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Macrophages, a key cellular component of inflammation, become functionally polarized in a signal- and context-
specific manner. Th2 cytokines such as interleukin 4 (IL-4) polarize macrophages to a state of alternative
activation that limits inflammation and promotes wound healing. Alternative activation is mediated by
a transcriptional program that is influenced by epigenomic modifications, including histone acetylation. Here we
report that macrophages lacking histone deacetylase 3 (HDAC3) display a polarization phenotype similar to IL-4-
induced alternative activation and, furthermore, are hyperresponsive to IL-4 stimulation. Throughout the
macrophage genome, HDAC3 deacetylates histone tails at regulatory regions, leading to repression of many IL-4-
regulated genes characteristic of alternative activation. Following exposure to Schistosoma mansoni eggs, a model
of Th2 cytokine-mediated disease that is limited by alternative activation, pulmonary inflammation was
ameliorated in mice lacking HDAC3 in macrophages. Thus, HDAC3 functions in alternative activation as a brake
whose release could be of benefit in the treatment of multiple inflammatory diseases.
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Macrophages are a heterogeneous population of immune
cells, functionally polarized in a signal- and context-specific
manner. Polarization is often simplified into two broad
opposing categories: classical activation (M1) induced by
interferon g in conjunction with TRL ligands such as li-
popolysaccharide (LPS), and alternative activation (M2) as
a result of exposure to Th2 cytokines such as interleukin
4 (IL-4) and IL-13 (Mosser and Edwards 2008; Geissmann
et al. 2010; Gordon and Martinez 2010). Macrophage po-
larization is an important component of many disease
states, including infection, insulin resistance, atheroscle-
rosis, arthritis, and cancer. While classically activated
macrophages contribute to the progression of inflamma-
tion, alternatively activated macrophages are considered
anti-inflammatory and, due to the robust production of
arginase 1 and other molecules that can impact the
extracellular matrix, are proposed to promote wound
healing. In particular, the tissue immune response to eggs
laid by Schistosoma mansoni is characterized by a robust
Th2 inflammatory response in which alternatively acti-

vated macrophages have a critical protective role, limiting
inflammation likely through suppression of T-cell prolif-
eration and response (Herbert et al. 2004, 2010; Anthony
et al. 2007; Nair et al. 2009; Pesce et al. 2009).

At the molecular level, functional polarization of mac-
rophages is dependent on complex networks of transcrip-
tion factors, resulting in very distinct signal-specific gene
expression programs (Barish et al. 2010; Ghisletti et al.
2010; Natoli et al. 2011). Recent reports have demon-
strated that an efficient transcriptional response during
polarization can be dependent on changes in the epige-
nome that are mediated by chromatin-modifying enzymes
(De Santa et al. 2009; Ishii et al. 2009; Ghisletti et al. 2010;
Satoh et al. 2010). In particular, Jmjd3, a histone demethyl-
ase, has been implicated in the removal of repressive
chromatin modifications during the inflammatory response
to LPS (De Santa et al. 2009). Furthermore, underscoring
signal specificity, histone demethylation of the promoter of
Irf4 by Jmjd3 was also shown to be necessary for the
alternative activation-like response to chitin but not to
IL-4 (Satoh et al. 2010).

Histone acetylation is a reversible chromatin modifica-
tion that has also been implicated in macrophage response
to environmental cues (Halili et al. 2009; Roger et al. 2011;
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Shakespear et al. 2011). Acetylation of lysine residues in-
cluding K9 and K27 in the tail of histone H3 (H3K9 and
H3K27, respectively) has been linked to gene activation
(Roh et al. 2007; Rada-Iglesias et al. 2011). Histone
acetyltransferases (HATs) including p300 (Marmorstein
and Trievel 2009) place acetylation marks on histones,
and these are removed by histone deacetylases (HDACs)
(Clayton et al. 2006). HDACs can be grouped into sev-
eral classes, and inhibitors of class I HDACs alter mac-
rophage function in a variety of models of inflammation
(Huang 2006; Haberland et al. 2009; Shakespear et al.
2011). However, the underlying mechanisms and the
specific HDACs responsible for these effects remain
unclear. Here we combine gene targeting with whole-
genome expression analysis and chromatin immunopre-
cipitation (ChIP) coupled to genome-wide sequencing
(ChIP-seq) to uncover a critical role for HDAC3 in
macrophage polarization, specifically limiting alternative
activation.

