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Abstract
IL-33, a member of the IL-1 family of cytokines, is produced by many cell types, including
macrophages, yet its regulation is largely unknown. Treatment of primary murine macrophages
with a panel of Toll-like receptor (TLR) (e.g., TLR2, TLR3, TLR4, and TLR9) agonists and non-
TLR (e.g., MDA5, RIG-I) agonists revealed a pattern of gene and protein expression consistent
with a role for IRF-3 in the expression of IL-33. Accordingly, induction of IL-33 mRNA was
attenuated in IRF-3−/− macrophages and TBK1−/− mouse embryonic fibroblasts. Despite the fact
that all IL-33 agonists were IRF-3-dependent, LPS-induced IL-33 mRNA was fully inducible in
IFN-β−/− macrophages, indicating that IL-33 is not dependent on IFN-β as an intermediate.
Epinephrine (EPI) and Bordetella pertussis adenylate cyclase toxin (ACT), cAMP-activating
agents, activate CREB and greatly synergized with LPS to induce IL-33 mRNA in macrophages.
Both LPS-induced and ACT/LPS-enhanced expression of IL-33 mRNA was partially, but
significantly, inhibited by the Protein Kinase A (PKA) inhibitor, H-89, but not by tyrosine kinase
or PKC inhibitors. Two IL-33 mRNA species derived from two alternative promoters encode full-
length IL-33; however, the shorter “A” species is preferentially induced by all IL-33-inducing
agonists except Newcastle Disease Virus (NDV), a RIG-I agonist, that induced expression of both
“A” and “B” transcripts. Together, these studies greatly extend what is currently known about the
regulation of IL-33 induction in macrophages stimulated by bacterial and viral agonists that
engage distinct innate immune signaling pathways.
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Introduction
IL-33 was originally identified by Girard and colleagues (1) as a member of the IL-1 family
of cytokines based on bioinformatics analysis that revealed that the IL-33 sequence was
similar to that of IL-1 family members. IL-33 has also been referred to as IL-1F11,
C90RF26, DVS27, and NF-HEV (2). IL-33 was first identified and cloned from canine
vasospastic arteries after subarachnoid hemorrhage and it was shown to be highly inducible
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by IL-1α, IL-1β, and to some extent, by IFN-γ in cultured smooth muscle cells (1). Like
IL-1α, the sequence of IL-33 was predicted to have a nuclear localization sequence that
would be expected to facilitate its translocation to the nucleus. Nuclear IL-33 was also
cloned from human high endothelial venule (HEV) cells and its N-terminus has a
homeodomain-like helix-turn helix configuration that is similar to the Drosophila
homeodomain transcription factor, engrailed (1). Like IL-1β, IL-33 can be processed by
caspase-1 in vitro (2). However, in contrast to IL-1β, cleavage of IL-33 is not required for its
biological activity (3).

The receptor for IL-33 is ST2. An orphan receptor, ST2 is conserved across species with
homologs in the genomes of mouse, rat, and fruit flies. In humans, there are four ST2
isoforms: soluble sST2 (IL1RL-a), that lacks the transmembrane and cytoplasmic domains
and is largely inducible by various immune disorders (4, 5); and a transmembrane ST2L,
which is similar to the IL-1 Receptor (6, 7), binds IL-33 on cells and is expressed in a tissue-
specific manner on the surface of Th2 cells and mast cells, but not on Th1 cells (8, 9). ST2V
is a splice variant of ST2 that lacks the third immunoglobulin motif and C-terminal portion
of ST2, and, another ST2 splice variant, ST2LV, lacks the transmembrane domain (10, 11).
Soluble ST2 directly binds IL-33 and suppresses activation of NF-κB in EL-4 cells, that
stably express ST2L, suggesting that it acts as a decoy receptor (12).

The C-terminus of IL-33 is important for binding to membrane-bound ST2L. The IL-33/
ST2L complex subsequently associates with IL-1 receptor accessory protein (IL-1RAcP) to
enable IL-33-dependent activation of NF-κB and MAP kinases (JNK, ERK1/2, and p38) (2,
13, 14). As observed for IL-1-mediated signaling, IL-33-receptor interaction recruits the
adapter molecule, MyD88, to the receptor complex that, in turn, recruits IRAK1, IRAK4,
and TRAF6, leading to MAP kinase activation and NF-κB translocation (2). When this
occurs in differentiated Th2 cells, IL-33-mediated signaling can enhance induction of
cytokines typically associated with Th2 responses (e.g., IL-4, IL-5, and IL-13) (2). However,
secretion of proinflammatory cytokines, e.g., IL-6, IL-1β, TNF-α, and MCP-1 has also been
observed in primary mouse-derived mast cells after treatment with IL-33 (15–17). IL-33 also
activates basophils, eosinophils, NK, NKT cells, cardiomyocytes, and cultured glial cells
(18–22). IL-33 promotes survival and adhesion of human mast cells, as well as production
of IL-8 and IL-13 by human umbilical cord blood-derived mast cells (23). In mice,
administration of anti-ST2L antibody enhances the Th1 cytokine response and inhibits
allergic airway inflammation (24, 25). Thus, although IL-33 can elicit induction of
proinflammatory mediators, it favors development of a Th2-biased immune response.

Active secretion of IL-33 from cells has not been reported. Like, HMGB1, IL-1α, or IL-1β,
the IL-33 gene sequence does not contain a classical secretory leader sequence (26). Also,
like IL-1α, IL-33 exhibits dual functions as both a cytokine and nuclear chromatin
modulator (2, 27). IL-33 has been found to be chromatin-associated in the nucleus of
endothelial cells and has the capacity to regulate transcription (27). IL-33 binds to chromatin
in the surface of nucleosome by docking to the pockets of histone H2A-H2B dimer (28).
Despite the fact that IL-33 has been detected in multiple tissues (2), very little is known
about how IL-33 production is regulated. Therefore, in the studies described herein, we
measured the steady-state levels of IL-33 mRNA or IL-33 protein in macrophages and
fibroblasts after exposure to different Toll-like receptor (TLR) ligands, as well as non-TLR
ligands including viral pathogens. Our studies revealed that IL-33 is regulated by two
transcription factors, Interferon Regulatory Factor-3 (IRF-3) and cAMP response element
binding (CREB) protein, but not by Protein Kinase C (PKC) or tyrosine kinases, as
supported by pharmacologic inhibition studies. Importantly, while two mRNA species
encoding full-length IL-33 are transcribed, the shorter “A” transcript is preferentially
induced by all IL-33 inducers identified except the RIG-I agonist, NDV, that induced both
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“A” and “B” transcripts. These studies provide new insights into the regulation of IL-33
gene expression in macrophages.

