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Abstract

Interleukin-33 (IL-33), an IL-1 family cytokine and nuclear alarmin, is constitutively expressed in

epithelial barrier tissues and human blood vessels. However, little is known about the induced

expression of IL-33 in monocytes and macrophages, which are major cytokine-producing cells of

the innate immune system. Here we report the induction of IL-33 expression in both human

monocytes and mouse macrophages from C57BL/6 mice by the acute-phase protein serum

amyloid A (SAA). SAA induced transcriptional activation of the IL-33 gene, resulting in nuclear

accumulation of the IL-33 protein. TLR2, one of the SAA receptors, was primarily responsible for

the induction of IL-33. Progressive deletion of the human IL-33 promoter led to the identification

of two potential binding sites for interferon regulatory factor 7 (IRF7), one of which (−277/−257)

was found to be important for SAA-stimulated IL-33 promoter activity. IRF7 was recruited to the

IL-33 promoter upon SAA stimulation, and silencing IRF7 expression in THP-1 cells abrogated

SAA-induced IL-33 expression. SAA also promoted an interaction between TRAF6 and IRF7.

Taken together, these results identify IRF7 as a critical transcription factor for SAA-induced IL-33

expression in monocytes and macrophages.
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Introduction

Interleukin-33 (IL-33), also known as IL-1F11 and NF-HEV[1], is a recently identified

member of the IL-1 cytokine family, which includes IL-1α, IL-1β, IL-18 and IL-1 receptor

antagonist [2]. Human IL-33 is a 270-amino acid protein with a predicted N-terminal

nuclear localization signal, a helix-turn-helix motif and an IL-1-like C-terminal domain [2].

Similar to IL-1α, IL-33 functions as an intracellular factor with transcriptional regulatory

properties and an extracellular protein with cytokine properties [2, 3]. It has been reported
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that the helix-turn-helix motif of IL-33, not the nuclear localization signal, is responsible for

nuclear localization of IL-33, heterochromatin association and targeting to mitotic

chromosomes; however, the exact structure for IL-33 nuclear localization has not been

confirmed [3]. The C-terminal portion of IL-33 contributes to its biological activity. Unlike

IL-1β and IL-18, which require caspase-1 cleavage for maturation and secretion [2], full-

length IL-33 is biologically active without caspase-1 processing [4, 5]. Similar to high

mobility group box 1, IL-33 is released by necrotic cells in an active form, but it is

inactivated during apoptosis through cleavage by caspase-3 and caspase-7 [6]. Outside the

cells, IL-33 exerts its biological functions through the ST2/IL-1R accessory protein

complex, which signals through its Toll/Interleukin-1 receptor domain [7]. Recent studies

have shown that IL-33 is associated with a range of pathological conditions including

infection, asthma, anaphylactic shock, allergic inflammation, arthritis, ulcerative colitis,

systemic sclerosis and several cardiovascular disorders [8].

Despite increasing awareness of its clinical implications, IL-33 has not been well

characterized for its induced expression by environmental stimuli. Moreover, the mode of

IL-33 release remains poorly understood. It is also unclear whether IL-33 primarily

functions as a cytokine or a nuclear factor. IL-33 is constitutively expressed in epithelial

cells of various species, human endothelial cells, fibroblasts, smooth muscle cells and mast

cells [8, 9]. The expression of IL-33 in macrophages is modest but can be induced by pro-

inflammatory stimuli such as LPS [10]. The purpose of this study was to explore the

mechanism of IL-33 induction in monocytes/macrophages. We report that the acute-phase

protein serum amyloid A (SAA) provides signals for the transcription and translation of

IL-33, which is produced as an intracellular protein with primary localization in the nucleus.

The acute-phase response is a systemic reaction to internal and external changes that alert

the body for potential danger. These environmental changes include microbial infection,

tissue injury, trauma or surgery, neoplastic growth, and immunological disorders. In acute-

phase reactions, SAA is one of the major proteins produced by hepatocytes through

induction, and the induced SAA is subsequently released to the blood circulation [11].

Within the first 2–3 days after initiation of an acute-phase response, the plasma level of

SAA can often increase by 1000-fold, which follows trauma [12] and infection [13].