Results

Deletion of HDAC3 in macrophages leads to a gene
expression program characteristic of IL-4-induced
alternative activation

Germline deletion of HDAC3 in mice results in early
embryonic lethality (Knutson et al. 2008). We generated
mice with exons 4–7 of Hdac3 flanked by loxP sites
(HDAC3f/f) (Supplemental Fig. 1) and bred them with mice
expressing Cre recombinase under the control of the
myeloid-specific Lysozyme M promoter (LysMCre+)
(Clausen et al. 1999) to generate mice lacking HDAC3
in macrophages. LysMCre+, HDAC3f/f (MacHD3 knock-
out) mice were viable and displayed no overt abnormal-
ities (data not shown). HDAC3 mRNA and protein were
deleted in both thioglycollate-elicited peritoneal macro-
phages and bone marrow-derived macrophages (BMDMs)
(Fig. 1A,B).

The gene expression changes in unstimulated BMDMs
deleted of HDAC3 were examined by whole-genome

microarray. In comparison with control macrophages,
genes whose expression was significantly altered in
HDAC3-deficient macrophages were enriched for immune
and inflammatory response pathways (Supplemental Table
1). To determine whether these changes were related to
classical versus alternative activation pathways, the
HDAC3-regulated genes were overlaid on the set of genes
classically regulated by LPS (Ghigo et al. 2010) as well as
alternatively activated by IL-4 in wild-type macrophages
(Fig. 1C). Remarkably, the majority of genes increased in
the HDAC3 knockout macrophages were found to be pos-
itively regulated by IL-4 exposure of wild-type macrophages
(Fig. 1C, top quadrants). Genes decreased upon HDAC3
deletion were genes that were negatively regulated by IL-4
treatment of wild-type macrophages, and (Fig. 1C, left
quadrants), importantly, a large subset of these genes was
positively regulated by LPS (Fig. 1C, bottom right quadrant).
In contrast, very few genes positively regulated by LPS were
increased upon HDAC3 deletion, and, of those, the majority
were not signal-specific changes, since they increased with
both IL-4 and LPS (Fig. 1C, top right quadrant). These data
indicate that deletion of HDAC3 in macrophages results in
a gene expression program that is strikingly similar to that
associated with alternative activation.

Alternative activation is enhanced
in HDAC3-deficient macrophages

Using quantitative PCR (qPCR), alternative activation
markers Arg1 and Clec7a were noted to be induced in
HDAC3-deficient macrophages in the absence of cyto-
kine treatment (Fig. 2A), confirming the skewing of these
cells toward alternative activation. Moreover, treatment
of HDAC3-deficient macrophages with Th2 cytokines IL-
4 or IL-13 markedly potentiated the induction of several
genes characteristic of alternative activation, including
Arg1, Clec7a, Chi3l3, and Retnla (Fig. 2A). Enhancement
of the alternative activation transcriptional program was
functional, as shown by increased activity of arginase 1
protein in both the absence and presence of IL-4 (Fig. 2B).
These results demonstrate that HDAC3 normally limits