Materials and Methods
Reagents

Protein-free E. coli K235 LPS (<0.008% protein) was prepared by modification of the
phenol-water extraction method described previously (29). The synthetic lipoprotein S-[2,3-
Bis(palmitoyloxy)-(2–RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-Lys4-OH, trihydrochloride
(P3C) was purchased from EMC Microcollections (Tuebingen, Germany).
Polyinosinic:polycytidylic acid [p(I:C)] was purchased from Amersham Biosciences
(Pittsburgh, PA). 5,6-dimethylxanthenone-4-acetic acid (DMXAA) was purchased from
Sigma-Aldrich. Anti-phospho IRF-3, anti-β-actin, anti-pSTAT1, anti-p-tyrosine mouse mAb
(P-tyr-100 #9411) and anti-p-CREB (Ser 133), that also detects phosphorylation of the
CREB-related protein, ATF-1(#9198), were purchased from Cell Signaling, (Beverly, MA,
USA). Anti-total IRF3 antibody was obtained from Invitrogen (Carlsbad, CA, USA).
Adenylate cyclase toxin (ACT), a potent inducer of cyclic AMP, was the kind gift of Dr.
Erik Hewlett (University of Virginia, Charlottesville, VA). Tyrosine kinase inhibitors, PP2
(Src family of protein tyrosine kinases) and EGF/FGF/PDGF Receptor Tyrosine kinase
Inhibitor (RTKi), the PKC inhibitor, Go 6983, Epinephrine, and the PKA inhibitor, H-89,
were purchased from Calbiochem, EMD Chemicals, Inc. (Gibbstown, NJ).

Cell culture
Primary murine peritoneal macrophages were obtained by peritoneal lavage from 6 to 8-wk
old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME), IFN-β−/−, and IRF-3−/−

mice 4 days after i.p. injection with sterile thioglycollate as described previously (30). IFN-
β−/− mice (backcrossed ≥N8 onto a C57BL/6 background) (31) were bred homozygously at
the University of Maryland, Baltimore. IRF-3−/− mice (backcrossed N≥15 onto a C57BL/6
background) were bred homozygously at University of Massachusetts Medical School and
thioglycollate-elicited macrophages were kindly provided by Dr. Katherine Fitzgerald.
Macrophages were cultured in RPMI supplemented with 2% FCS, 2 mM glutamine,
penicillin, and streptomycin as described previously (30). Mouse embryonic fibroblasts
(MEFs) from TBK1+/+ and TBK1−/− mice were a gift of Dr. W.-C. Yeh (University of
Toronto, Toronto, Canada). RIG-I and RIG-I−/− mouse embryonic fibroblasts were the kind
gift of Dr. S. Akira (32). Embryonic fibroblasts were cultured in DMEM (BioWhittaker),
supplemented with 10% (vol/vol) FBS (HyClone Laboratories), glutamate (2 mM),
penicillin (10, 000 U/ml), and streptomycin (10,000 µg/ml) at 37° C in 5% CO2 in air.

Cell stimulation
Primary murine macrophages and MEFs were cultured (4 × 106 cells/well) in 6-well plates.
After overnight incubation, culture medium was replaced with fresh medium and cells were
stimulated with medium only, LPS (100 ng/ml), polyI:C (100 µg/ml), P3C (1 µg/ml), or
CpG DNA (1 µg/ml), by transfection of polyI:C (Tfp(I:C))10µg/ml (1 µl Lipofectin was
complexed with 1 µg of polyI:C and transfected into the macrophages (32), or by infection
with Newcastle Disease Virus (NDV) or Vesicular Stomatitis Virus (VSV) (multiplicity of
infection (MOI) =10) for the times indicated in the figures.

Western analysis
Macrophages were washed with PBS and then lysed in buffer (1% Triton X-100, 5 mM
EDTA, 50 mM NaCl, 50 mM NaF, 10 mM TRIS with protease inhibitor cocktail (Roche)
and 1 mM sodium vanadate), and boiled for 5 min with Laemmli lysis buffer for SDS-
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PAGE and subsequent Western analysis. Twenty microgram of total protein in Laemmli
buffer was boiled for 5 min, resolved by 10% SDS-PAGE in Tris/glycine/SDS buffer (25
mM Tris, 250 mM glycine, 0.1% SDS) from Bio-Rad (Hercules, CA), and then
electrotransferred onto Immobilon-P transfer membranes (Millipore, Bedford, MA) at 100 V
for 1.5 h (4° C). After blocking for 1 h in TBS-T (20 mM Tris-HCl, 150 mM NaCl, 0.1%
Tween 20) containing 5% nonfat milk, membranes were washed 3 times in TBS-T and
probed for 20 h at 4° C with the respective antibodies, according to manufacturer’s
instructions. Following washing in TBS-T, membranes were incubated with secondary
HRP-conjugated, anti-rabbit IgG from Cell Signaling (1: 2,000 dilution) for 1 h at room
temperature, washed three times in TBS-T, and bands were detected using ECL plus
reagents (Amersham Pharmacia Biotech, Piscataway, NJ). Densitometric signals from
Western blots were quantified using the ImageJ program from the NIH
(http://rsbweb.nih.gov/ij/).

