Eosinophil maturation from
EoPs was associated with markedly greater number of transcriptome alterations, including a
larger repertoire of TFs, than eosinophil-lineage commitment. In addition, we reveal distinct
epigenetic regulation of the promoters of genes associated with lineage commitment
compared to eosinophil maturation. Our study highlights that the regulatory mechanisms
responsible for eosinophil homeostasis are likely to be developmental-stage specific. These
findings have implications for a number of diseases, including allergic disorders, in which
these processes may be manipulated for therapeutic benefit.

In this study, we describe several new EoP characteristics, including surface Siglec-F
expression. Notably, our data suggest that Siglec-F expression is a surface marker for bone
marrow progenitors with eosinophil-lineage potential, whereas CD125 expression is
associated with eosinophil-lineage commitment. Siglec-F is a functional paralog to Siglec-8,
a marker for maturing and mature human eosinophils (43, 44). Siglec-F has been shown to
be a useful marker to identify mature eosinophils in the bone marrow and spleen of mice
(45), and now our data suggest that anti—Siglec-F can be used in the bone marrow, along
with antibodies directed against CD34 and c¢-KIT, to identify cells with eosinophil-lineage
potential. EoPs are identified in murine bone marrow via surface expression of CD125
(IL-5Ra) (3). As surface expression of IL-5Ra on eosinophils is substantially influenced by
the microenvironment (46-48), Siglec-F may ultimately prove to be a more advantageous
marker to identify these rare cells. We also demonstrate abundant expression of granule
proteins, especially MBP, by EoPs. As similarly noted in earlier studies (49), the transcript
levels for the granule proteins MBP and EPO were higher in the progenitors than in the
mature eosinophils, highlighting that synthesis of granule contents occurs early in eosinophil
development. Indeed, early synthesis of these granule proteins is critical for normal
eosinophilopoiesis, as deficiency in both Mbp and Epx results in impaired eosinophil
production (50). We also observed that granules in EoPs exhibit an ultrastructure
morphology that differs from that of granules in mature eosinophils. Though the majority of
specific granules in mature eosinophils contain an internal, electron-dense crystalline core
surrounded by an electron-lucent matrix (12, 51), the granule morphology in EoPs varied,
with some specific EoP granules having an electron-lucent core with an electron-dense
matrix. Interestingly, fading or clearing of the central core as a result of loss of contents with
degranulation has been observed in activated eosinophils (52-54). We observed this
seeming reversal of electron density of core and matrix in granules in EoPs sorted from
naive murine bone marrow that also demonstrated high levels of MBP and EPO in their
cytoplasm as determined by immunohistochemistry and enzyme activity (Figure 2). Thus,
this electron-lucent core may be a baseline EoP-specific granule characteristic and not
secondary to activation and release of granule contents. The unexpected observation of high
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expression levels of granule proteins and the presence of organized granules in murine EoPs,
as identified via lack of lineage markers and expression of CD34, IL-5Rq, and intermediate
levels of c-KIT, prompts speculation that a less-differentiated progenitor, or preEoP,
upstream of the murine EoP may exist. We have studies underway to identify potential
preEoPs via Siglec-F expression.

TFs play a key role in activating lineage-specific genetic programs (55). The order of TF
expression in myeloid progenitors significantly affects lineage potential (55, 56). For
example, induction of GATA-1, in the presence of CCAAT/enhancer binding protein alpha
(C/EBP-a) and PU.1, in myeloid progenitors has been shown to result in eosinophil
formation. Our data are consistent with this model, as we observed significantly elevated
GATA-1 expression in EoPs compared to GMPs and that GMPs also express PU.1 and low
levels of C/EBPa (Figure 4 and data not shown). The expression of the granule protein MBP
has been shown to be regulated by a combination of TFs, including GATA-1, PU.1, and C/
EBP-¢, in eosinophils (57, 58). Notably, we observed co-expression of GATA-1, PU.1, and
C/EBP-¢ in EoPs and eosinophils (and not in GMPs), which was also associated with high
expression levels of transcripts for granule proteins in EoPs and eosinophils. In addition to
confirming expression of TFs known to have a role in eosinophil development, we noted
expression of a large number of TFs that have not previously been associated with
eosinophils. For example, our data demonstrate conserved Helios and Aiolos expression in
eosinophil-lineage-committed cells in mice and humans. Helios and Aiolos can act as both
activators and repressors of gene transcription (59-61) and mediate their effects through
their interaction with other Ikaros family members to anchor protein complexes that regulate
chromatin restructuring around target genes (62—-64). For example, a change in Aiolos
expression results in altered histone modifications that yield more permissive or repressive
chromatin environments for gene expression (60). The importance of the chromatin
environment (e.g. histone acetylation) in eosinophil differentiation is underscored by studies
in which treating a promyelocytic cell line with histone deacetylase inhibitors that prevent
the removal of acetate from histone lysine residues results in upregulation of IL5RA
expression and in differentiation along the eosinophil lineage (65, 66). Thus, n-butyrate, a
histone deacetylase inhibitor that has been used for decades to promote differentiation of
human eosinophilic leukemia cell lines (67-69), likely mediates its eosinophil-promaoting
effects via continuous histone acetylation that results in upregulation in expression of
lineage-specific genes.