Figure 1. Deletion of HDAC3 in macrophages
leads to a gene expression program characteristic
of IL-4-induced alternative activation. (A) Expres-
sion of Hdac3 measured by qPCR in thioglycol-
late (TG)-elicited macrophages and BMDMs. (B)
Western blot for HDAC3 and Ran (loading con-
trol) in BMDMs (n = 4 of each genotype). (C)
Scatter plot generated from overlaying the ex-
pression fold changes measured by whole-
genome arrays in response to 6 h of LPS (X-axis)
(Ghigo et al. 2010) and 24 h of IL-4 (Y-axis) in
BMDMs, with the significant changes observed
in unstimulated HDAC3-deficient macrophages.
The numbers in the plot are the number of genes

significantly changed in the HDAC3 knockout macrophages in each quadrant. Red dots represent genes that were increased, and green
dots represent genes that were decreased in the HDAC3 knockout macrophages compared with controls. Odds ratios (OR), defined here
as the fold enrichment within a quadrant relative to what would be expected if they were randomly dispersed, were calculated using the
Fisher’s exact test. (*) P < 1 3 10�5; (**) P < 1 3 10�10; (***) P < 1 3 10�15.
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the expression of genes characteristic of IL-4-induced
alternative activation in both the absence and presence
of cytokine stimulation.

Interestingly, rather than phenocopy the IL-4-potentiating
effect of HDAC3 depletion, treatment of wild-type macro-
phages with the pan-HDAC inhibitor trichostatin A (TSA)
actually decreased both basal and IL-4-stimulated expres-
sion of Arg1 in an HDAC3-independent manner (Fig. 2C,D).
However, TSA had inconsistent effects on other IL-4-in-
duced genes (Supplemental Fig. 2). Moreover, another pan-
HDAC inhibitor, MS-275, had no significant effect on IL-4
induced Arg1 expression (Fig. 2E). These findings underscore
the pleotropic effects of pharmacologic HDAC inhibitors
that lack specificity toward individual HDACs and have
idiosyncratic off-target effects (Shakespear et al. 2011).

HDAC3 localizes to a subset of Pu.1-defined
macrophage-specific enhancers

We next explored the mechanism of gene regulation by
HDAC3 in BMDMs using ChIP-seq to identify genomic
regions of HDAC3 enrichment. The distribution of these
genomic sites of HDAC3 recruitment was similar to other
reported transcription factor and coregulator cistromes
(Farnham 2009; Visel et al. 2009), with most enrichment
being observed in intergenic and intronic regions (Supple-
mental Fig. 3B). The nearest gene to each HDAC3-binding
site was identified using gene-centered annotation (Shin
et al. 2009), and gene ontology (GO) analysis was performed.
Strikingly, all of the biological pathways that were signifi-
cantly enriched in this unbiased analysis were related to
immune or macrophage functions (Fig. 3A). This pattern is
highly macrophage-specific, since, in liver, HDAC3 local-
izes most commonly near genes important in lipid and fatty
acid metabolism (Feng et al. 2011). Indeed, the macrophage

and liver HDAC3 cistromes show very little overlap, dem-
onstrating substantial tissue specificity for HDAC3 binding
(Supplemental Fig. 3C).

We next performed a de novo motif search within the
HDAC3-enriched genomic regions in macrophages to pre-
dict transcription factors that colocalize at these sites. In
this analysis, the top six most-enriched motifs (Fig. 3B;
Supplemental Table 2) matched the binding specificity of
Ets transcription family member Pu.1, the master regulator
of macrophage identity that constitutively occupies mac-
rophage-specific enhancers and prepares them for signal-
specific transcription factor regulation (Ghisletti et al.
2010; Heinz et al. 2010). Of note, in contrast to similar
analysis of the HDAC3 cistrome in liver (Feng et al. 2011),
binding motifs for nuclear receptors were not among the
top 10 enriched motifs. Comparison of the HDAC3
cistrome with the previously described BMDM Pu.1
cistrome (Ghisletti et al. 2010) revealed that the vast
majority (84%) of HDAC3-enriched regions are indeed at
sites of Pu.1 binding (Fig. 3C,D). The presence of Pu.1 at
HDAC3-enriched regions was validated by ChIP-qPCR
(Fig. 3E). From these analyses, we conclude that HDAC3
binds mainly at a subset of Pu.1-defined macrophage
enhancers.