Measurement of steady-state mRNA by quantitative real-time PCR
Total RNA was isolated by using Trizol reagent from Invitrogen (Carlsbad, CA, USA) as
specified by the manufacturer’s instructions and quantified by spectrophotometric analysis.
The cDNA was prepared from 1 µg of total RNA using iScript reverse transcriptase (Bio-
Rad, Hercules, CA, USA) and both poly-oligo dT and random primer mix, as recommended
by the manufacturer’s instructions. The resulting cDNA was quantified by real-time PCR
using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) and ABI Prism
7900HT cycler as described previously (33). Primers for detection of IL-33, IFN-β, IL-12
p40, Elam, ISG-56, IP-10, and GAPDH mRNAs were designed using the Primer Express
2.0 program (Applied Biosystems). The IL-33 sense primer 5’-
TGAGACTCCGTTCTGGCCTC-3’ and anti-sense primer 5’-
CTCTTCATGCTTGGTACCCGAT-3’ were used for most of the experiments in this study.

Full-length IL-33 is encoded by 2 mRNA species, “A” and “B,” that are transcribed from
different promoters. In order to ascertain which mRNA species was induced in murine
macrophages, we designed two specific forward primers that correspond to the two
respective 5’UTRs, (5’-GGGGCTCACTGCAGGAAAGTA-3’ (AK075849.1) and 5’-
CAGCTGCAGAAGGGAGAAAT-3’ (AK163464.1), and one common reverse primer from
the 3rd exon (5’- CTTATGGTGAGGCCAGAACG-3’). PCR products were cloned into the
TA cloning vector (pDrive) and further sequenced by the Biopolymer and Genomics Core
Laboratory at the University of Maryland, Baltimore. The real time PCR primers, “A”
mRNA (AK075849.1) forward primer (5’-GGGCTCACTGCAGGAAAGTA-3’), “B”
mRNA (AK163464.1) forward primer (5’-CAGCTGCAGAAGGGAGAAAT-3’), and the
common reverse primer (5’-GGACCAGGGCTTCGCCT-3’) were used to amplify specific
IL-33 transcripts produced in vitro and in vivo.

Flow cytometry analysis
To preclude the need for scraping cells for flow cytometric studies, thioglycollate-elicited
peritoneal macrophages from C57BL/6J mice were cultured on 6-well low cluster and low
adhesion plates (Corning, Inc.). Washes were carried out in centrifuge tubes and the cells
were re-plated and treated with medium alone, polyI:C transfection (10 µg/ml) or infected
with NDV (MOI = 10) for 14 h. Cells were harvested for analysis by gentle shaking, washed
with PBS, and then fixed with 4% p-formaldehyde (PFA) for 10 min at room temperature.
Cells were blocked and permeabilized for 30 min with PBST (PBS, 1% BSA, 1% normal
donkey serum, 0.3 % Triton X-100) at room temperature. IL-33 was detected using a goat
polyclonal antibody (R&D Systems) directed against the protein, followed by secondary and
tertiary staining with biotin-conjugated donkey anti-goat IgG and Cy3-conjugated
streptavidin, respectively (Jackson ImmunoResearch Laboratories). Cells were washed in
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PBST and suspended in PBS for immediate analysis using a FACSCalibur. Analytic gates
were set to exclude cellular debris and aggregates. CELLQuest software (Becton Dickinson)
was used to analyze the data.

Results
Induction of IL-33 mRNA in mouse peritoneal macrophages by TLR and non-TLR agonists

While IL-33 has been shown to be produced by macrophages (34), little is known about its
transcriptional regulation by TLR and non-TLR stimuli. Therefore, we initially measured
steady-state IL-33 mRNA levels in mouse primary macrophages after treatment with TLR2,
TLR3, TLR4, and TLR9 agonists, e.g., P3C, poly I:C (p(I:C)), LPS, and CpG DNA,
respectively. As shown in Figure 1A (left panel), stimulation by TLR3 and TLR4 agonists
strongly up-regulated IL-33 mRNA expression in a time-dependent manner; however, there
was no IL-33 mRNA induced when macrophages were stimulated with TLR2 (P3C) or
TLR9 (CpG DNA) ligands. The ability of the TLR agonists to induce IL-33 mRNA
correlated with their ability to induce IFN-β (Figure 1B, left panel). Thus, we hypothesized
that non-TLR ligands that are strong inducers of IFN-β would also be strong inducers of
IL-33 gene expression. Therefore, IL-33 mRNA was measured in macrophages treated with
the anti-cancer drug, DMXAA, that uses an unknown (UNK), non-TLR, non-RIG-I, non-
MDA5 sensor (35), transfected polyI:C (Tfp(I:C)), an MDA5 ligand (32), or NDV infection,
a RIG-I ligand (32, 36), all of which are potent inducers of IFN-β (32, 35, 36). Figure 1A
(right panel) shows that IL-33 mRNA was potently induced by Tfp(I:C) and NDV, and to a
lesser extent, by DMXAA, in primary macrophage cultures with kinetics similar to the
active TLR agonists, and that each of these agents also induced IFN-β mRNA (Figure 1B,
right panel). These findings were confirmed by measuring intracellular IL-33 protein in
macrophages by FACS analysis after treatment with Tfp(I:C) or NDV infection for 14 h
(Figure 1C). Thus, we found a strong correlation between agents that are known IFN-β
inducers and the ability of these agents to induce IL-33.

We also examined the induction of IL-33 in vivo, in the livers of mice after lethal challenge
with LPS. IL-33 mRNA levels increased over 8 h in liver samples and then diminished, in
contrast to TNF-α mRNA levels that peaked after only 1 h (Figure 1D). Thus, IL-33 mRNA
is induced relatively late in response to LPS in vivo.