The Ikaros family of TFs have two zinc finger motifs in the carboxy-terminus that enables
them to homodimerize and to dimerize with other members of the family (70). Helios has
been shown to heterodimerize with Ikaros and Aiolos (71, 72), and Aiolos has been shown
to heterodimerize with Ikaros (73). We observed that EoPs and eosinophils, as well as
GMPs and neutrophils, express Ikaros (data not shown). Compared to wild-type mice,
Ikaros-deficient mice have increased numbers of basophils, but similar numbers of
eosinophils, in the bone marrow at homeostasis (74). Ikaros regulates basophil development
via expression of the basophil-promoting TF C/EBP-a (74). We noted Aiolos binding motifs
in genes that encode for TFs, including Stat3, Nfatcl, Nfkbl, Irfl and Irf2, in the eosinophil-
lineage transcriptome, suggesting that Aiolos binding may be an important hierarchical step

J Immunol. Author manuscript; available in PMC 2016 September 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouffi et al.

Page 13

regulating local changes in chromatin states during eosinophil developmental progression.
Similarly, we noted that PU.1 binding motifs were highly enriched in genes expressed by
both EoPs and eosinophils that also contain H3K4me3 histone modifications. This finding is
consistent with studies that demonstrated a majority of PU.1 that was bound to DNA was
located near H3K4me3 marks in macrophages and B cells (22). A model has been proposed
in which tiers of TFs cooperate to activate regulatory elements required for cell lineage
development and function (22, 75, 76); the first tier includes TFs such as PU.1, and perhaps
Aiolos, that target potential regulatory elements and create “accessible” DNA structures, and
the subsequent second tier of TFs results in fully active regulatory elements and gene
expression. Our data support this model, as many of the TFs that were expressed in
eosinophils, but not GMPs or EoPs, contained potential Aiolos binding motifs. Future
studies are underway to investigate the roles for Helios and Aiolos in regulating the
chromatin environment and gene expression during eosinophil development. Delineating the
function of the Ikaros family of TFs in eosinophil development will likely lead to clinically
relevant findings for eosinophilia-associated disorders, as the mechanism of action of the
clinical drug lenalidomide, which is effective in treating multiple myeloma, was determined
to be the selective degradation of Aiolos (and Ikaros) in hematopoietic cells (77).

Notably, we observed that a majority of the genes that were induced in the EoP, but silent in
the GMP, were already associated with the histone modification H3K4me3 in the GMP,
suggesting that these genes were poised for induction in the GMP prior to eosinophil-lineage
commitment. Conversely, many of the genes that were specifically induced in the mature
eosinophil (and silent in the EoP) did not have the H3K4me3 modification in the EoP,
highlighting differences in gene regulation during eosinophil development. These data
provide further support for a model of sequential events regulating gene expression during
cell maturation. Comprehensive epigenomic and transcriptomic profiling during critical
stages in eosinophil development will ultimately define the programming and gene
regulatory networks necessary for eosinophil development and will likely lead to novel
therapeutic strategies to regulate eosinophil production.
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ChiP chromatin immunoprecipitation