HDAC3 regulates genes characteristic of IL-4-induced
alternative activation by deacetylation of nearby
enhancer regions

We next assessed genome-wide acetylation of histone H3
on Lys 9 (H3K9Ac), an epigenomic mark that is associated
with gene activation (Roh et al. 2007), in control and
HDAC3 knockout macrophages treated with IL-4 or vehi-
cle. We focused on areas of HDAC3 enrichment near genes
that increased upon IL4-induced alternative activation and

Figure 2. Deletion of HDAC3 results in enhanced
IL-4 macrophage alternative activation. (A) Expres-
sion of alternative activation signature genes as
determined by qPCR (n = 4). Values shown are
relative to the corresponding IL-4-treated control
macrophages. (B) Arginase activity as determined
by measurement of urea production (n = 3–5). (C,D)
Gene expression determined by qPCR after pretreat-
ment with TSA in wild-type macrophages (C) and
HDAC3 knockout macrophages (D). (E) Gene ex-
pression determined by qPCR after pretreatment
with MS-275 in wild-type macrophages. Values
shown are relative to the corresponding IL-4-exposed
macrophages pretreated with vehicle. (BSA) Bovine
serum albumin; error bars, SEM; (*) P < 0.05; (**) P <

0.01; (***) P < 0.001.
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HDAC3 deletion. In wild-type macrophages, H3K9Ac was
increased at these regions upon IL-4 stimulation, consis-
tent with transcriptional activation (Fig. 4A). The details
of a representative IL-4-induced gene, Clec7a, are shown
in Figure 4B. Moreover, a marked stimulatory effect of
HDAC3 deletion on H3K9Ac was observed in regions
bound by HDAC3 in BMDMs, consistent with the notion
that genome-associated HDAC3 acts locally to deacetylate
histone, and this effect of HDAC3 deletion was exaggerated
in the IL-4-treated macrophages (Fig. 4A,B). The HDAC3
dependence of H3K9 deacetylation was confirmed at sev-
eral HDAC3-binding sites by ChIP-qPCR (Fig. 4C). Similar
trends were observed at histone H3 on Lys 27, another
residue marked by acetylation at enhancers (Rada-Iglesias
et al. 2011), demonstrating that the effect of HDAC3 was
not residue-specific and likely impacting global histone
acetylation in these regions (Supplemental Fig. 4). Changes
in acetylation were not observed at HDAC3-enriched re-
gions near genes whose expression decreases upon HDAC3
deletion or IL-4 treatment (Fig. 4D), suggesting that the
effects of HDAC3 in those locations were counterbal-
anced by opposing factors or that HDAC3 was not func-
tional at these regions and confirming the specific role of
HDAC3 in gene repression. These data demonstrate that
HDAC3 functions at enhancers near genes characteristic

of IL-4-induced alternative activation to limit histone
acetylation and thereby contribute to repression of gene
expression.

Th2 cytokine-driven pulmonary inflammation
is limited by deletion of macrophage HDAC3

The results thus far strongly suggested that HDAC3 func-
tions to suppress macrophage alternative activation. We
observed evidence of increased alternatively activated mac-
rophages in vivo (Supplemental Fig. 5A,B) and therefore
tested the physiological relevance of this altered macro-
phage polarization using a pulmonary challenge with ova
from the helminth S. mansoni, a model in which alterna-
tively activated macrophages limit excessive pulmonary
inflammation (Herbert et al. 2004, 2010; Nair et al. 2009;
Pesce et al. 2009). Eight days after intravenous challenge
with the ova, large inflammatory granulomas formed
around the eggs in the lungs of control mice (Fig. 5A). In
comparison, the granulomas observed in the MacHD3
knockout lungs were much smaller in size, and the over-
all lung inflammation was markedly less (Fig. 5B,C). In
concordance with this, eosinophilia was markedly reduced
in the ova-challenged MacHD3 knockout lungs (Fig. 5D),
and there were fewer CD4+ T cells (Fig. 5E). Furthermore,

