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Inflammation is critical for host defense, but without appropriate
control, it can cause chronic disease or even provoke fatal responses.
Here we identify a mechanism that limits the inflammatory response.
Probing the responses of macrophages to the key sensory Toll-like
receptors, we identify that the Broad-complex, Tramtrack and Bric-a-
brac/poxvirus and zinc finger (BTB/POZ), transcriptional regulator
promyelocytic leukemia zinc finger (PLZF) limits the expression of
inflammatory gene products. In accord with this finding, PLZF-defi-
cient animals express higher levels of potent inflammatory cytokines
andmount exaggerated inflammatory responses to infectious stimuli.
Temporal quantitation of inflammatory gene transcripts shows in-
creased gene induction in the absence of PLZF. Genome-wide analysis
of histonemodifications distinguish that PLZF establishes basal activity
states of early response genes to maintain immune homeostasis and
limit damaging inflammation.We show that PLZF stabilizes a corepres-
sor complex that encompasses histone deacetylase activity to control
chromatin. Together with our previous demonstration that PLZF pro-
motes the antiviral response, these results suggest a strategy that could
realize one of the major goals of immune therapy to retain immune
resistance to pathogens while curbing damaging inflammation.
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The innate immune system is essential to protect against in-
fectious pathogens, although the resulting response encodes

potent antimicrobial and proinflammatory agents that are in-
herently harmful (1, 2). Therapeutic interventions to diminish
damaging immune responses are desired in a variety of disease
states. Thus far, however, attempts to inhibit the activity of select
toxic cytokines has had limited success. Furthermore, efforts to
inhibit proximal receptor and cytoplasmic signaling molecules
have had confounding outcomes, including increased suscep-
tibility to infection and, paradoxically, impaired resolution of
inflammation (3, 4). Rather than blocking innate immune cell
signaling, effective therapy must retain protective antimicrobial
responses while limiting acute or chronic inflammation. Prom-
isingly, analysis of transcripts induced during the innate immune
response demonstrates varied transcriptional regulation of dis-
tinct functional gene subsets (5, 6). This specificity is afforded via
distinct transcription complexes that alternately promote or repress
select genes. Identifying the specific components of functionally
distinct transcriptional complexes is essential to inform a rational
therapeutic strategy against damaging innate immune responses.
Here we probe the transcriptional responses induced by Toll-

like receptor (TLR) signaling. TLRs are key primary sensors of
the innate immune response. Activation of TLRs triggers
transcription factors that include the nuclear factor κB (NF-
κB), IFN regulatory factor 3 (IRF3), activator protein 1 (AP1),

and activating transcription factor 3 (ATF3), which associate
with specific elements in the promoters of responsive genes.
Coactivator and corepressor complexes modulate the activity of
these transcription factors. Emerging evidence indicates that
corepressor complexes containing histone deacetylase (HDAC)
activity are important to repress inflammatory response genes
(7). Related to this evidence, immune priming is correlated
with histone marks, such as the acetylated lysine 27 (H3K27ac)
and trimethylated lysine residue 4 (H3K4me3) that are a fea-
ture of active transcription. The occurrence of these histone
marks with gene promoters corresponds with occupancy by
transcription factors and with more rapid transcriptional in-
duction (8, 9). Here we show that the transcriptional regulator
promyelocytic leukemia zinc finger protein (PLZF) restrains
TLR-induced inflammatory signaling programs by modulating
the state of chromatin.
PLZF belongs to the Broad-complex, Tramtrack and Bric-a-

brac/poxvirus and zinc finger (BTB/POZ) family of transcription
factors that regulate a variety of biological processes, including
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development, differentiation, tumorigenesis and, as is emerging,
the immune response (10–13). PLZF regulates transcription by
either directly binding to a specific motif in gene promoters, or
indirectly by assembling transcription complexes. Here, we identify
a critical contribution of PLZF to the innate immune response,
showing that it modulates the immediate transcriptional re-
sponse to pathogens. Characterization of the basal and activated
states of gene promoters shows that PLZF initially establishes
appropriate basal activity states of a subset of early TLR re-
sponse genes. In keeping with the demonstrated role of histone
acetylation in transcription activity, we demonstrate that PLZF
stabilizes a corepressor complex that includes HDAC3. This
complex is shown to be an essential limiting factor for TLR sig-
naling, because macrophages ablated for PLZF produce excessive
levels of inflammatory cytokines and PLZF-null mice mount an
exaggerated inflammatory response invoked by Salmonella in-
fection. Hence, PLZF serves as a critical rheostat in the transi-
tion from basal to active transcriptional states, thereby limiting
inflammation in response to TLR signals.

