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Transcriptional activation of the Nos2 gene, encoding inducible nitric oxide synthase (iNOS), during infection or inflammation
requires coordinate assembly of an initiation complex by the transcription factors NF-kB and type I interferon-activated ISGF3.
Here we show that infection of macrophages with the intracellular bacterial pathogen Listeria monocytogenes caused binding of
the BET proteins Brd2, Brd3, and, most prominently, Brd4 to the Nos2 promoter and that a profound reduction of Nos2 expres-
sion occurred in the presence of the BET inhibitor JQ1. RNA polymerase activity at the Nos2 gene was regulated through Brd-
mediated C-terminal domain (CTD) phosphorylation at serine 5. Underscoring the critical importance of Brd for the regulation
of immune responses, application of JQ1 reduced NO production in mice infected with L. monocytogenes, as well as innate resis-
tance to L. monocytogenes and influenza virus. In a murine model of inflammatory disease, JQ1 treatment increased the colito-
genic activity of dextran sodium sulfate (DSS). The data presented in our study suggest that BET protein inhibition in a clinical
setting poses the risk of altering the innate immune response to infectious or inflammatory challenge.

Innate immunity results from the rapid recognition of and re-
sponse to invading microorganisms. Binding of pathogen-asso-
ciated molecular patterns (PAMPs) and signaling by pattern rec-
ognition receptors (PRRs), located at the cell surface, endosomal
membranes, or the cytoplasm, cause profound changes in host
gene expression. This enables the innate immune system to mount
an adequate antimicrobial response (1, 2). The bacterial pathogen
Listeria monocytogenes is a well-studied example of a microbe rep-
licating in the host cell cytoplasm (3, 4). Cellular uptake com-
mences when the bacterium is recognized by cell surface receptors
that cause formation of an L. monocytogenes-containing endo- or
phagosomal compartment. The subsequent expression and re-
lease of the bacterial hemolysin listeriolysin O (LLO) allow L.
monocytogenes to disrupt the vacuolar membrane and escape its
confinement to move and replicate in the cytoplasm. In keeping
with its mode of uptake, L. monocytogenes stimulates signaling by
cell surface-associated Toll-like receptors (TLRs), endosomal
TLRs, and various cytoplasmic receptors, including those recog-
nizing cyclic dinucleotides or DNA (5-8). Together these recep-
tors activate multiple signaling pathways, including those leading
to NF-kB activation or the synthesis of type I interferons (IFN-I).
Whereas NF-kB activation is a property shared by most L. mono-
cytogenes pattern recognition receptors, irrespective of their cellu-
lar localization, activation of interferon regulatory factors (IRFs)
as a prerequisite for I[FN-I synthesis is an exclusive property, in
most L. monocytogenes-infected cells, of signals generated in the
cytoplasm (9, 10).

Activation of the IFN-I receptor complex (IFNAR) sets off Jak-
Stat signal transduction to generate tyrosine-phosphorylated
Statl and Stat2, which heterodimerize and associate with a third
subunit, IRF9, to assemble the transcriptional activator ISGF3
(11). Through ISGF3, IFN-I influence a significant part of the
antimicrobial gene signature (12, 13). The target genes fall into
two main categories. The classical interferon-stimulated genes
(ISGs) contain a large fraction of antiviral genes, and IFN-I and
ISGF3 suffice to initiate their transcription. A second class of genes
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utilizes IFN-I-ISGF3 as a necessary signal but requires further
input from other signaling pathways. A prominent member of this
class is the Nos2 gene, encoding inducible nitric oxide synthase
(iNOS) (1, 2, 14, 15). IFN-I produced by L. monocytogenes-in-
fected cells activate the ISGF3 complex. ISGF3 synergizes with
NE-kB in the synthesis of Nos2 mRNA (3, 4, 16). NO synthase
converts arginine to citrulline and an NO radical. Nos2 ™'~ mice
show increased sensitivity to L. monocytogenes infection (17), but
NO production is not generally correlated with bacterial replica-
tion (18). According to recent findings, NO reduces survival of L.
monocytogenes-infected cells and increases pathogen spread (9, 10,
19, 20). The data suggest a complex role of NO during L. monocy-
togenes infection that may not be limited to direct cytotoxic action.

Transcriptional induction of genes during an innate immune
response is regulated either by de novo formation of an initiation
complex and the recruitment of RNA polymerase II (Pol II) or by
enabling a promoter-bound, paused polymerase to commence
with elongation (11-13, 21-24). Preformed initiation complexes
include TFIIH and Pol II phosphorylated at S5 of multiple amino
acid heptarepeats that constitute its carboxy-terminal domain
(CTD) (12,13,25). To proceed to elongation, the stalled polymer-
ase requires infection-borne signals that enable promoter binding
of the p-TEFb complex and activate the associated cyclin-depen-
dent kinase 9 (CDK9). CDK9 phosphorylates S2 contained within
the Pol II CTD heptarepeats, thus triggering the CTD association
of proteins necessary for elongation. CDK9-mediated phosphor-
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ylation also removes an elongation block established by the DSIF/
NELF proteins (22). The BET family protein Brd4 was shown to
copurify with p-TEFb and to guide it to acetylated chromatin (26—
28). Brd4 contains two bromodomains and an extraterminal (ET)
domain (29). Deletion of the bromodomains disrupted the inter-
action between Brd4 and the p-TEFb subunit cycT in one study
(28), whereas in a more recent report, a small portion of the ET,
the PID, was found to contact p-TEFb via both its cycT and CDK9
subunits (30). Accordingly, pTEF-b may be recruited to promoter
chromatin by simultaneous bromodomain-mediated interaction
with acetylated histones and PID-mediated binding to pTEFb.
Reportedly, this mechanism ensures a rapid response to lipopoly-
saccharide (LPS) of a large number of genes, and the NF-«B path-
way acts as a regulator of the necessary chromatin modifications
(31). While the BET proteins Brd2 and Brd3 appear to be less or
not at all involved in p-TEFb binding, their bromodomains are of
paramount importance for transcriptional regulation. Brd2 and
Brd3 bind H4 at specific acetyllysine residues (32, 33). Effects on
transcription result from the additional ability to contact tran-
scriptional activators (34). In addition, both Brd2 and Brd3 act as
histone chaperones for transcription from nucleosomal templates
in vitro (33). Like Brd2, Brd4 is capable of direct interaction with
transcription factors and mediator proteins (35). For example,
NE-kB is contacted by the Brd4 bromodomains when its Rel A/p65
subunit is acetylated at lysine-310 (36).