EoP eosinophil-lineage committed progenitor
Eos eosinophil

GMP granulocyte-monocyte progenitor
H3K4me3 trimethylation of lysine 4 of histone H3
preEos eosinophil precursor

transcription factor

TSS transcriptional start site
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Figure 1. EoPs express high mRNA levels of granule proteins
(A) Eosinophil-lineage commitment schematic is shown. (B) A representative gating

strategy to delineate EoPs and GMPs in whole bone marrow for FACS is shown and starts
with pre-gating on viable single cells and then further gating on cells that express CD34, are
negative for lineage markers and Sca-1, and co-express either CD117/" (c-Kit) and CD125
(IL-5Ra) for EoPs or CD117M and CD16/32 for GMPs. Percentage of cells in the parent
gate is shown. (C) Colony-forming assay from sorted GMPs and EoPs cultured with and
without IL-5 is shown (data from a representative of 2 independent experiments is shown
with 3 plates per condition). (D) Total number of Siglec-F+ cells in colonies on a single
plate from GMPs or EoPs cultured with or without IL-5 is shown (data from a representative
of 2 independent experiments is shown). (E) Cytospins from colonies derived from GMPs
and EoPs are shown (magnification 1000X). (F) Heat map showing mRNA expression
levels for genes that were significantly induced 2-fold or more (P < 0.05) in EoPs compared
to GMPs. Expression levels (mean RPKM) for genes that are highly induced in EoPs
compared to GMPs (G, upper panel) and for genes that are the most highly expressed in
EoPs (G, lower panel) are shown. Minimal expression level was mean RPKM equal to 10
and is indicated with a dashed line. &P < 1e-5.
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Figure 2. EoPs express granule proteinsand Siglec-F
(A) Cytospins of isolated EoPs and GMPs are shown (400X magnification on left, 1000X

magnification on right). (B) Eosinophil peroxidase activity (brown-black precipitate) in
isolated EoPs is shown (400X). (C) Anti-MBP staining (red) in isolated EoPs is shown with
nuclei stained with DAPI (1000X). Results shown in panels A-C are representative of 3
experiments. (D) Electron micrographs showing scattered secondary granules with electron-
dense core (asterisk) as seen in mature eosinophils, secondary granules with electron dense
matrix on one side (double asterisk), and secondary granules with an electron-lucent core
(box) are shown. (E) Higher magnification image of secondary granules in EoP with
electron-lucent core and electron-dense matrix is shown. (F) Surface expression (solid line)
of Siglec-F by EoPs in naive murine bone marrow compared to isotype control (dashed line)
is shown. Pre-gating included live, single cells that were lineage-marker negative but
expressed CD34, CD125, and CD117. Results are representative of 3 experiments. (G) EoP
identification via surface expression of CD117 and CD125 compared to CD117 and Siglec-
F by CD34-expressing, lineage-marker negative bone marrow cells is shown with cell
counts within each gate in the upper right corner of the dot blot. Cytospin of EoPs sorted via
Siglec-F expression is shown. Results are representative of 2 experiments. (H) Colony-
forming assay from EoPs sorted via surface expression of CD125 and Siglec-F is shown
(data from a representative of 2 independent experiments is shown with 3 plates per
condition). (1) Cytospins from colony-forming assay are shown (magnification 1000X).
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Figure 3. Granule protein transcripts are higher in EoPsthan eosinophils
(A) Eosinophil maturation schematic is shown. (B) A representative gating strategy to

identify mature eosinophils from naive murine bone marrow is shown and starts with pre-
gating on viable single cells and then further gating on cells that co-express Siglec-F and
CCR3. Percentage of parent gate is shown. (C) Heat map showing transcript levels of genes
that were significantly reduced 2-fold or more (P < 0.05) in eosinophils (Eos) compared to
EoPs is shown. (D) Expression level (mean RPKM) of genes that were significantly reduced
in eosinophils compared to EoPs. &P < 1e-5. (E) Heat map showing transcript levels of
genes that were significantly induced 2 fold or more (P <0.05) in eosinophils (Eos)
compared to EoPs is shown. Expression level (mean RPKM) of genes with the greatest
relative induction in eosinophils compared to EoPs (F) or the highest expression (G) in
eosinophils (Eos) is shown. &P < 1e-5, *P < 5e-2.
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Figure 4. Identification of eosinophil-lineage transcriptome and repertoire of TFs
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(A) Venn diagram with overlap of gene expression between GMPs, EoPs, and eosinophils is
shown. The number of genes, and select gene names, included in the eosinophil-lineage
transcriptome (EoP and eosinophil shared expression and eosinophil-only expression)
appear in red. (B) Venn diagram with overlap of TF expression between GMPs, EoPs, and
eosinophils is shown. The number of TF genes, and select TF gene names, included in the
eosinophil-lineage transcriptome appear in red. (C) Heap map showing differential TF
expression between GMPs, EoPs, and eosinophils (Eos) is shown. Clusters based on
differential expression pattern are delineated with boxes and numbered on the right. (D)
Expression level (mean RPKM) of TFs in isolated GMPs, EoPs, and eosinophils is shown
with lower limit of expression (RPKM equal to 10) depicted with a dashed line. &P <