Results
PLZF Suppresses TLR-Induced Inflammation in Macrophages. Because
PLZF is emerging as an important regulator of innate immune
cell development and function (10, 11, 14), we sought to de-
termine the consequences of PLZF in the immediate response to
pathogens. Therefore, we probed the response of bone marrow-
derived macrophages (BMDM) from wild-type (WT) and PLZF-
ablated (Zbtb16−/−) mice to a range of TLR ligands. Measuring
the levels of the inflammatory cytokines interleukin (IL)-12p40
and tumor necrosis factor α (TNFα) in the cell culture super-
natants by ELISA shows that Zbtb16−/− BMDM are hyperre-
sponsive to the TLR challenge (Fig. 1 A and B). Assessment of
a more extensive set of transcripts by a TLR signaling pathway-
specific PCR array shows a general increase in the induction of
early response genes in Zbtb16−/− BMDM (Fig. 1C). In keeping
with the established importance of NF-κB in TLR-induced
responses, transcripts that were deregulated in Zbtb16−/− mac-
rophages appear to be NF-κB regulated (Fig. 1C). An assess-
ment of cell signaling molecules showed there is no inherent
defect in NF-κB activation in Zbtb16−/− BMDM (Fig. S1). To
test the in vivo response, WT and Zbtb16−/− mice were chal-
lenged by i.p. injection of the TLR9 ligand, CpG-DNA. Mea-
surement of the levels of a number of cytokines and chemokines
by ELISA confirms that Zbtb16−/− mice have a heightened im-
mune response (Fig. 1D). These data demonstrate that PLZF
limits the TLR-dependent immune response.

PLZF Limits Pathogen-induced Inflammatory Pathology. To assess
the consequence of PLZF in vivo, we infected WT and Zbtb16−/−

mice with the Gram-negative bacterial pathogen Salmonella
enterica serovar Typhimurium (S. typhimurium) (15). Mice were
injected with live or heat-killed S. typhimurium then killed after
3 h to measure the immediate immune response, or 24–48 h
following live S. typhimurium infection, to assess inflammatory
pathology. Measurement of IL-12p40 by ELISA showed that
Zbtb16−/− mice produced significantly more of the inflammatory
cytokine early after infection, compared with WT mice (Fig. 2A).
Examination of tissues from mice infected for longer periods
with Salmonella demonstrated elevated liver damage, evident as
microabscesses throughout the hepatic parenchyma, and in-
creased recruitment of neutrophils and monocytes to the liver
and spleen of PLZF-deficient, compared with WT, mice, as ev-
ident from increased myeloperoxidase (MPO) activity (Fig. 2 B
and C). To identify the immunologic cell that affects the PLZF-
dependent control of the in vivo immune response, we adoptively
transferred WT or Zbtb16−/− BMDMs into mice depleted of
their endogenous myeloid cells through treatment with dichloro-
methylene diphosphate (Fig. S2 A–C). Mice reconstituted with
Zbtb16−/− BMDM produced more proinflammatory cytokines in
response to lipopolysaccharide (LPS) or polyI:C challenge than
mice reconstituted with WT macrophages (Fig. 2D and Fig. S2

A–C). There was no conspicuous defect in BMDMs isolated from
Zbtb16−/− compared with WT mice, as judged by the expression of
cell surface markers (CD45, CD11B, and F4/80) and phagocytic
function (Fig. S2 D and E). Collectively, these data indicate that
PLZF limits TLR-induced inflammatory pathology by restricting
the induction of cytokines and chemokines in macrophages.