Inflammatory cytokines including IL-1β, IL-6, and TNF-α contribute to the induction of

SAA [14]. SAA is a biomarker for inflammatory diseases and is associated with the

pathogenesis of chronic diseases such as secondary amyloidosis [15], atherosclerosis [16],

obesity [17], diabetes [18] and rheumatoid arthritis [19]. In blood circulation, SAA is bound

to high density lipoproteins and is related to the loss of protective function of these proteins

against the development of atherosclerosis [20]. SAA is also present in a lipid-poor form in

various tissues, produced by inflammatory cells such as activated macrophages.

Recombinant SAA has cytokine-inducing properties through activation of several receptors

including formyl peptide receptor 2 (FPR2), TLR2, TLR4, and scavenger receptor BI [21–

24]. Furthermore, previous reports have shown that the lipid-poor SAA is a potent ligand for

the induced expression of granulocyte colony-stimulating factor in whole animal [25] and ex

vivo [26]. In vitro studies have shown that SAA stimulates the secretion of IL-8 [27], IL-12

and IL-23 [28]. Since IL-33 is known as an alarmin [8], we sought to determine whether

SAA has an effect on its induced expression in monocytes and macrophages. In the present
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study, we report that SAA is a potent inducer of IL-33 expression. We also identified an

IRF7-interacting element within the human IL-33 promoter and found that IRF7 is required

for IL-33 expression. These results provide new insights into the regulation of IL-33

expression in macrophages activated by an acute-phase protein.

Results

Induction of IL-33 mRNA by SAA in monocytes and macrophages

SAA has been shown to induce the expression of various proinflammatory cytokines in

leukocytes. Using cDNA microarrays, we analyzed the gene expression profile in SAA-

stimulated macrophages and identified IL33 as one of the up-regulated genes (data not

shown). This result was verified in CD14+ monocytes from human blood (Fig. 1A) and in

mouse peritoneal macrophages (Fig. 1B and C), as determined by real-time PCR. In human

monocytes, optimal induction of the IL-33 transcript was observed 12 hours after

stimulation with 0.05 μM of recombinant SAA (Fig. 1A). In mouse peritoneal macrophages,

the Il33 transcript appeared 2 hours after SAA stimulation and peaked at about 8 hours (Fig.

1B); maximal induction was observed with 0.05 to 0.5 μM of SAA (equivalent to 0.6 μg/mL

to 6 μg/mL of SAA). Next, selected TLR ligands were used to detect their ability to induce

IL-33 expression. Consistent with a previous report [10], both the TLR4 ligand LPS

(100ng/mL) and the TLR2 ligand Pam3CSK4 (100 ng/mL) induced the expression of IL-33.

In contrast, the TLR3 ligand polyI: C (up to 10 μg/mL) had minimal effect on IL-33 mRNA

levels (Fig. 1D).

SAA-induced IL-33 proteins are localized in the nucleus

We sought to determine whether induction of IL-33 mRNA was followed by an increase in

IL-33 protein levels. Figure 2A shows a time-dependent induction of the IL-33 protein that

peaked at 8 hours after SAA stimulation in THP-1 cells. In the acute-phase response, plasma

SAA concentration can easily reach micromolar concentrations. Consistent with the dose

required for the induction of IL-33 transcript, the optimal concentration for IL-33 protein

induction was 0.05 μM of SAA (Fig. 2B).

Since IL-33 can function as a nuclear factor in an intracrine manner, or as an extracellular

alarmin in a “necrocrine” manner [2, 3], we performed ELISA to determine whether IL-33

protein was released from SAA-stimulated cells. Very little IL-33 protein was detected in

the culture medium after 48 hours of SAA stimulation in THP-1 cells (Supporting

Information Fig. 1A). It is likely that the small amount of IL-33 in the culture medium came

from dead cells. Next, we prepared nuclear and cytosolic fractions from the same cell

culture to detect IL-33 expression. As shown in Fig. 2C, IL-33 was detected primarily in the

nucleus after 4 hours of SAA stimulation. Our previous data showed that TLR2-expressing