Whereas immediate early genes in the inflammatory response
are regulated at the p-TEFb recruitment step from preassembled
initiation complexes, target genes of ISGF3 require SWI/SNF-de-
pendent chromatin remodeling and are regulated predominantly
at the level of initiation complex formation (21, 37-39). This is
indicated by the increase in TFIID and Pol II binding associated
with the onset of IFN-I-induced transcriptional activation. Con-
sistent with this, de novo formation of an initiation complex at the
Nos2 promoter occurs when IFN-I are produced during infection
with L. monocytogenes. Our recent work has clarified the mecha-
nism underlying the cooperative activities of ISGF3 and NF-«B in
forming a preinitiation complex (PIC) at the Nos2 gene (16). The
NEF-«B signal is established rapidly after infection and causes re-
cruitment of the general transcription factor TFIIH and the asso-
ciated Pol II kinase CDK?7. Even though the first wave of NF-kB
binding is transient, TFIIH-CDK?7 persists at the promoter until
ISGF3 binds, with a delay of several hours. ISGF3 brings about Pol
II binding, and Pol II is now immediately targeted by CDK?7 for
phosphorylation of S5 within the CTD heptarepeats. This mech-
anism ensures transcriptional memory of the NF-«B signal at the
Nos2 promoter that lasts through the delay caused by IFN-I syn-
thesis and ISGF3 activation. CTD phosphorylation at S5 is essen-
tial for the ability of Pol II to clear the transcriptional start site
(TSS). However, elongation of Nos2 transcription additionally
requires pTEFb-mediated S2 phosphorylation.

The BET protein inhibitors JQ1 and IBET reduce the expres-
sion of numerous genes associated with inflammation (40, 41).
BET inhibitors also support a role for the action of Brd4 at the
promoters of ISGs, where it recruits pTEFb and stimulates tran-
scriptional elongation (42, 43). In our study, we examined the
impact of BET inhibition on promoters regulated by both ISGF3
and NF-kB. In contrast with our expectations, BET protein re-
cruitment was dispensable for pTEFb/CDK9 association with the
Nos2 TSS but necessary to maintain association with CDK7 and to
stimulate phosphorylation of the Pol II CTD at S5. Inhibition of

416 mcb.asm.org

BET proteins by JQ1 treatment strongly reduced NO production
and immunity of mice to L. monocytogenes and influenza virus.
Furthermore, JQ1 exacerbated the colitogenic effect of dextran
sodium sulfate (DSS) treatment.

MATERIALS AND METHODS

Reagents. Recombinant IFN-f3 was purchased from Biomedica (Nova
Scotia, Canada) and added to culture medium for a final concentration of
250 U/ml. The IkB kinase 3 (IKKB) inhibitor BI605906 (a kind gift of
Phillip Cohen, Dundee, Scotland) was used at a final concentration of 10
M. (+)-JQ1 or (—)-JQ1 (44) was used at a final concentration of 250 nM
for cells. Mice were treated with 50 mg/kg of body weight. The histone
deacetylase inhibitors MS-275 (Selleckchem) and Ex-527 (Sigma) were
used at concentrations of 2 and 10 wM, respectively. All pharmacological
inhibitors were dissolved in dimethyl sulfoxide (DMSO).

Bacteria and infection. The Listeria monocytogenes strain LO28 was
grown in brain heart infusion (BHI) broth overnight at 37°C. Infection of
cells at a multiplicity of infection (MOI) of 20 was performed as described
previously (10). Heat-killed Listeria was generated by incubating a bacte-
rial overnight culture for 20 min at 70°C.

Mice and cells. Mice were housed under specific-pathogen-free (SPF)
conditions. Animal experiments were approved by the institutional ethics
committee and carried out in accordance with Austrian law (permit num-
ber GZ 680 205/67-BrGt/2003). Wild-type (wt) C57BL/6 mice were sac-
rificed for harvest of bone marrow between 7 and 10 weeks of age. Bone
marrow-derived macrophages (BMDM) were obtained by culture of bone
marrow in L-cell-derived colony-stimulating factor 1 as described previ-
ously (45).