PLZF Modifies Chromatin. The array experiment identified that the
induction of IL-10 was reduced in Zbtb16−/− BMDM (Fig. 1C
and Fig. S3A). Because IL-10 inhibits TLR-dependent gene in-
duction (16), this inhibition appeared as a possible explanation
for the PLZF effects. However, direct testing excluded any role
for IL-10 in the PLZF-dependent repression of inflammation
(Fig. S3 B–F). To investigate the mechanism underlying the
PLZF-dependent repression of cytokine production, we mea-
sured temporal induction of cytokines by PCR (Tnfα, Ccl7, Il-6,
and Il-12) and ELISA (IL-12p40, IL-6, and TNFα). These data
demonstrate increased induction in the Zbtb16−/− compared with
WT BMDMs (Fig. 3 A and B). To try to explain this result, we
characterized histone modifications of gene promoters by chro-
matin immunoprecipitation sequencing (ChIP-seq) of cells at
basal conditions or after TLR stimulation. Transcriptionally ac-
tive gene promoters were enriched with antibodies against either
the H3K4me3 or H3K27ac histone marks from BMDM before
and after stimulation with LPS. The deduced sequence tags were
assigned to a specific promoter if they occurred within 2 kb of the
transcriptional start site. Both histone marks exhibited a similar
distribution on the gene promoters. Representative genome
browser images for the early TLR response gene Il-6 with se-
quence counts associated with the H3K4me3 mark in Zbtb16−/−

and WT cells are illustrated (Fig. 3C). Promoter-associated tag

Fig. 1. PLZF limits the TLR-induced immune responses. (A and B) The levels of
IL-12p40 and TNFα in cell supernatants from WT or Zbtb16−/− BMDMs un-
treated (Control) or treated for 6 h with Pam3Cys (100 ng/mL), polyI:C (50
μg/mL), LPS (100 ng/mL), and Gardiquimod (1 μM), which activates the indicated
TLRs (n = 6). (C) Levels of the indicated transcripts measured by TLR signaling
pathway-specific PCR array in WT or Zbtb16−/− BMDMs (n = 3) challenged with
LPS (100 ng/mL) for 1 h. (D) Levels of the indicated cytokines, chemokines, and
growth factors measured in the serum of WT or Zbtb16−/− mice (n = 3) treated
with CpG DNA (500 μg) for 3 h. The graphs show the mean ± SEM from in-
dependent experiments (*P < 0.05, **P < 0.01 by Student’s t test; n = 8).
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counts from these early response genes are depicted as a heat
map (Fig. 3D). Notably, Zbtb16−/− cells displayed a marked in-
crease in H3K4me3- and H3K27ac-associated tags compared
with the WT cells. Transcriptional analysis of selected genes
confirmed that gene expression levels correlated with the cor-
responding H3K4me3 and H3K27ac allied promoter sequences
(Fig. 3E). These data demonstrate that PLZF modifies the state
of the chromatin.

PLZF Regulates the Induction of Early Response Transcripts. Gene
profiling demonstrated that the genes regulated by PLZF in our
ChIP-seq analysis were equivalent to those previously reported
in BMDM treated with the active component of LPS, Kdo2-lipid
(Table S1) (17). Through subtraction of the enriched sequences
between WT and Zbtb16−/− cells, then use of a de novo sequence
motif discovery method, we identified a greater enrichment of
consensus binding sites for the NF-κB, hepatocyte nuclear factor
(HNF), and ETS (E-twenty six) transcription factors in the
promoters of Zbtb16−/− compared with WT cells in the resting
state (Fig. 4A). After LPS treatment, the NF-κB binding site was
the principal enriched motif in the Zbtb16−/− compared with the
WT sequence tags (Fig. 4A). Hence, PLZF appears to control
the NF-κB response, which has been established to be a key
regulator of the TLR transcriptional response. Furthermore,
many of the promoter sequences that are enriched in Zbtb16−/−,
compared with WT cells treated with LPS, control genes that
have been identified to be NF-κB responsive (18, 19). Gene
Ontology Enrichment Analysis with network visualization of
promoter sequences associated with both histone marks supports
an immune-related function of the genes elevated in Zbtb16−/−

compared with the WT cells (Fig. 4B and Table S1). The

preponderance of inflammatory cytokines and chemokines iden-
tified by gene annotation that were elevated in the Zbtb16−/−

BMDM reproduce the hyperresponsive phenotype identified in
mice ablated for PLZF.