HeLa cells (HeLa-TLR2) could response to SAA for cytokine production [24]. Thus, HeLa-

TLR2 was used to confirm the nuclear localization of IL-33 with immunofluorescent

microscopy with a clear cytoskeletal and nuclear morphology. In these stably transfected

cells, IL-33 protein (green fluorescence; Fig. 2D) was detected at 4, 8 and 24 hours after

SAA stimulation and was co-localized with the blue DAPI stain. Taken together, these

results indicate that the SAA-induced IL-33 was predominantly localized in the nucleus.
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Identification of SAA receptors that mediate induced expression of IL-33

SAA is known to activate multiple receptors including TLR2 and FPR2, all capable of

mediating cytokine induction [24, 27]. To identify the receptors responsible for IL-33

induction, a neutralizing antibody and an antagonist were applied to THP-1 cells prior to

SAA stimulation. The SAA-induced IL-33 expression was significantly inhibited by a

neutralizing antibody against TLR2 (1μg/mL) (Fig. 3A). Likewise, the antibody also

reduced IL-33 induction by Pam3CSK4 (Fig. 3A). In peritoneal macrophages from wild

type C57BL/6 mice, SAA induced potent expression of IL-33 (Fig. 3B). However, little

induction of Il33 was seen in peritoneal macrophages from Tlr2−/− mice. FPR2, a G protein-

coupled receptor known to mediate SAA-induced expression of certain cytokines and

chemokines [27, 29], may also contribute to SAA induction of IL-33 as mice lacking Fpr2

showed reduced Il33 expression (Fig. 3B). WKYMVm, a highly potent FPR2 agonist that

induces Ca2+ mobilization at low nanomolar concentrations [30], was unable to stimulate

IL-33 expression when used alone at 500 nM, but it potentiated IL-33 induction by

Pam3CSK4 (Fig. 3C). WKYMVm could potentiate SAA-induced IL-33 only when SAA

was used at low concentrations (Supporting Information Fig. 2A). WRW4, an antagonist

that blocks FPR2 binding to WKYMVm [31], partially inhibited the SAA-induced

expression of IL-33 at a high concentration (20 μM, Supporting Information Fig. 2B). Taken

together, these results suggest that the SAA-induced IL-33 is primarily mediated by TLR2,

but synergy may be produced with an activated FPR2.

SAA stimulates transcription of the IL-33 gene

To investigate the molecular mechanisms of SAA-induced IL-33 expression, we used

cycloheximide (CHX), an inhibitor of protein synthesis, and actinomycin D (ActD), an

inhibitor of transcription, to determine the level at which IL-33 was induced by SAA. The

SAA-induced IL-33 protein expression was significantly inhibited by ActD as well as CHX

(Fig. 4A), whereas induction of the IL-33 transcript was inhibited by ActD but not CHX

(Fig. 4B). To confirm that SAA induces transcription of the IL-33 gene, a 1.05-kb DNA

fragment (−1050/+49) of the human IL-33 promoter was ligated into a pGL3 firefly

luciferase reporter plasmid. The resulting plasmid was transfected into the easy-to-transfect

HeLa-TLR2 cells [24], which were then stimulated with SAA for 16 hours prior to

measurement of luciferase activity. As shown in Fig. 4C, stimulation of the transfected

HeLa-TLR2 cells with SAA doubled the IL-33 promoter-driven expression of firefly

luciferase, compared with similarly treated cells without TLR2 expression. These results

suggest that SAA stimulates transcription of the IL-33 gene.