RNA preparation and Q-PCR. RNA isolation from macrophages was
performed with a NucleoSpin RNA II kit (Macherey-Nagel, Diiren, Ger-
many) according to the manufacturer’s protocol. For RNA preparation
from the colon, tissue pieces were homogenized in 700 .l RA1 buffer from
the NucleoSpin IT RNA isolation kit and processed according to the pro-
tocol. RNA quantities were determined using a NanoDrop-based proto-
col (ND1000; Peq lab). cDNA was prepared as described previously (46).
Quantitative real-time PCR (Q-PCR) was performed on a Mastercycler
EP Realplex S machine (Eppendorf, Vienna, Austria). Primers for indi-
vidual mRNAs are given in Table S1 in the supplemental material. mRNA
expression data were normalized to the housekeeping control gene
(Gapdh). Data in Fig. 1 and 2 are displayed by setting the controls without
inhibitor (Fig. 1) or short hairpin RNA (shRNA) (Fig. 2) to 100%. Data for
samples from inhibitor-treated cells are thus displayed as percentages of
expression relative to that of the uninhibited control. For Fig. 7, data are
shown as relative expression compared to that of the Oazl housekeeping
gene (47).

ChIP. Chromatin immunoprecipitation (ChIP) was performed as
previously described (16), using DynaBeads protein G (Invitrogen) for
precipitation. Antibodies used for ChIP are indicated in Table S2 in the
supplemental material.

ChIP data were normalized to input and to the sample from untreated
cells. Primers used for Q-PCR of the proximal Nos2 promoter were as
follows (16): Nos2 prox fwd, 5'-GTCCCAGTTTTGAAGTGACTACG-3';
and Nos2 prox rev, 5'-GTTGTGACCCTGGCAGCAG-3'. The resulting
PCR product spanned the proximal promoter with the NF-«B site and the
transcription start. Exonic regions were amplified with the following
primers: NOS2 exonl2 for, 5'-CCACACAGCCTCAGAGTCCT-3';
NOS2 exonl2 rev, 5'-CAACATCTCCTGGTGGAACA-3"; NOS2 exon22
for, 5'-CCTGGAGGTGCTTGAAGAGT-3"; and NOS2 exon22 rev, 5'-G
AGTAGTAGCGGGGCTTCAA-3'. Primers for amplification of the inter-
leukin-6 (IL-6) promoter were as follows: IL-6 fwd, 5'-ATCCAGTTGCC
CTCTTGGGACTGA-3'; and IL-6 rev, 5'-ATCAGTTTCACAGCCTACC
CACCT-3'.

Infection experiments. For L. monocytogenes infection, 7 X 10° bac-
teria/mouse were administered intraperitoneally (i.p.). Tumor necrosis
factor (TNF) was injected i.p. at the indicated doses simultaneously with
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L. monocytogenes. i.p. injection of JQ1 was started 24 h before infection
and repeated every 24 h, as described previously (44). For survival exper-
iments, mice were monitored for 10 days. For analyzing the bacterial loads
in liver and spleen, mice were killed 48 h after i.p. infection. The organs
were isolated, homogenized in phosphate-buffered saline (PBS), plated
on BHI plates, and incubated at 37°C overnight. To assess resistance to
influenza virus, C57BL/6 mice were infected intranasally under sedation
with 500 PFU of influenza A virus strain WSN/33. JQ1 or vehicle controls
were injected intraperitoneally once a day starting 1 day before infection
and continuing throughout the duration of the experiment. Mice were
monitored for health and weighed daily. The experiment was repeated
twice (n = 4 for each group).

Retrovirally mediated RNA interference (RNAi). shRNAs (see Table
S3 in the supplemental material) were cloned into an miR30-based
shRNAmir backbone and expressed under the control of an optimized
tetracycline (tet)-responsive element (TRE3G) coupled to Turbo-GFP, as
previously described (48). Retroviral vectors were calcium phosphate
transfected into Platinum-E packaging cells (Cellbiolabs) by using stan-
dard techniques. Virus-containing supernatant was harvested 4 times at
36 to 60 h posttransfection. Bone marrow-derived macrophages isolated
from Rosa26-rtTA-M2 transgenic mice (49) were spin infected twice on
day 3 after harvest in the presence of 4 ug/ml Polybrene (Sigma). shRNA
expression was induced 2 days after infection by adding 1 pg/ml doxycy-
cline (dox) to the medium, and shRNA-expressing (Turbo-GFP™) cells
were sorted by a fluorescence-activated cell sorter (FACS) after 5 days of
dox treatment.

Determination of NO production. Measurement of splenic NO pro-
duction was performed as described previously (50). Griess reagent was
used to determine the amounts of NO in splenocyte supernatants.

DSS-induced colitis. For the colitis experiments, mice (6 to 8 weeks
old) were transferred at least 1 week before treatment into individually
ventilated cage isolators in an SPF facility. Colitis was induced by adding
2% DSS (molecular mass, 36 to 50 kDa; MP Biomedicals) to autoclaved
drinking water, which was provided ad libitum, for 7 days. Daily weight
measurement was performed during the course of the experiment. Upon
sacrifice, the entire intestine was excised, flushed with PBS followed by 2%
paraformaldehyde, prepared as a Swiss roll, fixed overnight at 4°C, and
embedded in paraffin. Sections of the intestine were stained with hema-
toxylin and eosin (H&E) according to a standard protocol, and the level of
inflammatory damage was scored blind.