PLZF Recruits Histone Deacetylase Activity. The previously reported
association between PLZF and HDACs (20, 21), and the key
role of deacetylases in gene regulation via chromatin conden-
sation, led us to postulate that the recruitment of HDACs
accounted for the observed PLZF-dependent modification of
chromatin. This association was initially assessed through over-
expression of cyan fluorescent protein (CFP)-tagged PLZF and
FLAG-tagged HDAC-1, -2, -3, and -7 in HEK293 cells. Immu-
noprecipitation of each HDAC, with an anti-FLAG antibody,
demonstrated an association between PLZF and HDAC3 (Fig. 5A).
We corroborated this protein association by recovery of PLZF
and immune detection of HDAC3 by coimmunoprecipitation
(co-IP) (using alternate epitope tags) and by colocalization (using

Fig. 2. PLZF limits pathogen-induced inflammatory pathology. (A) The
levels of IL-12p40 in serum taken from WT or Zbtb16−/− mice (n = 9 per
group) 3 h after i.p. injection with 1 × 103 cfu of S. typhimurium. (B)
Micrographs of hematoxylin and eosin-stained sections of the livers fromWT
and Zbtb16−/− mice collected 24–48 h after infection with S. typhimurium.
Arrows indicate immune cell infiltrates. (C) The levels of neutrophil and
macrophage accumulation in the spleen and liver from WT and Zbtb16−/−

mice assessed by MPO activity. (D) The levels of TNFα, IL-6, and IL-12p40
measured by ELISA in serum from WT mice that were depleted of their
endogenous macrophages and then transplanted with 1 × 107 of either WT
or Zbtb16−/− BMDM 6 h before challenge for 2 h with LPS (20 mg/kg), or
polyI:C (10 mg/kg). The graphs show the mean ± SEM from independent
experiments (*P < 0.05, **P < 0.01 by Student’s t test; n = 8).

Fig. 3. PLZF limits the induction of early responses genes and modifies
chromatin. (A and B) Induction of the indicated transcripts measured by Q-PCR
(relative to 18S), or cytokines measured by ELISA in BMDMs from WT
or Zbtb16−/− mice treated with LPS (100 ng/mL) for the indicated times (*P <
0.05, **P < 0.01 by Student’s t test of five replicates). (C) Genome browser
images showing ChIP-sequence tag density enriched with the H3K4me3 his-
tone marks at the Il-6 locus in BMDMs fromWT or Zbtb16−/−mice untreated or
treated for 30 min with LPS (100 ng/mL). Arrows indicate differentially re-
covered sequence tags. (D) A heat map representation of ChIP-sequence tag
density differentially enriched with the H3K4me3 and H3K27ac histone marks
in WT or Zbtb16−/− BMDMs. (E) Transcriptional analysis of selected genes dif-
ferentially expressed in WT compared with Zbtb16−/− BMDMs treated with
LPS (100 ng/mL) that had either enhanced or reduced association with the
H3K4me3 histone mark (as indicated). Gene expression was normalized to
housekeeping genes to determine the fold change (*P < 0.05, **P < 0.01 by
Student’s t test; ns, not significant; means ± SD, n = 3 individuals per genotype).
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fluorescent tags), through Western blot and confocal micros-
copy, respectively (Fig. 5B and Fig. S4 A and B). In accordance
with the observed enrichment of NF-κB–regulated transcripts by
PLZF (Figs. 1C and 4A), we also demonstrated an association
between PLZF and the NF-κB p50 subunit by coimmunopreci-
pitation and colocalization (Fig. 5C and Fig. S4 B and C). The
association between HDAC3 and PLZF, or NF-κB p50, was
confirmed for endogenous levels of the proteins in WT and
Zbtb16−/− macrophages by coimmunoprecipitation (Fig. 5D).
Although an expected stimulus-dependent increase in the pro-
tein association was not evident by immune capture, this association
was apparent in the formation of the trimeric protein complex in
HEK293T cells transfected with PLZF, NF-κB p50, and HDAC3
by measuring Förster’s resonance energy transfer (FRET) be-
tween full-length Venus formed through an association between
HDAC3 and NF-κB p50, each tagged with separate halves of a
split Venus fluorophore and the donor CFP-PLZF (Fig. 5E).
PLZF-dependent recruitment of HDAC3 and NF-κB p50 to