Induction of IL-33 mRNA in LPS-stimulated murine peritoneal macrophages is independent
of IFN-β production

IFN-β is the primary Type I IFN induced by TLR stimulation in macrophages and often
functions in an autocrine/paracrine manner through the IFN-α/β receptor to activate
transcription factors, e.g., STAT1, STAT2, that induce expression of IFN-β-dependent
genes including MCP-5 and iNOS (37), as well as anti-inflammatory genes such as IL-10,
IL-4 (38), and SOCS-1 (35). To determine if LPS-induced IL-33 was dependent on the
production and autocrine action of IFN-β, macrophages from WT and IFN-β−/− mice were
stimulated by LPS and induction of IFN-β (control), endothelial leukocyte adhesion
molecule (ELAM) (IFN-β-independent (39)), and IL-33 mRNA were compared (Figure 2).
We confirmed that IFN-β−/− macrophages did not produce IFN-β mRNA in response to
LPS, in contrast to WT macrophages (left panel). Expression of the gene that encodes
ELAM is strongly regulated by transcription factor NF-κB (39) and was comparably
induced by LPS in WT and IFN-β-deficient macrophages (middle panel). Similar to ELAM
mRNA, IL-33 mRNA was comparably induced by LPS in WT and IFN-β−/− macrophages
(right panel). These data indicate that induction of IL-33 mRNA by LPS is IFN-β-
independent.
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TLR- and non-TLR-induced IL-33 mRNA is TBK1-dependent in MEFs
Activated TRIF, MDA5, and RIG-I recruit TBK-1, leading ultimately to activation of IRF-3,
a key transcription factor that is required for induction of IFN-β and other IRF-3-dependent
gene products, e.g., RANTES (32, 36, 40). Since, the induction of IL-33 was IFN-β-
independent, but inducible by stimuli that share the capacity to induce IFN-β through
activation of IRF-3, we next sought to determine if IL-33 induction was also dependent on
TBK-1, the kinase that leads to IRF-3 activation. Since TBK-1−/− mice do not survive (35),
we utilized TBK-1−/− MEFs for these experiments. Figure 3A shows that in contrast to WT
MEFs, IL-33 mRNA failed to be induced in TBK-1−/− MEFs after stimulation with
DMXAA (stimulates IRF-3-induced IFN-β through an UNK sensor), VSV infection (RIG-
I), or Tfp(I:C) (MDA5), while ELAM mRNA expression was induced by these three
agonists in both in WT and TBK-1−/− MEFs (data not shown). IL-33 mRNA was also not
induced in TBK-1−/− MEFs when compared to WT MEFs after stimulation by LPS (data not
shown). As an additional control, ISG-56 mRNA, an IFN-β-inducible gene, was also
measured in these same samples. Induction of ISG-56 mRNA by these agonists (Figure 3B)
was also abrogated in TBK-1−/− MEFs when compared to WT MEFs. Thus, IL-33 mRNA
induction by these stimuli in MEFs is TBK-1-dependent.

NDV-induced IL-33 mRNA is RIG-I-dependent in MEFs
Previous studies have shown that NDV infection activates the RIG-I signaling pathway and
uses IPS/MAVS, rather than TRIF, to activate TBK-1, IRF-3, and NF-κB (41). Since RIG-
I−/− mice also fail to survive (35), we utilized WT and RIG-I−/− MEFs to determine whether
induction of IL-33 mRNA is dependent upon RIG-I. Figure 3C shows a significant, time-
dependent increase in IL-33 mRNA levels after NDV infection of WT MEFs that was
completely eliminated in RIG-I−/− MEFs. There was no difference in induction of IL-33
mRNA in RIG-I+/+ and RIG-I−/− MEFs when stimulated with DMXAA, Tfp(I:C), or LPS,
ligands that do not activate RIG-I (35) (data not shown).

Induction of IL-33 is IRF-3-dependent in macrophages
Since the induction of IL-33 could not be attributed to the autocrine/paracrine action of IFN-
β (Figure 2), but was dependent on TBK1 (Figure 3), we next hypothesized that IL-33
induction was IRF-3-dependent. Therefore, IL-33 mRNA was measured in WT and IRF3−/−

peritoneal macrophages that were stimulated with LPS, P3C, p (I:C), or Tfp(I:C), or infected
with NDV. Figure 4A shows that induction of IL-33 mRNA was significantly inhibited in
IRF3−/− macrophages compared to WT macrophages after stimulation with these TLR and
non-TLR agonists that activate TBK-1 and induce IFN-β expression (Figures 1 and 3A).
IL-33 mRNA failed to be induced in WT or IRF3−/− macrophages after treatment with P3C
(data not shown), consistent with the failure of this TLR2 agonist to activate the “MyD88-
independent,” TRIF-dependent pathway (37, 42, 43). However, MyD88-dependent
expression of TNF-α mRNA was comparably induced in P3C-treated WT or IRF-3−/−

macrophages (data not shown).

Total cell lysates were extracted from WT and IRF3−/− macrophages treated with LPS, P3C,
Tfp(I:C), and NDV infection and were subjected to Western analysis for detection of
phosphorylated-IRF-3 (pIRF-3), total IRF-3, and β-actin, the latter being used as a protein
loading control. These Western blots were subjected to scanning densitometry and
quantified after normalization to the β-actin signal and these data are presented below each
Western blot. As seen in Figures 4B and 4C, relative levels of total IRF-3 protein were
comparable in WT macrophages regardless of treatment, and as expected, IRF-3 protein was
not detected in IRF-3−/− macrophages. Phosphorylated IRF-3 was detected in WT
macrophages after stimulation with LPS (Fig. 4B), Tfp(I:C), and NDV infection (Fig. 4C)
for 3 h. NDV and TfpI:C were more potent activators of p-IRF-3 than LPS at this time point.
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No phosphorylation of IRF-3 was detected in samples treated with the TLR2 agonist, P3C,
in WT or IRF3−/− macrophages (Fig. 4B), consistent with the failure of this agonist to
induce IL-33 or IFN-β mRNA (Figure 1). Thus, TBK-1-dependent phosphorylation of IRF-3
is required for induction of IL-33 in macrophages.

We next measured phosphorylation of IRF-3 in macrophages after stimulation with TLR and
non-TLR agonists for longer periods of time, i.e., 3 or 6 hours. Figure 4D confirms and
extends the data in Figure 4B that LPS- and polyI:C-induced phosphorylation of IRF-3 was
transient and relatively weak compared to that induced by TfpI:C: LPS-induced
phosphorylation of IRF-3 was detected at 3 h, but no longer at 6 h, whereas p(I:C)-induced
phosphorylation of IRF-3 was detectable at 3 h and continued to increase at 6 h. Robust
phosphorylation of IRF-3 by Tfp(I:C) was observed at both 3 h and 6 h.