Figure 3. HDAC3 localizes to a subset of Pu.1-defined
macrophage-specific enhancers. (A) Summary of GO
categories enriched among genes nearest to HDAC3
regions in basal conditions (BSA). (B) Top most-enriched
motif found in HDAC3-enriched regions upon de novo
motif search; the number of times this motif was
observed in all regions considered is reported in the
top left. (C) Venn diagram demonstrating overlap of
HDAC3 regions with published Pu.1 sites (Ghisletti
et al. 2010). (D) Genome browser image of HDAC3-
enriched sequence for part of chromosome 11 in
BMDMs and the overlap of reported Pu.1 sites (bars).
(E) Validation of Pu.1 binding at regions of HDAC3
enrichment by ChIP-qPCR. Regions were identified by
nearest transcriptional start site (TSS). Regions at Ins1

and Arbp TSS served as controls (n = 3–5). Error bars,
SEM.
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when the draining parathymic lymph nodes from chal-
lenged mice were removed and restimulated, the frequency
of IL-13-producing CD4+ T cells was greatly reduced in the
MacHD3 knockout mice, consistent with the suppressed
T-cell response and decreased disease severity (Fig. 5F).
Thus, deletion of HDAC3 in macrophages has a protective,
anti-inflammatory effect on S. mansoni ova challenge, re-
flecting the enhanced alternative activation of HDAC3
knockout macrophages in vivo.

Discussion

We showed here that HDAC3 limits basal and cytokine-
stimulated alternative activation of macrophages in vitro
and in vivo and has a marked influence on a living organ-
ism’s ability to cope with inflammatory stimuli. HDAC3
binds to the macrophage genome and deacetylates histone
tails at a subset of sites bound by lineage-specific tran-

Figure 4. HDAC3 regulates alternatively activated macro-
phage signature genes by deacetylation of nearby enhancer
regions. (A) Average signal profiling of H3K9Ac around regions
of HDAC3 enrichment near IL-4-induced genes that are up-
regulated by deletion of HDAC3. (B) Genome browser image
demonstrating H3K9Ac at a select region of chromosome 6 in
the presence and absence of HDAC3 and/or IL-4; regions of
HDAC3 enrichment are represented by blue bars. (C) ChIP-
qPCR interrogating select HDAC3 regions used in A for changes
in H3K9Ac; regions at the Alb and Arbp transcriptional start
sites served as controls. Statistically significant differences
between either untreated controls and MacHD3 knockout or
IL-4-treated controls and treated MacHD3 knockout are
reported (n = 4). (D) Average signal profiling of H3K9Ac around
regions of HDAC3 enrichment near IL-4 down-regulated genes
that are also decreased by deletion of HDAC3. Error bars, SEM;
(*) P < 0.05; (**) P < 0.01; (***) P < 0.001.

Figure 5. Reduced Th2 cytokine-driven pulmonary inflamma-
tion by deletion of macrophage HDAC3. (A) Hematoxylin and
eosin-stained sections of lungs from S. mansoni egg-challenged
mice. Representative sections from control mice (left) and
MacHD3 knockout (right) are shown. (B) Quantitation of the
size of granulomas observed histologically. (C) Histopathologi-
cal score of lung. (D) Representative dot plots demonstrating
frequency of Siglec-F+ eosinophils among CD45+ hematopoietic
cells within the lungs; averages are reported in the top left of the
plots. (E) Frequency of CD4+ cells within the CD45+ hemato-
poietic cells of the lungs. (F) IL-13-producing CD4+ T cells in the
draining parathymic lymph node poststimulation with anti-
CD3 and anti-CD28 antibodies. n = 3–6; error bars, SEM; (*) P <