Permeability assay. To assess intestinal permeability levels, mice were
starved for 3 h and afterwards subjected to gavage with 0.4 mg fluorescein
isothiocyanate (FITC)-dextran (3 to 5 kDa; Sigma) per g body weight.
Three hours later, serum fluorescence levels were determined at 485/
535 nm.

Statistical analysis. Differences between mean values for Q-PCR re-
sults of either mRNA expression or ChIP experiments were analyzed by
paired £ test analysis of at least three biological replicates. Differences in
bacterial organloads or splenic NO production were analyzed by the # test.
Mouse survival data after infection with L. monocytogenes or influenza
virus were analyzed by the log rank (Mantel-Cox) test. Statistical analysis
of DSS-induced colitis data describing weight curves, colon lengths, pa-
thology scores, and colon penetration by FITC-dextran was done using
the t test.

RESULTS

BET inhibition reduces the expression of Listeria monocyto-
genes-induced genes. To assess the importance of Brd proteins for
gene transcription in L. monocytogenes-infected cells, a subset of
macrophages was treated with the BET inhibitor JQ1 prior to in-
fection with L. monocytogenes (44). The inhibitor, but not its (—)-
JQI enantiomer, reduced expression of Nos2 and of genes such as
the IL1rn and IL-6 genes (Fig. 1A), which follow a similar pattern
of coregulation by IFN-I and NF-«kB pathways (16, 40). In line
with previous reports, proinflammatory genes as well as ISGs were
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affected by JQ1 (Fig. 1B) (40-42). Inhibition of IFN-B mRNA
synthesis during L. monocytogenes infection by use of JQI sug-
gested that reduced IFN-f3 production and not a direct JQ1 effect
might decrease Nos2 and ISG transcription. To test this assump-
tion, the experiment was repeated by treating macrophages with a
combination of heat-killed L. monocytogenes and exogenous
IEN-B. In this experimental setup, heat-killed L. monocytogenes
stimulates all Listeria-derived pathways except for the cytoplasmic
pathway leading to IFN-I production; addition of exogenous
IFN-B provides the signal for ISGF3 activation (16). This experi-
mental protocol produced results nearly identical to those shown
in Fig. 1A and B (Fig. 1C). Expression of Nos2 and other JQI-
sensitive genes was not rescued by the addition of exogenous
IFN-B during infection, suggesting that the IFN-[3, ISG, and Nos2
genes are direct Brd targets.

As a noteworthy difference to the results obtained after treat-
ment of LPS-stimulated macrophages with the drug I-BET (40),
expression of the TNF-a gene after L. monocytogenes infection was
sensitive to BET inhibition. Furthermore, the IFN-inducible
Gbp2 gene was unaffected by JQ1, unlike the ISGs Mxdl and
Ifitm1. This finding suggests heterogeneity in elongation control
among ISGs.

Brd recruitment to the Nos2 promoter during Listeria mono-
cytogenes infection. To investigate the role of BET proteins in the
events leading to Nos2 expression, we analyzed the association of
Brd2, -3, and -4 with promoter chromatin. Macrophages were
treated with a combination of heat-killed L. monocytogenes and
IFN-B and processed for ChIP. Figure 2A shows an approximately
12-fold enrichment of Brd4 at the Nos2 promoter as a conse-
quence of treatment. In contrast, the BET proteins Brd2 and Brd3
increased between 2- and 3-fold.

While the data in Fig. 2A suggest that Brd4 is the predominant
target of JQ1 at the Nos2 promoter, different affinities of the an-
tibodies used for ChIP might influence the quantitative compari-
son of Brd2, -3, and -4 associations with Nos2 chromatin. To
investigate this possibility, we first analyzed Brd binding to the
IL-6 gene promoter. This gene shows a strong increase in both
Brd2 and Brd3 binding upon LPS treatment (40), and reduced
Brd2 expression causes a corresponding decrease of LPS-induced
IL-6 production (41). In Listeria-infected macrophages, Brd2 and
Brd3 associations with the IL-6 promoter were similar to that
observed at the Nos2 promoter, but association with Brd4 was
much weaker (Fig. 2B), in line with a larger relative importance of
Brd2 and -3 for IL-6 production. For further examination of Brd
function during L. monocytogenes infection, shRNA-mediated
knockdown experiments were performed by retroviral transduc-
tion of primary bone marrow-derived macrophages. Two shRNAs
were expressed for each Brd gene, i.e., the Brd2, -3, and -4 genes,
and some (e.g., Brd3 301 and Brd4 552) showed some ability to
cross-inhibit other family members. However, at least one sShRNA
(each) was absolutely specific for the targeted Brd (Brd2 1746,
Brd3 448, and Brd4 1448) (Fig. 2C to E). The knockdown efficacy
of the Brd2 shRNAs was lower than those of shRNAs targeting
other family members. Examination of Nos2 expression after
knockdown showed a slight inhibition by Brd2 and Brd3 shRNAs,
which did not reach significance. In contrast, both Brd4 shRNAs
caused a significant reduction of Nos2 expression (Fig. 2F). The
data in Fig. 2C to F do not rule out a contribution of Brd2 and
Brd3 to the transcriptional activation of the Nos2 gene. Impor-
tantly, a major role for Brd4 is suggested by these experiments.
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FIG 1 Sensitivity of Listeria monocytogenes-induced gene expression to BET protein inhibition with JQ1. Bone marrow-derived macrophages (BMDM) were

infected with L. monocytogenes for 4 h (A and B) or treated with a combination

of heat-killed L. monocytogenes and IFN- (C). Where indicated, 250 nM JQ1 was

added 1 h before infection and left in the culture medium during infection. Gene expression was determined by Q-PCR. Values represent means and standard
errors for three independent biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