Role of cAMP-CREB pathway in the transcriptional regulation of IL-33
The cAMP response element binding (CREB) proteins are transcription factors that bind to
DNA sequences called cAMP response elements (CRE) and thereby regulate expression of
certain genes. cAMP-activating drugs produce second messengers, such as cAMP or Ca2+,
that, in turn, activate protein kinase A (PKA), that translocates to the nucleus where it
activates CREB (44, 45). In addition, CREB activation can be driven by TLR or non-TLR
ligands that activate MAPKs pathways, involving ERK and p38 MAPK signaling (46).
Activated CREB binds to a CRE and is then bound by CREB binding protein that co-
activates it, leading to increased or decreased transcription (47). Figure 4D shows that in
addition to IRF-3 being phosphorylated, CREB phosphorylation was also up-regulated by
LPS, p(I:C), and Tfp(I:C); however, the relative degree of CREB activation induced by
these agonists differed from their relative abilities to activate IRF-3: LPS- and Tfp(I:C)-
induced phosphorylation of CREB was only slightly greater than that induced by p(I:C).
Stimulation of IRF-3−/− macrophages with Tfp(I:C), the agonist shown in Fig. 4D to be the
most potent of the non-infectious IRF-3 activating agents, resulted in reduced
phosphorylation of CREB compared to WT macrophages (Figure 4E), suggesting that IRF-3
may contribute partially to the activation of CREB by Tfp(I:C).

In Th1 cells, cAMP inhibits Th1 cytokine production, whereas cAMP markedly increases
Th2 cytokine production in GATA3-expressing cells (48). cAMP also activates p38, that in
turn, activates GATA3, leading to Th2 cytokine production (49, 50). Since IL-33 has been
associated with a Th2 bias, we hypothesized that cAMP might also be involved in regulation
of IL-33 production. Therefore, we measured the effects of cAMP agonists on LPS-induced
IL-33 mRNA in peritoneal macrophages. Figure 5A illustrates that LPS-induced IL-33
mRNA was enhanced ~5-fold compared to untreated macrophages, but in the presence of
potent cAMP activating drugs, epinephrine (EPI) or adenylate cyclase toxin (ACT), a
synergistic induction of LPS-induced IL-33 mRNA expression was observed. Both LPS-
and LPS + EPI/ACT-induced IL-33 mRNA was significantly inhibited in the presence of the
PKA inhibitor, H-89 (Figure 5A). A similar trend was observed when macrophages were
treated with LPS and p(I:C), but not P3C, in the absence or presence of EPI (Figure 5B).
These data support the possible involvement of the PKA-CREB pathway in IL-33 mRNA
induced by LPS and other IL-33-inducing agonists in macrophages.

In contrast to the synergy observed between LPS and either cAMP-activating agent at the
level of IL-33 mRNA expression, LPS-induced CREB phosphorylation was only slightly
enhanced by the presence ACT. Nonetheless, H-89 also inhibited phosphorylation of CREB
induced by LPS alone, ACT alone, or both (Figure 5C), as indicated by decreased signal in
the blots and in the corresponding normalized densitometric scan. Consistent with a role for
PKA in the induction of IL-33 by LPS, H-8, a PKA inhibitor that is a ~10-fold less potent
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than H-89 (51–53), inhibited LPS-, ACT-, and LPS/ACT-induced p-CREB much less than
H-89 at the same concentration (data not shown).

To determine if tyrosine kinases or Protein Kinase C (PKC) were involved in signaling
leading to IL-33 mRNA expression, we next compared induction of IL-33 mRNA by LPS
alone (Figure 6A) or LPS + ACT (Figure 6B), in the presence of tyrosine kinase inhibitors
(PP2 or RTKi), the PKC inhibitor, Go 6983, and as well the PKA inhibitor H-89 (as a
control). LPS-induced IL-33 mRNA was not statistically inhibited in the presence of
tyrosine kinase inhibitors, PP2 or RTKi, or the PKC inhibitor, under conditions where H-89,
the PKA inhibitor, significantly inhibited LPS- and LPS + ACT-induced IL-33 mRNA in
macrophages as was observed in Figure 5A. We confirmed that PP2 and RTKi were active
at concentrations used in Figure 6A and 6B by showing inhibition of tyrosine
phosphorylation (p-Y) induced by LPS or LPS + ACT by inclusion of either of the two
tyrosine kinase inhibitors in the cultures, while neither the PKC or PKA inhibitors had any
effect on phospho-tyrosine induction (Figure 6C; densitometric analyses of the two major
phospho-tyrosine species, pY-2 and pY-1, are presented to the right of each Western blot).
As was observed at the level of IL-33 mRNA, there was no inhibition of p-CREB in the
presence of the receptor tyrosine kinase or PKC inhibitors, under conditions where
phosphorylation of CREB was significantly inhibited by H-89 (Figure 6D; densitometric
analysis is below the blot). Finally, there was no significant inhibition of LPS-induced
phospho-IRF-3 in presence of any of these inhibitors (Figure 6E; densitometric analysis is
below the blot).

Mouse gene IL-33 organization and induction of specific IL-33 transcripts
Originally, Baekkevold et al. (1) published that the mouse IL-33 genomic structure was
comprised of seven exons. The major difference between human and mouse IL-33 genes
was the size of the first intron that was estimated to be 9 kb in the human IL-33 gene, but
only 2 kb in mouse ortholog. However, recent advances in sequencing analysis and aceView
(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?
db=mouse&term=IL-33&submit=Go) showed that the first exon identified in the paper by
Baekkevold et al. (1) is actually exon 2. The IL-33 gene is localized on mouse chromosome
19 and the sequence of the mouse IL-33 gene has been defined by 188 gene bank accessions
from 185 cDNA clones from different mouse tissues. The IL-33 gene contains 11 different
GT-AG introns and is transcribed into seven different mRNA species, with five alternatively
spliced variants and two unspliced forms. Thus, there are 3 possible alternative promoters
and four validated altered polyadenylation sites. Two of these mRNAs, transcripts “A” and
“B” (see Figure 7A), are derived from two alternative promoters, and are both predicted to
encode a full-length IL-33 protein encoded by eight exons. The other splice variants are not
predicted to result in a full-length protein and were therefore not studied further.