Characterization of the IL-33 promoter

To elucidate the molecular basis for IL-33 transcriptional regulation by SAA, the sequence

about 1000-bp upstream of the transcription starting site of the human IL-33 gene was

analyzed using Mat Inspector (Genomatix Software, Munchen, Germany). The result is

shown in Fig. 4D. Several putative cis elements were identified, including four AP-1 sites

localized at −971/−968 (AP-1 #1), −937/−930 (AP-1 #2), −806/−803 (AP-1 #3), and

−457/−451 (AP-1 #4). There is also one NF-κB site at −510/−498, and two interferon

regulatory factor 7 (IRF7) binding sites localized at −277/−257 (IRF7 #1) and −255/−235
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(IRF7 #2). The involvement of these cis elements in SAA-induced IL-33 transcription was

examined using sequential deletion from the 5′ end (Fig. 4E). The resulting DNA fragments

were placed upstream of a luciferase reporter in the pGL3 plasmid and transiently

transfected into the HeLa-TLR2 cells, which were then stimulated with SAA for the

induction of luciferase activity. As shown in Fig. 4E, sequential deletion from −1000

through −300, including removal of all AP-1 sites and the NF-κB site, only minimally

altered the IL-33 promoter activity. However, the response to SAA was significantly

reduced in cells transfected with the −160 plasmid construct, which lacked the two putative

IRF7 sites. Previous report showed that the consensus sequence for IRF7 binding is 5′-

GAA(A/T)N(C/T)GAAAN (T/C)-3′ [32]. The sequence of IRF7 #1 (GAATTTCAAAAT,

IRF7 #1) and of IRF7 #2 (GAAGTTGAAGTT) are similar but not identical to the consensus

IRF-7 binding sequence (Fig. 4D). To determine whether these sites are indeed essential for

IL-33 promoter activation, the first four nucleotides in these binding sites (underlined) were

substituted, producing three mutants in the −662 deletion construct: Mut.A

(TGCGTTCAAAAT, IRF7 #1), Mut.B (TCGATTGAAGTT), and Mut.AB (combining the

above two mutants). These mutants were individually transfected into the HeLa-TLR2 cells,

and the SAA-induced luciferase activity was determined. As shown in Fig. 4F, Mut.A but

not Mut.B reduced the luciferase activity induced by SAA. Combining Mut.A and Mut.B

did not produce any additional effect, suggesting that Mut.B is ineffective for IL-33

promoter activation.

Involvement of IRF7 in SAA-induced IL-33 gene transcription

To identify a role for IRF7 in SAA-induced IL-33 gene transcription, we first detected the

expression of IRF7 in THP-1 cells. Both IRF7 transcript and protein were up-regulated upon

SAA stimulation (Fig. 5A and B). Moreover, SAA stimulation increased phosphorylation of

IRF7, as detected using an anti-phospho-serine antibody in the IRF7 immunoprecipitate

(Fig. 5C). Because phophorylation of IRF7 is a prerequisite for its nuclear translocation, we

next assessed the effect of SAA on the nuclear localization of IRF7. Nuclear and cytosolic

fractions were prepared from unstimulated and SAA-stimulated THP-1 cells, and the

presence of IRF7 was detected by western blotting. As shown in Fig. 5D, SAA induced

nuclear translocation of IRF7 that that started after 15 min of stimulation and peaked at 60

min.

Two small interfering RNAs (siRNAs) were prepared for silencing IRF7 expression in

THP-1 cells. As shown in Fig. 6A and 6B, both siRNA-1 and siRNA-2 significantly reduced

the levels of IRF7 mRNA and protein in THP-1 cell. The more potent siRNA-2 was used in

subsequent experiments. Silencing of IRF7 by siRNA-2 significantly inhibited the SAA-

induced IL-33 expression at the mRNA and protein levels (Fig. 6C and D).

The effect of IRF7 over-expression on IL-33 gene transcription was examined using the

−662 luciferase reporter in co-transfected HEK-293T cells. IRF7 over-expression produced

spontaneous induction of the luciferase reporter without agonist stimulation (Fig. 6E).

Substitution of the consensus sequence in IRF7 #1 site, as in Mut.A and Mut.AB, markedly

reduced the IRF7-driven expression of the luciferase reporter. In contrast, nucleotide

substitution in IRF7 #2 site did not affect luciferase reporter expression in IRF7 co-
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transfected cells. These results further support a role for IRF7 in transcriptional activation of

the IL-33 gene.

To directly measure IRF7 binding to the IL-33 promoter, electrophoretic mobility shift assay

(EMSA) was performed using nuclear extracts isolated from SAA-stimulated THP-1 cells.