0.05; (**) P < 0.01; (***) P < 0.001.
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scription factor Pu.1, which is the major determinant of
the macrophage epigenome (Ghisletti et al. 2010; Heinz
et al. 2010; Natoli 2010; Natoli et al. 2011). The macro-
phage HDAC3 cistrome is remarkably different from that
in liver, where similar unbiased motif analysis of genomic
sites of HDAC3 binding revealed a preference for the
nuclear receptor half-site motif, with the heme receptor
Rev-erba playing a major role in delivering HDAC3 to the
genome (Feng et al. 2011). Moreover, whereas dysregula-
tion of lipid metabolism is the major consequence of
HDAC3 deletion in liver (Knutson et al. 2008; Feng et al.
2011) and in heart (Montgomery et al. 2008; Sun et al.
2011), we report here that the main function of HDAC3 in
macrophages is to regulate inflammatory gene expression
and function.

Several transcription factors cooperate with Pu.1 to
activate macrophage gene expression in a loci- and signal-
specific manner (Barish et al. 2010; Heinz et al. 2010;
Lefterova et al. 2010; Natoli et al. 2011; Sullivan et al.
2011). This has been most extensively studied in the context
of classical activation or proinflammatory response to LPS.
For example, LPS stimulates transcription factor NF-kB to
bind to the genome in cooperation with cofactor p300 while
simultaneously evicting transcriptional repressor Bcl-6,
thereby promoting expression of a subset of the inflam-
matory gene program (Barish et al. 2010; Ghisletti et al.
2010). Much less is understood about the transcriptional
networks that dictate alternative activation via modifi-
cation of Pu.1-driven enhancers. Recently, the histone
demethylase Jmjd3 was shown to remove a repressive
chromatin mark at a single site at the Irf4 gene during
alternative activation induced by chitin, but not by the
classical alternative activation inducer IL-4 (Satoh et al.
2010). In contrast, our findings reveal a key genome-wide
role for HDAC3, acting at a subset of Pu.1-guided en-
hancers, in restricting activating histone marks at many
IL-4 target genes. Loss of HDAC3 removes this brake and
thereby promotes the IL4-induced alternatively activated
phenotype. To our knowledge, this is the first report of a
chromatin remodeling enzyme restricting alternative ac-
tivation in a macrophage-autonomous manner. It remains
possible, however, that the function of HDAC3 in alterna-
tive activation also involves deacetylation of nonhistone
proteins.

The epigenomic landscape of the macrophage is a prom-
ising immunomodulatory target (Ishii et al. 2009; Satoh
et al. 2010), and shifting the balance of polarization in
favor of alternative activation is predicted to have bene-
ficial effects in multiple inflammatory conditions, in-
cluding helminth infection, obesity-related insulin re-
sistance, and atherosclerosis (Vats et al. 2006; Kang
et al. 2008; Odegaard et al. 2008; Martinez et al. 2009;
Gordon and Martinez 2010; Tabas 2010; Odegaard and
Chawla 2011). HDACs are attractive targets due to the
availability and existing clinical use of HDAC inhibitors
(Huang 2006; Haberland et al. 2009; Shakespear et al. 2011).
However, existing pan-HDAC inhibitors did not phenocopy
the effects of genetic loss of HDAC3 on macrophage
polarization and had idiosyncratic effects, which could be
due to their variable potency in inhibiting multiple HDACs

as well as off-target effects (Shakespear et al. 2011). In-
creased acetylation at HDAC3-marked enhancers upon the
deletion of HDAC3 strongly supports the notion that
HDAC3 is functioning enzymatically to regulate alterna-
tive activation. However, our results do not completely
eliminate the possibility that the function of HDAC3 in
ameliorating alternative activation is independent of
HDAC activity, perhaps related to the nuclear receptor
corepressors, transducin b-like proteins, and other factors
that are normally present in complex with HDAC3 (Li et al.
2000; Guenther et al. 2001; Zhang et al. 2002; Privalsky
2004). Targeting HDAC3 to release the brake on
alternative activation and alter the progression of inflam-
matory disorders affected by shifts in macrophage polariza-
tion will therefore require innovative and specific ap-
proaches that mimic depletion of HDAC3.