The shorter transcript, “A,” is 14,915 bp (AK075849.1) and longer transcript, “B,”
comprises a pre-mRNA length of 35,609 bp (AK163464.1). Transcripts A and B are
identical with the exception of the 5’ untranslated region (5’ UTR). We designed two
specific forward primers that correspond to the two respective 5’UTRs, (5’-
GGGGCTCACTGCAGGAAAGTA-3’ (AK075849.1) and 5’-
CAGCTGCAGAAGGGAGAAAT-3’ (AK163464.1), and one common reverse primer from
the 3rd exon (5’- CTTATGGTGAGGCCAGAACG-3’) to identify these two mRNA species
in murine macrophages. These two sets of primers amplified two predominant (i.e., each
primer set amplified a single PCR product) PCR products from LPS-stimulated macrophage
cDNA. These two PCR products were gel purified and cloned into the TA cloning vector
(pDrive). Sequence analyses confirmed that both “A” and “B” IL-33 mRNAs are expressed
in murine macrophages. The inducibility of these distinct mRNA species by TLR and non-
TLR ligands was next analyzed by real-time PCR using primers specific for “A” or “B”
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mRNA. As shown in Figure 7B, LPS, p(I:C), and Tfp(I:C) induced “A” mRNA
(AK075849.1) and the induction paralleled that of total IL-33 mRNA, whereas “B” mRNA
(AK163464.1) was only poorly induced when stimulated with these three agonists.
However, after infection of macrophages with NDV, both “A” and “B” IL-33 mRNA
species were expressed. We also observed “A” mRNA was predominately induced in liver
samples after sub-lethal dose of LPS administration, whereas “B” IL-33 mRNA remained at
basal levels, indicating that “A” mRNA is preferentially induced by LPS in vivo and in vitro
(Figure 7C). Finally, LPS-induced IL-33 total mRNA and “A” mRNA were greatly
augmented in the presence of the cAMP-activating agent, ACT (Figure 7D), whereas “B”
mRNA was not significantly increased (data not shown). LPS/ACT-induced total IL-33
mRNA and “A” mRNA were partially, but significantly, inhibited in presence the PKA
inhibitor, H-89 (Figure 7D).

Discussion
Relatively little is known about the molecular regulation of IL-33 gene expression. To
approach this problem, we studied the expression of IL-33 mRNA in murine macrophages
and fibroblasts after stimulation with a diverse panel of TLR and non-TLR ligands.
Although these various stimuli elicit signaling through distinct membrane-associated,
endosome-associated, or cytosolic receptors, our data suggest that a common pathway for
IL-33 gene expression is the activation of TBK1 that leads to activation of the transcription
factor, IRF-3 (Figures 3A and 4A). IRF-3 is a key transcriptional activator and is central to
the transcriptional upregulation of IFN-β and other genes (54). Once produced, IFN-β acts
in an autocrine/paracrine fashion to activate the IFN-α/β receptor (IFNAR), leading to
transcriptional induction of >300 IFN-stimulated genes (55). While induction of IL-33 in
macrophages was entirely IRF-3-dependent (Figure 4A), the failure to observe any
difference in LPS-induced IL-33 mRNA in LPS-stimulated WT and IFN-β−/− macrophages
indicates that induction of IL-33 is not IFN-β-dependent. This suggests the possibility that
activated IRF-3 might bind directly to regulatory regions within the IL-33 gene to drive
IL-33 transcription.

Given the multiple reports of the association of IL-33 with asthma, we explored the
possibility that other transcription factors were associated with IL-33 gene expression. NF-
κB, AP-1, NF-AT, CREB, and STATs have been strongly implicated in genes expressed in
allergic asthma (56). Phosphorylated CREB was significantly increased in patients with
bronchial asthma and its induction correlated with the inflammatory status (57).
Augmentation of phospho-CREB was suppressed upon inhaled glucocorticoid treatment in
an experimental model of asthma (57). Both TLR and non-TLR ligands have been reported
to activate second signals that ultimately activate PKA and its subsequent translocation to
the nucleus where it activates CREB (44, 45). Therefore, the effects of cAMP-activating
agents and the PKA inhibitor, H-89, were tested for their effects on inducible IL-33 mRNA
expression. Both EPI and ACT, known cAMP agonists (58, 59), had little effect on IL-33
mRNA levels alone, but synergistically increased levels LPS-induced IL-33 mRNA. Both
LPS-induced and LPS + EPI/ACT-induced IL-33 mRNA were sensitive to pharmacologic
inhibition of PKA, as was p(I:C) and p(I:C) + EPI-induced IL-33 mRNA (Figure 5A, B).
This data supports the role of the transcription factor, CREB, in the induction of IL-33
mRNA. It is interesting to note that in IRF-3−/− macrophages, CREB phosphorylation
induced by TfpI:C was diminished (Fig. 7C), suggesting yet another mechanism by which
IRF-3 may regulate IL-33 gene expression.

Transcription of IL-33 is complex, with seven different mRNA species, five alternatively
spliced variants, and two unspliced forms
(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?
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db=mouse&term=IL-33&submit=Go). Only two transcripts, “A” and “B” (Figure 7A)
encode the full-length IL-33 protein. While our initial cloning experiments revealed that
both “A” and “B” mRNA variants are produced in stimulated primary murine macrophages,
all of the stimuli tested, except for NDV, resulted in preferential induction of the shorter
IL-33 “A” mRNA variant (Figure 7B). In contrast, NDV infection induced a mixture of both
“A” and “B” transcripts. These data confirm and significantly extend a very recent report by
Talabot-Ayer et al. (60) who also found expression of IL-33 gene from two alternative
promoters (i.e., “IL33a” and “IL-33b” mRNA; designated in our study as “B” and “A,”
respectively, consistent with the nomenclature used by the data base
(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?db=mouse&q=Il33), whose
expression in the mouse were organ-specific- and inducible by LPS and pI:C. In this report,
we have significantly extended their findings by showing that additional TLR and non-TLR
agonists that share the ability to induce TBK-1 and IRF-3 by distinct pathways elicit the
shorter “A” mRNA species preferentially in primary murine macrophages, with the
exception of NDV that induces both “A” and “B” transcripts. In addition, we provide
evidence that this preferential induction of the “A” mRNA species is reflected in vivo as
well, in liver samples after administration of a lethal dose of LPS to mice. Finally, our data
indicate that the cAMP activating drug, ACT, enhanced LPS-induced “A” mRNA (Figure
7D), but not the “B” mRNA (data not shown), and that this induction was PKA-dependent.
The significance of these two mRNA species, and of preferential induction of the “A”
species by all agonists but NDV (RIG-I), will await a complete elucidation of regulatory
elements in the promoter and possible intronic regulatory sequences in this gene.