gene promoters was confirmed by ChIP studies of the Il-6, Il-12,
and Tnfα gene promoters in WT and Zbtb16−/− BMDMs (Fig.
5F). The increased induction of these transcripts seen in our
preceding experiments correlated with increased recruitment of
the transcription activators NF-κB p65 and p300 to the gene
promoters in Zbtb16−/− compared with WT cells after treatment
with LPS. This recruitment was specific to the RelA with no
appreciable difference in the recruitment of NF-κB p50 to the

promoter in WT and Zbtb16−/− cells. Importantly, there was
a significant defect in the recruitment of HDAC3 to the gene
promoter in the absence of PLZF, which coincides with the
binding of NF-κB p65 and the histone acetyltransferase p300.
Consonant with this defect, histones associated with the gene
promoters had increased posttranslational modifications associ-
ated with active transcription (H3K27Ac and H3K4me3) in the
absence of PLZF (Fig. 5F). ChIP of PLZF itself directly con-
firmed that the protein associated with the promoters of genes
that were up-regulated (Il-6, Il-12, Tnfα, Cxcl12, and Cxcl11), and
not those that were unchanged (Infβ and Csf3), in the Zbtb16−/−

compared with the WT cells (Fig. 5G). Furthermore, ChIP of

Fig. 4. PLZF regulates the induction of early response transcripts. (A) De
novo analysis of transcription factor binding motifs in the differentially
enriched early TLR response gene promoters before (Upper) and after LPS
treatment (Lower) in the promoters of Zbtb16−/− compared with the WT
BMDMs. (B) A network generated by Gene Ontology (GO) Enrichment
Analysis of the promoter sequences enriched in Zbtb16−/− compared with
the WT BMDMs. Nodes (circles) represent enriched GO terms and lines be-
tween nodes represent genes shared between the GO terms. Select genes
encoding inflammatory cytokines and chemokines that were identified as
being regulated by PLZF in multiple experiments are indicated (in red) within
the network.

Fig. 5. PLZF functionally interacts with HDAC3 and NF-κB p50. (A–D)
Immunoblots showing co-IP of PLZF with HDAC3 in HEK293T cells trans-
fected with PLZF-CFP and FLAG-HDAC-1, HDAC-2, HDAC-3, or HDAC-7 (A);
FLAG-PLZF and mCherry-HDAC3 in HEK293T cells (B); FLAG-PLZF and Myc-NF-
κB p50 in HEK293T cells (C); Endogenous HDAC3 and PLZF, or NF-κB p50 in
WT and Zbtb16−/− BMDM (D). Cells were stimulated for 0.5 h with TNFα (10
ng/mL) in B and C, or LPS (100 ng/mL) in D. A control anti-IgG antibody was
used to test the specificity of the IP. The specific IP and detection (IB) antibodies
are as indicated. (E) Micrographs of HEK293T cells showing an association
among V1-HDAC3, V2-NF-κB p50, and PLZF-CFP in HEK293T cells stimulated for
0.5 h with TNFα (10 ng/mL). The association between the molecules is graphed
at Right as the extent of FRET either in the entire nucleus (Nucleus) or within
the nuclear speckles (Speckle) (n = 3). The schematics at Left depict the protein
complex being detected. (Scale bars: 10 μm.) (F–H) Graphs quantitating se-
quence tags for the indicated gene promoters, fromWT and Zbtb16−/− BMDMs
treated for 0.5 h with LPS (100 ng/mL), enriched by ChIP with: Anti-H3K4me3,
Anti-H3K27Ac, Anti-HDAC3, Anti-NF-κB p50, Anti-p65, and Anti-p300 anti-
bodies (F); Anti-PLZF antibody (G); and Anti-NF-κB p50 followed by re-ChIP
with an anti-PLZF antibody (H). An IgG antibody was used as a negative con-
trol. The graphs show the mean ± SEM from independent experiments (*P <
0.05, **P < 0.01 by Student’s t test; n = 3).
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NF-κB p50, followed by re-ChIP of PLZF, validated the coas-
sociation of these two transcription factors with the promoters of
the Il-12 and Tnfα genes (Fig. 5H).
Collectively, these data support a model in which PLZF con-