1e-5, #P < 1e-4.

J Immunol. Author manuscript; available in PMC 2016 September 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bouffi et al.

A. H3K4me3 Island Distribution B.

GMP EoP Eos GMP EoP Eosinophil

Il

i
({1

il \H‘HWHI\:H IIM |

sk TSS  ssk sk TSS sk -5k T;S +5k

C.  Expressed Genes D. EoP
Expressgd Silent

EoP Eosinophil

3
i

3 No Promoter Mark
B H3K4me3 Promoter Mark

TSS TSS
E. EoP GMP  EoP GMP Eos EoP Eos EoP
B Y -l | o |
. B[R
—_— . . —
v = - = s
- £ | it
- ) E T
- 1 i
— 3 . - 4
- a2
| ]
L L]
-
| . I .
TSS TSS TSS TSS

H3K4me3
Promoters

R Common
3 GMP
3 EoP

@R Common
3 EoP
3 Eosinophil

Eosinophil
Exprjessed Silent

i
1

Tss TsS

Figure 5. Differential epigenetic regulation during eosinophil development
(A) Heat maps of mRNA levels and distribution of H3K4me3 around transcriptional start

sites (TSSs) in isolated GMPs, EoPs, and eosinophils are shown with each horizontal line
being the same single gene across the heat and distribution maps. (B) Pie charts representing
the presence of H3K4me3 marks in gene promoter regions (+/— 1000 bp from TSS) that are
in common (black) or unique for GMPs (green), EoPs (blue), or eosinophils (orange) are
shown, with the upper pie chart representing a comparison between GMPs and EoPs and the
lower pie chart representing a comparison between EoPs and eosinophils. (C) Pie charts

representing the proportion of expressed genes (RPKM = 10) that contain at least one

Page 23

H3K4me3 mark in the promoter region in EoPs (left chart) or eosinophils (right chart) are
shown. (D) Heat maps of mMRNA levels and H3K4me3 distribution relative to TSS for genes
that are expressed (RPKM = 10) or silent (RPKM < 2) in EoPs or eosinophils are shown. (E)
Heat maps of mMRNA levels and H3K4me3 distribution relative to TSS for genes that are

significantly induced 2 fold or more (P < 1e-2) in the EoPs compared to GMPs or in

eosinophils (Eos) compared to EoPs are shown.
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Figure 6. Enrichment of Helios and Aiolos binding motifsin eosinophil-lineage transcriptome
Highly represented TF motifs (HOMER motif enrichment algorithm) in H3K4me3-marked

sequences in genes expressed by EoPs only (not by GMPs or eosinophils) (A), in the
eosinophil (Eos)-lineage transcriptome (EoPs and eosinophils but not GMPSs) (B), and by
eosinophils only (not by GMPs or EoPs) (C) are shown with log-transformed P values on the
x-axis. (D) Normalized expression of Aiolos, PU.1, and EPX in EoPs and eosinophils as
determined by quantitative PCR is shown (n = 2 independent experiments with 2—6 samples
per cell type). Shown are Venn diagrams representing genes with significantly induced
expression (white circle, P < 0.01) in EoPs (compared to GMPSs) (E) or in eosinophils
(compared to EoPs) (F) and whether they contain Aiolos binding motifs (Aiolos Motif)
and/or H3K4me3 peaks that are significantly elevated (P < 0.01, H3K4me3 Mark). The
number of genes with Aiolos binding motifs and induced expression is in red font.
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