Materials and methods

Generation of MacHD3 knockout mice

A recombineering strategy was used to generate a targeting vector
with loxP sites flanking exons 4–7 of Hdac3. The targeting vector
was linearized and electroporated into C57Bl/6 embryonic stem
(ES) cells. ES cell clones that had undergone homologous recom-
bination were injected into C57Bl/6 blastocysts and implanted in
C57Bl/6 pseudopregnant female mice. Chimeric mice were bred
with C57Bl/6 mice, and offspring with confirmed germline trans-
mission of the floxed Hdac3 allele were bred with C57Bl/6 ACT-
FLPe mice to excise the FRT-flanked NeoR cassette, generating
floxed HDAC3 mice (HDAC3f/f). C57Bl/6 mice expressing Cre-
recombinase expressed under the control of the Lysozyme M
promoter (Jackson Laboratories) (Clausen et al. 1999) were bred
to HDAC3f/f to generate MacHD3 knockout mice.

BMDMs

Bone marrow cells were cultured in 30% L929 conditioned medium
or 20 ng/mL purified M-CSF (Peprotech) for 6 d, changing the
medium on the third day of culture. On day 6, macrophages were
recovered from the Petri dishes, counted, plated, and rested over-
night. Cells were then treated with vehicle (bovine serum albumin
[BSA]), 10 ng/mL IL-4, or 40 ng/mL IL-13 for 24 h. Urea production
representing arginase activity was measured as described previously
(Classen et al. 2009). For HDAC inhibitor studies, a 4-h pretreat-
ment of either 30 nM TSA or 1 mM MS-275 (Sigma) prior to the
addition of IL-4 for an additional 24 h was performed.

Antibodies, ChIP, Western blotting, and flow cytometry

The following antibodies were used: HDAC3 (Abcam, ab7030),
Ran (BD Transduction Laboratories), Pu.1 (Santa Cruz Biotech-
nologies, sc-352X), H3K9Ac (Upstate Biotechnology, 06-942),
and H3K27Ac (Abcam, ab4729). Antibodies for flow cytometry
were from BD Biosciences (CD11b, CD45, Siglec-F, IL-13),
AbDSerotec (Mgl), Ebiosciences (CD4, F480), and Chi3l3 (R&D
Systems). ChIP was performed as described previously (Lefterova
et al. 2010; Feng et al. 2011). Briefly, Cells were fixed in 1% PFA
for 15 min and quenched with glycine. Nuclei were harvested
and lysed. Extracts were sonicated using a Bioruptor (Diagenode).
Immunoprecipitated DNA was analyzed by qPCR using Power
SYBR Green PCR Master mix on the 7900HT Fast Real-Time
PCR system (Applied Biosystems). All primer sequences used
can be found in Supplemental Table 3. Analyses were performed
using a standard curve, and enrichments as percent of total input
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were determined. Surface and intracellular cell staining for flow
cytometry was performed as described previously (Nair et al.
2009).