trols the state of chromatin by recruiting HDAC3 to the pro-
moters of select genes that contain an NF-κB binding motif.
Recruitment or stabilization of HDAC3 to gene promoters alters
the state of the chromatin through histone modification and
reduced binding of p65 and p300 with RNA polymerase II and
other factors from the activating transcriptional complex (Fig. 6).

Discussion
Inflammatory responses are crucial to survival and must be
tightly regulated to ensure appropriate immune protection of the
host. Key inducible factors do not function in isolation, but are
modulated by a variety of transcriptional cofactors. Identification
of these separate cofactors and their roles has the potential to
establish strategies to more effectively control harmful immune
responses. Toward this end, we identify PLZF as a transcrip-
tional cofactor that limits damaging inflammation by controlling
the state of chromatin. We propose that PLZF maintains ho-
meostasis by stabilizing the transcriptionally inhibitory HDAC3
complex on gene promoters. After TLR stimulation, there is
a progressive exchange of corepressor, encompassing PLZF, for
coactivator complexes with accompanying modification of jux-
taposed histones to enable phased amplification of the gene
transcript. In the absence of PLZF, the chromatin is already
active, enabling transcriptional complexes to immediately as-
semble on the gene promoter, resulting in inordinate production
of inflammatory cytokines (Fig. 6).
Our findings for PLZF are consistent with recent reports of an

analogous role for other members of this family of proteins in
controlling inflammatory responses. The BTB and zinc-finger
domain encoding B-cell lymphoma 6 (BCL6) protein (encoded
by the Zbtb28 gene) was shown to regulate LPS-induced tran-
script (22). Accordingly, BCL6-deficient macrophages were hy-
persensitive to LPS. Similarly, deletion of the BTB domain from
the Myc-interacting zinc finger protein 1 (MIZ1) (encoded by
the Zbtb17 gene), induced a hyperinflammatory response to LPS
(23). In this instance, phosphorylation of MIZ1 enabled the
protein to recruit HDAC1 to establish a repressive transcrip-
tional complex. The role that we have identified for PLZF in
restricting the TLR response is distinct from known negative
regulatory mechanisms (24, 25). Unlike MIZ1, which terminates
the TLR response, we show that PLZF establishes the appro-
priate state of the chromatin to control gene induction and
subsequently reinstate homeostasis.
In addition to the role we identify here in macrophages, PLZF

has been reported to be critical for the development of a number
of other immune cell lineages that are of importance in pro-
tection from pathogens (10–12, 14). The role of PLZF in the
differentiation of these cells has not been established. Our data
showing that PLZF regulates chromatin suggest a potential
mechanism whereby epigenetic changes regulated through
modification of the histones could mediate the development of
these immune cell lineages.
It has recently been proposed that histone modifications,

pertinently H3K4me3, establish a short-term memory that allows
macrophages to more rapidly recall the transcriptional response
to a pathogen (26–28). This proposition is in keeping with the
effect that we demonstrate for PLZF on chromatin to delay the
kinetics of transcriptional activation.
We demonstrated that PLZF forms a transcriptional complex