Brd4 recruitment requires NF-kB signaling. We sought to
determine whether the NF-«B or Stat pathway, or both, stimulates
Brd4 binding to the Nos2 promoter. BI605906, a specific IKK(3
inhibitor (51), inhibited Nos2 expression induced by L. monocy-
togenes infection (Fig. 3A). The level of inhibition was similar to
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that observed with JQ1 (Fig. 3B). Consistent with a role of NF-kB,
treatment of macrophages with heat-killed L. monocytogenes alone
stimulated Brd4 recruitment (Fig. 3C). Conversely, IFN-[3 did not
stimulate Brd4 binding. Adding IFN-f3 together with heat-killed
L. monocytogenes produced an increase in Brd4 binding which was
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FIG 2 Recruitment of BET proteins to the Nos2 promoter and inhibition of Nos2 expression by Brd shRNAs. All experiments were carried out with BMDM. (A
and B) The cells were treated with a combination of heat-killed Listeria and IFN-3, followed by ChIP with the indicated antibodies and amplification of the Nos2
promoter region (A) or IL-6 promoter region (B), including the TSS, by Q-PCR. n =5 (A) or 3 (B). (C to E) BMDM isolated from Rosa26-rtTA-M2 transgenic
mice (49) were spin infected as described in Materials and Methods with a retrovirus expressing tet-inducible Brd shRNA. shRNA expression was induced 2 days
after infection by adding 1 pg/ml dox to the medium, and shRNA-expressing (Turbo-GFP™) cells were FACS sorted after 5 days of dox treatment. The efficacy
of the Brd knockdown in cells expressing shRNA was determined by Q-PCR (n = 3). (F) BMDM obtained as described for panels C to E were analyzed for
shRNA-mediated inhibition of Nos2 expression by Q-PCR (n = 3). *, P < 0.05; **, P < 0.01; ns, not significant.

not statistically significant. This demonstrates that NF-kB rather
than ISGF3 is both necessary and sufficient for Brd4 recruitment.
JQ1 did not inhibit NF-kB binding. Instead, increased p65 re-
cruitment was observed after treatment of macrophages with
heat-killed L. monocytogenes or both heat-killed L. monocytogenes
and IFN-B (Fig. 3D and E). Nuclear localization and association of
NE-kB with DNA are regulated by reversible acetylation (52), sug-
gesting the possibility that JQ1 inhibits an acetylation-dependent
molecular event involved in NF-kB recruitment. However, inhi-
bition of histone deacetylases (HDACI to -3) with MS275 (53) or
Ex-527 (Sirtuin 1) (54, 55) did not reproduce the JQ1 effect in L.
monocytogenes-infected cells (Fig. 3F and G). At present, we can-
not explain the increased association of p65 in the presence of JQ1.
One possible explanation could be an active role of BET proteins
in removing NF-«kB from chromatin.

NF-kB-Brd4 interaction was shown to be regulated by p65
acetylation during infection with respiratory syncytial virus (56).
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In line with this, inhibition of histone deacetylases increased Brd4
association with the Nos2 promoter (Fig. 3H). This effect was
particularly strong in the case of the Sirtuin 1 inhibitor Ex-527
(Fig. 31).

BET protein inhibition decreases Pol II CTD phosphoryla-
tion at S5. Based on previous reports (27, 28, 31, 57), the most
likely explanation for the JQI effect on Nos2 expression was the
Brd4-mediated recruitment of CDKO. In line with this assump-
tion, CDK9 binding to Nos2 chromatin increased during L. mono-
cytogenes infection and was sensitive to the IKKB inhibitor
BI605906 (Fig. 4A). Surprisingly, however, CDK9 association re-
mained unaffected by JQ1 (Fig. 4B). Therefore, the input of Brd4
to transcriptional activation of Nos2 differs from that observed for
other genes.

To further investigate the input of BET proteins into Nos2
regulation, we examined Nos2 promoter binding of the TFIIH-
associated Pol II S5 kinase CDK7 during infection with L. mono-
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region, including the TSS, was amplified by Q-PCR. n = 3 for all experiments. *

cytogenes. In contrast to CDK9, JQ1 reduced the stable association
of CDK7 with the Nos2 promoter 4 and 6 h after L. monocytogenes
infection (Fig. 4C). To confirm the role of JQ1-inhibitable Brd
proteins in CDK7 recruitment, phosphorylation of the Pol I CTD
was analyzed. Based on our data, BET inhibition should have a
stronger impact on the phosphorylation of S5 in the Pol II CTD
than on the phosphorylation of S2. To test this hypothesis, mac-
rophages were treated with a combination of heat-killed L. mono-
cytogenes and IFN-[. This treatment was chosen instead of infec-
tion because JQ1 reduces IFN-B synthesis during infection (Fig.
1). In contrast to the case for CDK7 and CDK9, recruitment of Pol
I requires IFN- signaling (16). Following treatment, the binding
of Pol IT to the Nos2 TSS and the phosphorylation of its CTD were
determined by ChIP. The binding of Pol II was slightly inhibited
by JQ1 4 h after treatment, but this reduction did not quite reach
the lowest level of statistical significance (P = 0.087). At 6 h, the
amount of inhibition was smaller (Fig. 4D). At present, we have no
explanation for the function of BET proteins in Pol Il recruitment.