Thymic Stromal Lymphopoietin (TSLP) is produced by epithelial cells in response to certain
microbial products (e.g., peptidoglycan, lipoteichoic acid, and double stranded RNA),
injury, or inflammatory cytokines (e.g., IL-1β and TNF-α) (61). TSLP is detected in the
airways of asthmatic patients and the level of TSLP mRNA was shown to be proportional to
the severity of the disease (62). Both IL-33 and TSLP activate Th2 cells to produce Th2
cytokines (63, 64). These findings suggest the possibility that viral infection and recruitment
of Th2 cytokine-producing cells may amplify Th2 inflammation through the production of
IL-33 and TSLP (65) in asthmatic airways. Viral infection of epithelial cells ultimately
results in tissue damage and, eventually, release of full-length IL-33 from necrotic cells (66).
In chronic asthma, continual inflammation also results in tissue disruption and release of
IL-33 (64). This released IL-33 acts on different cells to produce Th2 cytokines as well as
proinflammatory cytokines to increase severity of asthma (64). In Th1 cells, cAMP inhibits
Th1 cytokine production, whereas cAMP markedly increases Th2 cytokine production in
GATA3-expressing cells (48). cAMP also activates p38, that in turn, activates GATA3,
leading to Th2 cytokine production (49, 50). Since IL-33 has been associated with a Th2
bias, increased cAMP may be involved in regulation of IL-33 production. These
observations are strengthened by our findings showing that cAMP agonists significantly
enhanced LPS-induced IL-33 mRNA in macrophages through a PKA-dependent process.

Lastly, IL-33 has also been shown to be a chromatin-associated in the nuclei of endothelial
cells and has the capacity to regulate transcription (27). IL-33 binds to chromatin in the
surface of nucleosome by docking to the pockets of the histone H2A-H2B dimer (28).
Therefore, IL-33 is a dual function protein, in that it acts as both a cytokine and an
intracellular nuclear protein. IL-33 may be an important cytokine involved in initiation and
perpetuation of inflammation in the case of asthma (64). Depending on the tissue type, IL-33
may contribute to the resolution of inflammation-associated arthrosclerosis and cardiac
function (21, 67), expulsion of the intestinal-dwelling nematode, or infection-induced tissue
damage (66, 68). Thus, depending on the immune mechanism underlying the pathogenesis
of each disease condition, IL-33 has the potential as a therapeutic target in various diseases.
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Abbreviations used in this paper

IRF-3 interferon regulatory factor-3

P3C S-[2-3-Bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-
Lys4-OH trihydrochloride