with HDAC1 to induce the expression of a subset of IFN-regu-
lated genes (13). Here, we demonstrate PLZF associates with
HDAC3 to repress the inflammatory response. Formation of
these different transcriptional complexes is regulated by alter-
nate posttranscriptional modifications of PLZF (29). We estab-
lished that phosphorylation of PLZF induces antiviral transcripts
(13), whereas studies by others have demonstrated that repressor
activity is contingent on acetylation of PLZF (30). At the

initiation of an infection, the alternate cell signaling pathways
that mediate these separate modifications of PLZF would be
temporally separated, with the TLR-dependent regulation of PLZF
repression being immediate, whereas the IFN-dependent regulation
of PLZF transcriptional induction is delayed. The consequence of
coordinated induction of each pathway is untested. Presuming that
the levels of PLZF are limiting, sustained production of interferons
might recruit PLZF to this pathway, thereby increasing inflam-
mation. This activity might account for the cytokine storm induced
by some viral infections. Conversely, increased commitment to the
repressor function would be expected to diminish both the in-
flammatory and antiviral responses. This apparent tension in the
immune response needs to be resolved in order to retain immune
resistance to pathogens while curbing damaging inflammation.

Materials and Methods
Mice and Reagents. All mice used in experiments were treated in accordance
with practices approved by the Monash University, Monash Medical Centre
animal ethics committee (Melbourne, Australia) as obligated by the Aus-
tralian Code of Practice for the care and use of animals for scientific purposes,
in compliance with standards mandated by the Australian National Health
andMedical Research Council and National Institutes of Health. Micewere bred
in high barrier-specific pathogen-free conditions on a C57BL/6 genetic back-
ground. PLZF (Zbtb16−/−) mice were killed for bone marrow between 7 and
10 wk of age. BMDMs frommice were generated and cultured in L-cell–derived
colony-stimulating factor 1, as described (13, 31). Pam3CSK4, polyI:C, LPS,
Gardiquimod, and CpG oligodeoxynucleotides were purchased from Invivogen.

Quantitative Real-Time PCR. Quantitative PCR (Q-PCR) was done in triplicate
on an Applied Biosystems 7700 Prism real-time PCR machine with TaqMan
probes for Il-6, Il-12, Ccl2, Tnfα, Ifnβ, Cxcl10, Ifit1, and Oasl1 (Applied Bio-
systems). Expression of mRNA was normalized to the expression of 18S ri-
bosomal RNA by the change in cycling threshold (ΔCT) method and
calculated based on 2−ΔCT. Results are expressed as relative gene expression
for each target gene. All Q-PCR primers used are listed in Table S2.

TLR Signaling Pathway-Specific PCR Array. An RT2 Profiler PCR array system
was used to quantify gene expression by using a TLR signaling-focused array
as per the manufacturer’s instructions (SuperArray Bioscience). Briefly, WT
and Zbtb16−/− macrophages were treated with LPS (100 ng/mL) for 60 or 120
min, then total RNA was extracted from 2 × 106 cells by using the RNeasy
Mini Kit (Qiagen) and was DNase treated. Reverse transcription was carried
out by using the RT2 PCR array first-strand kit (SuperArray). Quality control
of all samples was carried out on a SuperArray QC array. The threshold cycle
(Ct) difference (mean of three independent experiments) between the ex-
perimental and control groups was calculated and normalized to house-
keeping genes, and data were analyzed by the ΔΔCt method using data
analysis templates from SuperArray.

ChIP Assay. ChIP assays were done according to the manufacturer’s instruc-
tions (Millipore), with modifications. Cells (1 × 107) were treated with
LPS at different time points, and then fixed with formaldehyde. Detailed

Fig. 6. Proposed model of PLZF-dependent repression of inflammation. The
schematic shows how PLZF limits the formation of the active transcriptional
complex by stabilizing the transcriptionally inactive NF-κB p50–HDAC3
complex on the promoters of early response genes. This complex is not im-
mutable, but rather there is an exchange of corepressor for coactivator
complexes, so that both complexes only transiently occupy the promoters of
regulated genes. In the absence of PLZF, histones have heightened acety-
lation and so the chromatin is more relaxed at homeostasis, evidenced as
increased active histone marks (H3K4me3 and H3K27ac). As a result, there is
a more rapid recruitment of active transcriptional complexes and increased
induction of these gene transcripts, with the ensuing increase in inflam-
matory pathology.
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procedures are described in SI Materials and Methods. Primers used for ChIP
are listed in Table S3.