Taking the inhibition of Pol II binding into account, JQ1 did
not reduce CTD phosphorylation at S2 (Fig. 4E), i.e., the ratio of
Pol II to pS2Pol IT at the TSS or different regions of the Nos2 gene
did not decrease (Fig. 4F). In contrast, CTD S5 phosphorylation
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, P <0.05 **, P < 0.01; ***, P < 0.001; ns, not significant.

was strongly inhibited, much more so than the binding of Pol II
(Fig. 4G). The pS5Pol II/Pol II ratio increased as the enzyme pro-
ceeded to transcribe the Nos2 gene, most likely due to the decrease
in S5 phosphorylation occurring during elongation, but it contin-
ued to show significant JQ1 inhibition (Fig. 4H). The data support
the notion that at the Nos2 promoter, Brd4 and potentially other
JQI1-sensitive Brds regulate the binding of TFIIH/CDK?7 rather
than the binding of pTEFb/CDK9.

Brd4 inhibition reduces NO synthesis and innate immunity
to bacterial and viral pathogens. The impact of JQ1 on NO pro-
duction by infected mice was tested using an experimental ap-
proach described by Serbina et al. (50). Splenocytes isolated after 1
day of L. monocytogenes infection were cultured for 36 h, and the
amounts of NO in the culture supernatants were determined. This
ex vivo study demonstrated a large impact of BET inhibition on
NO synthesis (Fig. 5A), thus confirming the importance of Brds
for Nos2 regulation in the context of an immune response. In
accordance with previous papers (40—42), Fig. 1 shows inhibition
of genes downstream of the NF-kB pathway (such as the TNF
gene), the IFN-I pathway (such as the Mx1 gene), or both path-
ways (represented by Nos2). Hence, JQ1 inhibition can be ex-
pected to produce profound effects on innate responses to patho-
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gens or inflammatory disease. To further examine the extent to
which Brd proteins regulate innate immunity, macrophages were
treated with JQ1 and infected with L. monocytogenes, and numbers
of intracellular bacteria were determined by CFU assay. JQ1 treat-
ment had no impact on the uptake or phagocytosis-associated
killing of L. monocytogenes within 1 h of infection. In contrast, the
inhibitor strongly reduced the ability of macrophages to inhibit
bacterial replication in an 8-h period (Fig. 5B). To extend these
findings to an organismic immune response, mice were treated
with JQI according to a recently established regimen (44). Co-
horts of JQI-treated and control animals were infected with L.
monocytogenes, followed by determination of liver and splenic
bacterial loads after 48 h as well as survival over a 10-day observa-
tion period. JQ1 treatment strongly increased both the numbers of
bacteria in internal organs (Fig. 5C and D) and the number of
animals that succumbed to infection (Fig. 5E). In addition, it
strongly reduced the time of survival. TNF-a provides protection
to L. monocytogenes-infected mice, and the Tnfa gene was sug-
gested to require Brd4-mediated pTEFD recruitment (31, 58). To
test whether TNF inhibition by JQ1 (Fig. 1) was responsible for the
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reduced survival of mice, the infection experiment was repeated
with mice that had received TNF in addition to JQ1. The admin-
istered doses of 0.5 and 1 g i.p. were chosen based on publica-
tions showing that 100 ng TNF will strongly protect from herpes
simplex virus infection and that 6 g given intravenously (i.v.)
suffices to kill a vast majority of treated C57BL/6 mice, the strain
used in our experiments (59, 60). A slight prolongation of the
survival period was observed in TNF-treated animals, but the cy-
tokine did not rescue any of the infected animals (Fig. 5F and G).
This shows that although TNF inhibition may be a contributing
factor, Brd-dependent genes other than the TNF gene are impor-
tant in innate resistance to L. monocytogenes.

Survival of influenza virus-infected mice is increased by the
antiviral response but decreased by inflammation and impaired
tissue repair (61). NO production by Nos2 contributes to inflam-
matory lung pathology (62). Since both antiviral and inflamma-
tory responses are potentially suppressed by BET inhibition, we
sought to determine the outcome for mice given JQ1 treatment
prior to influenza virus infection. This experiment clearly estab-
lished a protective role for Brd-dependent genes, as a larger frac-
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mg/kg i.p.) were infected intraperitoneally with L. monocytogenes (Lo28). Twenty-four hours after infection, the spleen was removed. Splenic leukocytes were
cultured for 36 h, and supernatants were collected for the determination of NO with Griess reagent (n = 5 per group). (B) BMDM were left untreated or treated
with 250 nM JQ1. The cells were infected with L. monocytogenes for the indicated times, followed by an assessment of intracellular L. monocytogenes by CFU assay.
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or for survival over a 10-day observation period (E to G) (n = 10 per group; data from three independent experiments were combined). Panels F and G show data
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tion of the mice treated with JQ1 succumbed to infection (Fig. 6).
This experiment suggests a predominance of JQ1-mediated sup-
pression of the innate and/or adaptive antiviral response.