ChIP-seq

ChIP DNA was prepared from BMDMs for sequencing according
to the amplification protocol from Illumina. DNA for the HDAC3
ChIP-seq was obtained by pooling DNA from two independent
ChIPs, each using a pool of four mice for each condition, while the
DNA for the H3K9Ac ChIP-seq was obtained from a pool of four
mice for each condition. The H3K9Ac ChIP-seq was repeated on
a biologically independent group of mice, and similar results were
obtained. Sequencing was performed by the Functional Genomics
Core at the University of Pennsylvania. Sequence reads of 36 base
pairs (bp) were obtained using the Solexa Analysis Pipeline and
were mapped to the mouse genome (mm8). All but one of the
identically aligning reads were removed to minimize PCR bias.
Regions that overlapped with peaks in the input data were dis-
carded. GLITR (Tuteja et al. 2009) was used to identify regions
of HDAC3 enrichment at a false discover rate (FDR) of 0.5%.
Only regions with a peak height of 15 or greater were considered
unless otherwise noted. Nearest gene assignments, genomic dis-
tribution, and average profiles were determined using CEAS (Shin
et al. 2009). GO analysis was performed using DAVID (Dennis
et al. 2003). Sequence motifs were discovered de novo using
MDscan (Liu et al. 2002). Comparisons with Pu.1-binding sites
were completed after converting the HDAC3 regions to mm9.
ChIP-seq data have been deposited in NCBI’s Gene Expression
Omnibus (GEO) and are accessible through GEO series accession
number GSE33609.

Gene expression

RNA was isolated from cells or tissue using the RNeasy kit
(Qiagen). cDNA was generated using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). qPCR was per-
formed using Power SYBR Green PCR Master mix on the 7900HT
Fast Real-Time PCR system (Applied Biosystems). All data were
analyzed using a standard curve and normalized to Arbp expres-
sion. For specific primer sequences, see Supplemental Table 3.

Microarray analysis

Total RNA from four biological replicates for each condition
(control, HDAC3 knockout, control treated with IL-4, and HDAC3
knockout treated with IL4) were prepared and submitted to the
Functional Genomics Core at the University of Pennsylvania for
array hybridization, scanning, and statistical analysis. Briefly, 50
ng of RNA was amplified and labeled using the Ovation V2
Amplification kit (NuGEN) and hybridized to the Whole-Mouse
Genome Oligo Microarray (Agilent). Bad hybridizations and
samples were discarded, leaving at least three replicates for all
conditions. Differentially expressed probes were identified with
SAM (Tusher et al. 2001) using quantile-normalized data. Detailed
microarray data have been deposited in GEO and are accessible
through GEO series accession number GSE33609. GO analysis
was performed using DAVID (Dennis et al. 2003). Agilent Microar-
ray data for LPS treatment (Ghigo et al. 2010) were downloaded
through GEO (GSE20207). The log2 fold change upon LPS and IL-4
treatment for each common probe was plotted. All probes that
had processed signal values <100 in both the treatment and
control conditions were automatically assumed to have no fold
change in that experiment. If the probe significantly increased in
the HDAC3 knockout macrophages, it was colored red, and the
probe was colored green if it significantly decreased. Probes for

which there was no fold change due to insufficient signal in either
treatment were excluded from the quadrant counts.

Schistosoma ova challenge

The Schistosoma ova challenge was performed in two indepen-
dent experiments as previously described (Nair et al. 2009). Mice
were immunized intraperitoneally (i.p.) with 5000 Sm eggs,
followed by intravenous (i.v.) challenge with 5000 eggs 14 d later.
Mice were euthanized 8 d later. Lung tissue was recovered for
gene expression, flow cytometry, or histology. Draining medias-
tinal lymph node cells were cultured with 1 mg/mL each a-CD3/
a-CD28 (eBioscience) for 24 h.

Histology

Lungs were fixed in 4% paraformaldehyde, paraffin-embedded,
sectioned, and stained in hematoxylin and eosin (H&E). Images of
all granulomas present in one section from each mouse were
captured, and the size of each granuloma was calculated using
IVision. Average granuloma size per mouse was determined, and
then the average per genotype was determined. Blind scoring of
H&E-stained lung sections reflects severity of consolidation (1–5),
bronchial/bronchiolar epithelial hyperplasia (1–5), arteritis (1–5),
and recruitment of macrophages/multinucleated giant cells (1–5),
granulocytes (1–5), and lymphocytes (1–5), for an overall maxi-
mum score of 30.

Statistics

For all comparisons of two groups, a Student’s unpaired t-test
was used to compute P-values. P-values <0.05 were considered
statistically significant.
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