ChIP-seq Sequence Analysis. ChIP assays were performed according to the
protocol of Dahl and Collas (32), with modifications, as described in SI
Materials and Methods. ChIP-seq analysis was performed by using HOMER
(33) and samples were visualized by creating custom tracks in the University
of California, Santa Cruz genome browser (34). Detailed procedures are
described in SI Materials and Methods.

ChIP-seq Enrichment and Gene Ontology Analysis. This analysis was performed
by using overlapping gene sets of the differentially enriched genes identified
in the comparisons between Zbtb16−/− (untreated and treated with LPS) and
their WT counterparts. This gene set included a subset of 44 immediate/early
response genes (17). For this analysis, combined sequencing tags for
H3K4me3 and H3K27ac markers and ±2000 interval from the transcription
start site of the gene for peak detection were used.

Immunofluorescent and FRET Assay. Cells were transfected with either PLZF-
CFP alone (control) or equimolar ratios of PLZF-CFP and mCherry-HDAC3, or
mCherry-NF-κB p50, or NF-κB p50 and HDAC3, each tagged with separate
halves of the Venus fluorophore (V1 and V2) at a maximum of 100 ng of
DNA per coverslip. Cells were imaged on a Lambert Instruments FLIM mi-
croscope with a CFP excitation filter (>438 nm) and the Acousto-Optic
Tunable filter at ∼479–498 nm. A minimum of 10 images was collected per
sample with between two and seven cells per image. FRET efficiency was
calculated by the LI-FLIM software 1.2.9 by using CFP-PLZF alone as the
donor-only lifetime and FITC 4.1 ns as a reference.

Immunoprecipitation and Western Blotting Analysis. For immunoprecipitation,
cells were lysed with triple detergent lysis buffer (and incubated with each
antibody). Antibody complexes were isolated by using protein A/G–agarose
beads (Pharmacia Biotech), analyzed by SDS/PAGE, and the target epitope
was resolved and detected by Western blotting using the specific antibodies
as indicated. Targeted proteins were detected and quantified on a Li-Cor
Odyssey (LI-COR Biosciences) infrared imaging system.

Establishment of Endotoxin Shock and Bacterial Infection Models. The endo-
toxin shock mouse model was generated by i.p. injection of LPS, as described
(35). S. enterica serovar Typhimurium SL1344 was grown overnight in Luria–
Bertani broth medium. Bacteria were subsequently washed twice in sterile
PBS, diluted to 1 × 104 cfu/mL, and administered by i.p. injection with 100 μL
of 1 × 103 cfu bacterial suspension per mouse. The number of bacteria
contained within the inoculum was determined by performing viable counts.

Macrophage Reconstitution. To deplete endogenous macrophages, mice were
treated with 50 mg of clodronate-loaded liposomes (Sigma) by i.p. injection.
Two days later, 1 × 107 BMDMs from either WT or Zbtb16−/− mice were
transplanted by injection into the tail vein. After reconstitution with
macrophages for 6 h, mice were challenged with LPS or polyI:C, as de-
scribed (36).

Histology. Livers and spleens were removed and fixed in 4% (vol/vol)
paraformaldehyde overnight at room temperature, then were embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin.
Sections were examined under a microscope (Leica Instruments).

Myeloperoxidase Activity Assay. MPO activity was evaluated as an index of
neutrophil accumulation in the tissues by using the MPO Activity Assay Kit
from Invitrogen, following the manufacturer’s protocol.

Statistical Analysis.All statistical analysis was performedwith GraphPad Prism
software. Differences in survival rates were assessed by the log-rank test,
using the unpaired, two-tailed t test to analyze the data and generate
P values. P values of less than 0.05 were considered significant.
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