JQ1 treatment increases DSS-induced colitis. A recent report
demonstrated that concomitant inhibition of Brd2, -3, and -4 by
the synthetic acetylhistone mimetic I-BET reduces adverse effects
of systemic inflammation caused by bacteria or their products
(40). In the case of colitis, the same potentially inflammatory
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FIG 6 Effect of BET inhibition on resistance to influenza virus. Untreated or
JQ1-treated mice (daily injections at 50 mg/kg) were infected with 500 PFU of
amouse-adapted influenza A virus (HIN1 subtype; strain WSN/33), and sur-
vival was monitored over 15 days (n = 8; data from two independent experi-
ments with n = 4 were combined). **, P < 0.01.
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pathways can protect from colitis or contribute to the damage
inflicted by the inflammatory response (63—65). This prompted us
to examine whether colitis was prevented or exacerbated by JQ1.
Mice were treated with DSS to induce colitis, and one group of
animals was treated with JQI. Treatment of wt animals with 2%
DSS caused a 20% weight loss within 10 days (Fig. 7A). The effect
of 2% DSS, with or without JQ1, was determined by weight loss
(Fig. 7B), shortening of the colon (Fig. 7C), and pathology scores
(Fig. 7D). All criteria for intestinal inflammation were profoundly
exacerbated by JQI; in fact, the experiment had to be terminated
already after 7 days of treatment because the JQ1-DSS-treated
animals had reached 80% of their original weight, after which
Austrian law requires their euthanasia. In keeping with a recent
report (44), JQ1 treatment alone did not cause mice to lose weight
or to develop apparent tissue pathology (Fig. 7B and data not
shown). Histological examination at day 7 after DSS treatment
revealed increased epithelial damage and mucosal infiltration in
the presence of JQ1 (Fig. 7E and F). JQ1 treatment per se did not
affect the tightness of the epithelial layer, as suggested by a similar
appearance of FITC-labeled dextran in the blood after application
of the chemical by gavage (Fig. 7G). In keeping with our observa-
tions with L. monocytogenes infection, expression of Nos2 in colon
tissue was decreased by JQ1 in both the steady state and the DSS-
induced state, although the reduction reached significance only in
the former situation (Fig. 7H). This was similarly true for the gene
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encoding IL-1 receptor antagonist (IL-1RN), whose regulation
follows that of Nos2 during L. monocytogenes infection (16) (Fig.
7H and I). The proinflammatory IL-1@ and TNF-a cytokines re-
mained unaffected by JQI treatment (Fig. 7] and K). Similarly,
expression of the chemokines CXCL1, CCL2, and CCL7 was the
same in the colons of DSS-treated mice irrespective of the addi-
tional presence of JQ1 (data not shown). The gene for the anti-
inflammatory cytokine transforming growth factor beta (TGF@)
was decreased by JQ1 in the steady state but not after DSS treat-
ment (Fig. 7L). The IL-10 gene was unaffected by JQI1 treatment
before DSS or at day 7 after treatment (data not shown). The data
show that unlike systemic LPS-induced inflammation, JQ1 in-
creases the susceptibility to DSS-induced colitis.

DISCUSSION

The primary aim of our study was to elucidate steps involved in
the initiation and elongation of Nos2 transcription. Given the
importance of BET proteins in the regulation of many genes in-
volved in the establishment of innate immunity and the availabil-
ity of a specific inhibitor, our second aim was to shed light on the
importance of Brd-dependent gene regulation for antimicrobial
and inflammatory responses of cells and organisms. Brd4 received
particular attention in our studies due to the strong increase of this
BET family member at the Nos2 promoter in L. monocytogenes-
infected macrophages and to the strong inhibition of Nos2 expres-
sion by Brd4 shRNA. However, our knockdown experiments sug-
gest that JQ1 inhibition of Brd2 and Brd3 may additionally
contribute to decreased Nos2 expression.

Nos2 expression as well as that of the ISG Mx or Ifitm1 during
L. monocytogenes infection was sensitive to Brd4 inhibition. A
common denominator of the associated genes is their regulation
by the ISGF3 complex. Whereas ISGF3 may be responsible for
Brd4 recruitment in the case of ISGs (42), binding of the BET
protein to the Nos2 promoter requires NF-kB and can be caused
by stimulation of the NF-kB pathway alone. This is suggested by
the sensitivity of Brd4 binding to IKKB inhibition and by data
showing Brd4 binding in response to treatment with heat-killed L.
monocytogenes, i.e., in the absence of IFN-I production (16).
Therefore, Nos2 gene-like genes and ISGs employ ISGF3 in differ-
ent steps of transcriptional initiation/elongation; most likely,
some of the ISGF3 activities at ISG promoters are taken over by
NE-kB at Nos2 gene-like genes. Surprisingly, some ISGs, repre-
sented in our study by the Gbp2 gene, appear to be insensitive to
JQI action. This finding points to heterogeneity in the molecular
mechanisms driving the transcriptional response to IFN-L

BET proteins play an important role in the regulation of the
Tnfa gene, encoding a critical cytokine of inflammation and im-
munity. Hargreaves et al. (31) deduced an involvement of Brd4 in
PTEFD recruitment and LPS-induced TNF-a expression in mac-
rophages from binding kinetics and small interfering RNA
(siRNA)-mediated knockdown. In line with this, Nicodeme et al.
(40) found a Brd4 requirement based on siRNA experiments. Sur-
prisingly, though, inhibition with I-BET had no effect on TNF
expression. Based on this result, the authors proposed that a his-
tone acetylation-independent mechanism tethers Brd4 to the Tnfa
promoter after LPS stimulation. In our studies, TNF-a expression
in response to L. monocytogenes infection was inhibited by JQ1 but
was insensitive to the drug when induced by DSS treatment in
mice. Therefore, both histone acetylation-dependent and -inde-
pendent molecular events appear to associate BET proteins with
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the Tnfa promoter in a stimulus- and/or cell type-specific fashion.
The prevalence of one or the other may be determined by preex-
isting histone modification or a differential ability of proinflam-
matory stimuli to modify promoter chromatin.