DMXAA 5,6-dimethylxanthenone-4-acetic acid

PKA Protein Kinase A

MDA5 Melanoma Differentiation Associated gene 5

RIG-I retinoic-acid-inducible protein I

IRAK interleukin-1 receptor-associated kinase

H2A-H2B histones H2A, H2B

poly-(I:C) polyinosinic:polycytidylic acid

TBK1 TANK-binding kinase 1

CpG DNA cytidine-phosphateguanosine DNA

CHX cycloheximide

TSLP Thymic Stromal Lymphopoietin

RTKi EGF/FGF/PDGF receptor tyrosine kinase inhibitor
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Figure 1. Induction of IL-33 in peritoneal macrophages by TLR and non-TLR agonists
(A) IL-33 mRNA or (B) IFN-β mRNA was measured by quantitative real-time PCR at the
indicated times following stimulation with LPS (100 ng/ml), P3C (1 µg/ml), CpG DNA (1
µM), DMXAA (100 µg/ml), p(I:C) (100 µg/ml), transfection (Tf) of p(I:C) (10 µg/ml) or
NDV infection (MOI=10) in peritoneal macrophages. (C) Intracellular IL-33 protein was
measured in macrophages by staining with anti-IL-33 antibody and analyzed by FACS, 14 h
after stimulation of cells with Tfp(I:C) (10 µg/ml) or NDV infection (MOI=10). M; medium
(unstimulated). (D) TNF-α and IL-33 mRNA were measured by real-time PCR in liver
samples at the indicated times after lethal injection of LPS (35 mg/kg body weight). M;
medium (unstimulated control). Data shown are representative of two separate experiments.
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Figure 2. IL-33 mRNA induction in macrophages is independent of IFN-β
IFN β, ELAM, and IL-33 mRNAs were measured by quantitative real-time PCR at the
indicated times after stimulation with LPS (100 ng/ml) in WT and IFN-β−/− macrophages.
Data shown are representative of two separate experiments.
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Figure 3. IL-33 mRNA induction in mouse embryonic fibroblasts is dependent on TBK-1
(A) IL-33 and (B) ISG-56 mRNA were measured by quantitative real-time PCR at the
indicated times after stimulation with DMXAA (100 µg/ml), VSV infection (10 MOI), and
Tf p(I:C) (10 µg/ml) in WT and TBK 1−/− mouse embryonic fibroblasts. (C) IL-33 mRNA
was measured by quantitative real-time PCR at the indicated times after NDV-infection
(MOI=10) in WT and RIG-I−/− mouse embryonic fibroblasts. Data shown are representative
of two separate experiments.
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Figure 4. IRF-3 is required for induction of IL-33 in macrophages by various agonists
(A) IL-33 mRNA was measured by real-time PCR at the indicated times after stimulation
with LPS (100 ng/ml), p(I:C) (100 µg/ml), Tf p(I:C) (10 µg/ml), and NDV infection
(MOI=10) in WT and IRF3−/− macrophages. (B) and (C). Whole cell lysates were prepared
from macrophages after stimulation with LPS (100 ng/ml), P3C (1 µg/ml), Tfp(I:C) (10 µg/
ml), or NDV infection (MOI=10) at the indicated times and were subjected to Western
analysis using anti-phospho-IRF-3 (p-IRF-3), anti-IRF-3, and anti-β-actin antibodies. β-
actin was used as a loading control. The panels below each Western blot represent the
denstitometry data quantified after normalization to β-actin. (D) Whole cell lysates were
prepared after stimulation with LPS (100 ng/ml), p(I:C) (100 µg/ml), or Tfp(I:C) (10 µg/ml)
at the indicated times in macrophages and whole cell lysates were subjected to Western
analysis using anti-phospho-IRF-3 (p-IRF-3), anti-phospho-CREB (p-CREB), and β-actin
antibodies. Panels below each Western blot represent the densitometry data quantified after
normalization to β-actin. Note that the anti-CREB antibody used also detects p-ATF-1 (see
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Materials and Methods) which is similarly modulated. (E) Whole cell lysates were obtained
from the WT and IRF-3−/− macrophages after stimulation with Tfp(I:C) (10 µg/ml) and
these lysates were analyzed for phospho-IRF-3 and phospho-CREB by Western blot as
described for (D). M; medium (unstimulated control). Data shown are representative of two
separate experiments.
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Figure 5. Evidence for the cAMP-CREB pathway in regulation of IL-33 mRNA in peritoneal
macrophages
(A) IL-33 mRNA was measured by real-time PCR at the indicated times following
stimulation with LPS (100 ng/ml), without or with cAMP-activating drugs, epinephrine
(EPI; 10 µM) or ACT (20 nM), in the absence or presence of the PKA inhibitor, H-89 (10
µM). Data shown are the average ± SEM of three separate experiments (*, p≤ 0.05; **, p≤
0.01; ***, p≤ 0.001). (B) IL-33 mRNA was measured as described in (A) after stimulation of
macrophages with LPS (100 ng/ml), P3C (1 µg/ml), or p(I:C) (100 µg/ml), without or with
cAMP-activating drug, epinephrine (EPI; 10 µM), in the absence or presence of the PKA
inhibitor, H-89 (10 µM). Data shown are the average ± SEM of three separate experiments
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(*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001). (C) Whole cell lysates were prepared after
stimulation of macrophages for 2 h with LPS (100 ng/ml), without or with ACT (20 nM), in
the absence or presence of the PKA inhibitor, H-89 (10 µM). Whole cell lysates were
analyzed by Western blot using anti-phospho-CREB and anti-β-actin antibodies. β-actin was
used as loading control. The panel below the Western blot represents the densitometry data
quantified after normalization to β-actin. M; medium (unstimulated control). Data shown are
representative of two separate experiments.
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Figure 6. Role of receptor tyrosine kinase, PKC, and PKA in the induction of IL-33 mRNA in
macrophages
(A) IL-33 mRNA was measured by quantitative real-time PCR following stimulation with
LPS (100 ng/ml), in the absence or presence of receptor tyrosine kinase inhibitors (PP2 (2.5
µM) or RTKi (1 µM), the PKC inhibitor, Go 6983 (5 µM), or the PKA inhibitor, H-89 (10
µM). (B) IL-33 mRNA was measured by quantitative real-time PCR following stimulation
with LPS (100 ng/ml) + ACT (20 nM), in the absence or presence of receptor tyrosine
kinase inhibitors (PP2 (2.5 µM) or RTKi (1 µM)), the PKC inhibitor ,Go 6983 (5 µM), or the
PKA inhibitor, H-89 (10 µM). (C) Whole cell lysates were prepared after stimulation of
macrophages following stimulation with LPS (100 ng/ml), without or with ACT (20 nM), in
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the absence or presence of receptor tyrosine kinase inhibitors (PP2 (2.5 µM) or RTKi (1
µM)), the PKC inhibitor, Go 6983 (5 µM), or the PKA inhibitor, H-89 (µM) for 1 h. The
whole cell lysates were analyzed by Western blot using anti-phospho-Tyrosine (pY)
antibody. The panels to the right represent the densitometry data quantified after
normalization of the two major bands, pY-2 and pY-1, to β-actin. Data shown are the
average ± SEM of three separate experiments (*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001). (D)
The same gel shown in (C) was re-probed with anti-phospho-CREB antibody and (E) anti-
phospho-IRF-3 antibody. The panels below (D) and (E) represent the densitometry data
quantified after normalization to β-actin. M; medium (unstimulated control). The data
presented represent individual experiments of at least 2 experiments that were similar in
design and outcome.
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Figure 7. Mouse gene IL-33 organization and induction of alternative IL-33 transcripts
(A) Mouse IL-33 genomic structure. Open boxes indicate non-translated exon sequences and
black boxes are coding sequences. Both coding and untranslated sequences are distributed
over eight exons. IL-33 pre-mRNA is comprised of species that vary between 35,609 bp
(AK163464.1) and 14,915 bp (AK075849.1), flanked by two different non-translated
regions at the 5’ end (5’UTR). The “A” mRNA (AK075849.1) and the “B” mRNA
(AK163464.1) species are as shown in the figure. Total IL-33 mRNA was measured by
quantitative real-time PCR using the primers that flank the region between exons 3 and 4;
the “A” mRNA species was measured by using primers in first exon and second exon and
whereas “B” mRNA was measured by using the primers derived from sequences in exon 1’
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and exon 2. (B) IL-33 mRNA (total IL-33, “A” mRNA and “B” mRNA) was measured by
real-time PCR at the indicated times following stimulation with LPS (100 ng/ml), P3C (1
µg/ml), p(I:C) (100 µg/ml), Tfp(I:C) (10 µg/ml), or NDV infection (MOI=10) of peritoneal
macrophages. (C) IL-33 mRNA (total IL-33, “A” mRNA, and “B” mRNA) was measured
by real-time PCR in liver samples, at the indicated times, after lethal injection of LPS (35
mg/kg body weight). M; medium (unstimulated control). (D) Total IL-33 and “A” mRNA
was measured by quantitative real-time PCR at the indicated times following stimulation
with LPS (100 ng/ml), without or with ACT (20 nM), in absence or presence of the PKA
inhibitor, H-89 (10 µM). M; medium (unstimulated control). Data shown are the average
±SEM of three separate experiments (*, p≤ 0.05).
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