According to the model of Hargreaves et al., NF-kB is em-
ployed for histone acetyltransferase (HAT) recruitment leading to
H4 acetylation as a prerequisite for Brd4 binding and pTEFb re-
cruitment. Alternatively, or additionally, direct association with
acetylated NF-kB p65 may tether Brd4 to Nos2 chromatin, as
recently described for virus-infected cells (56). Our data at present
do not allow us to clearly distinguish which of these mechanisms is
represented at the Nos2 promoter; however, we favor a role for
direct association with NF-kB, because we noted an increase in
physical interaction between NF-kB and Brd4 during infection
(data not shown). In addition, inhibition of histone deacetylases
increased Brd4 recruitment. Our data disagree with the mode of
pTEFD recruitment proposed for immediate early genes of inflam-
mation, because CDK9 binding was insensitive to inhibition with
JQI. Molecular complexes, including Brd4 and the recently de-
scribed Brd4-independent superelongation complex, provide al-
ternative platforms for pTEFb recruitment (66). Moreover, Brd4-
independent tethering of pTEFDb to promoters via direct interaction
with transcriptional activators (22, 57) or through the multisubunit
Mediator complex, particularly its CDK8 or Med26 subunit, has been
reported (67-70).

Whereas BET proteins were dispensable for bringing pTEFb/
CDKO to the Nos2 promoter, they did play a role in the binding of
TFIIH/CDKY?. This is consistent with a recent biochemical study
reporting an interaction between Brd4 and CDK7 (71). The mea-
sured increase in CDK7 binding was not more than 2- to 3-fold,
most likely due to antibody affinity and/or instability of TFIIH
association with the Nos2 promoter. In spite of this, a strong im-
pact of BET inhibition on CDK?7 recruitment is suggested by the
strong and selective reduction of S5 phosphorylation at the Pol I
CTD. S2 phosphorylation of the Pol II CTD was inhibited much
less by comparison, confirming an important role of BET proteins
in CDK7 but not CDK9 recruitment.

During infection with L. monocytogenes, NO is produced by
various cell types, including infected macrophages and inflamma-
tory dendritic cells such as Tip-DC (15, 50). It is unclear whether
all NO-producing cell types regulate Nos2 in an identical manner.
JQI treatment strongly reduced NO production of splenocytes
isolated from infected mice, suggesting that a Brd-dependent
mechanism of transcriptional regulation is widely employed by
cells participating in the innate response to L. monocytogenes.
Treatment of mice with I-BET demonstrated that many genes
involved in inflammation are regulated by BET proteins; in fact,
both I-BET and JQ1 rescued the survival of mice in animal models
of bacterial sepsis (40, 41). JQ1 inactivation of Brd proteins is
likely to reduce the expression of many genes orchestrating the
inflammatory response. In the case of L. monocytogenes, the im-
mediate production of inflammatory mediators is protective, as
judged by the increased mortality of mice lacking TNF, IL-1, or
IL-6 genes (58, 72, 73). Consistent with this, JQ1 treatment in-
creased bacterial replication in infected cells and mice, and it
strongly decreased the ability of mice to survive the infectious
disease caused by L. monocytogenes. TNF-a treatment did not res-
cue the survival of JQ1-treated animals, suggesting that this cyto-
kine alone cannot compensate the immune defects inflicted by
JQ1 treatment. In the case of influenza virus infection, the benefit
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of inhibiting tissue-destructive proinflammatory genes appears to
be overcompensated by the simultaneous inhibition of critical
IFN-responsive antiviral genes. Examining the impact of JQ1 on
DSS-induced colitis was particularly interesting because the same
cellular pathways can be protective or detrimental, depending on
the cell type that employs them. This has been shown convincingly
for MyD88 and NF-kB signaling (6365, 74, 75). Unlike I-BET or
JQ1 treatment in the case of bacterial sepsis, JQ1 treatment dra-
matically worsened the condition of animals suffering from DSS-
induced intestinal inflammation. The data suggest that intrinsic
differences in the pathomechanisms of bacterium-induced sepsis
and DSS-induced colitis are revealed by BET inhibition. The abil-
ity of Brd4 to coactivate most inflammatory genes but corepress
others may be relevant in this context (40). Surprisingly, the pro-
tective effects of the JQ1-sensitive pathways strongly overcome
their role in inflammatory pathology. Importantly, JQ1 treatment
per se does not induce colitis or affect epithelial integrity. This
notion is derived from the maintenance of normal body weight of
mice treated with JQ1 only and from the identical abilities of
FITC-dextran to penetrate the epithelial barrier with and without
JQ1 treatment. In spite of this, both steady-state and DSS-induced
expression of some genes was notably altered, consistent with an
exacerbated inflammatory response.

JQI holds considerable promise for clinical application against
tumors or as a reversible inhibitor of spermatogenesis (76-79).
The data presented in our study suggest that the benefit of JQ1
treatment must be weighed carefully against a potential impair-
ment of protective immunity.
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