The nuclear extracts were incubated with a probe containing the IRF7 binding site #1 and #2

(WT probe, −277 to −235) (Supporting Information Fig. 3A). A nuclear DNA binding

complex appeared 1 and 4 hours after stimulation and was competed off with the unlabeled

oligonucleotide probe (cold probe, CP; Fig. 6F). To further test the specificity of the

interaction between IRF7 and the binding site within the IL-33 promoter, EMSA assay was

performed using nucleotide probes harboring mutations in the IRF7 binding site. As shown

in Supporting Information Fig. 3B, IRF7 binding was completely abolished with mutation of

the IRF7 #1 site (Mut.A and Mut.AB). In contrast, mutation of the IRF7 #2 site (Mut.B) did

not affect IRF7 binding in EMSA.

To determine the interaction of IRF7 with the IL-33 promoter in vivo, chromatin

immunoprecipitation (ChIP) was performed using primers encompassing nucleotides −349

to −215 upstream of the transcription starting site in the IL-33 promoter (Fig. 6G). A 30-min

stimulation with SAA induced specific binding of IRF7 to the IL-33 promoter in THP-1

cells, as evidenced by an immunoprecipitated complex with the anti-IRF7 antibody but not

control IgG. Taken together, these results demonstrate that binding of IRF7 to a proximal

site in the IL-33 promoter is a major event in the SAA-induced transcription of the IL-33

gene.

A potential role for TRAF6 in SAA-induced IL-33 expression

Results shown above support a role for IRF7 in SAA-induced expression of IL-33. Because

TLR2 is a major receptor for this action of SAA, we sought to identify signaling molecules

downstream of this receptor for the mechanism of IRF7 activation. SAA did not affect the

phosphorylation of TANK-binding kinase 1 (data not shown), a known activator of IRF7.

Therefore, we investigated whether SAA stimulates binding of TRAF6 to IRF7. As shown

in Fig. 7A, IRF7 could interact with TRAF6 in vitro, when the individually tagged

constructs were expressed in transfected HEK293T cells. In THP-1 cells, which were used

as a monocytic cell model throughout this study, SAA stimulation increased TRAF6

interaction with IRF7 (Fig. 7B). Moreover, over-expression of TRAF6 enhanced the

activation of IL-33 promoter (Fig. 7C). Taken together, these data suggest a role for TRAF6

as a signaling molecule downstream of TLR2 that interacts and activates IRF7 for SAA-

induced expression of IL-33.

Discussion

In the present study, we demonstrated that SAA, an acute-phase protein, promotes the

expression of IL-33 in both human monocytes and mouse macrophages. SAA up-regulates

IL-33 at the mRNA and protein levels. We further demonstrated that a molecular

mechanism by which SAA induces IL-33 expression involves TLR2 signaling and activation

of a downstream effector IRF7, which binds to the IL-33 promoter and contributes to IL-33
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transcription. Taken together, these results provide a link between an acute-phase protein

and monocyte/macrophage expression of IL-33.

IL-33 is a recently described member of the IL-1 family and has attracted attention due to its

important roles in modulating inflammation [8]. IL-33 is also known for mediating Th2-type

immune responses [9], allergic lung inflammation and asthma, anaphylactic shock, arthritis,

and colitis [8]. However, our understanding of the molecular mechanisms for IL-33

induction is very limited. Results from this study show that SAA can increase both the

mRNA and cellular protein levels of IL-33. As reported previously, IL-33 functions in two

different modes. As a nuclear protein, IL-33 binds to chromatin and has transcriptional

repressor activity. A recent report shows that nuclear IL-33 can interact with the

transcription factor NF-κB and reduce NF-κB-triggered gene expression to dampen

proinflammatory signaling [33]. It is also shown that nuclear IL-33 can induce the

expression of intercellular adhesion molecule and vascular cell adhesion molecule for

endothelial cell activation though binding to the p65 promoter [34]. IL-33 is also released

extracellularly and activates the ST2/ST2/IL-1R accessory protein complex receptor. In the

present study, we have successfully detected an increase in the IL-33 mRNA as well as its

protein production in monocytes/macrophages challenged by SAA; however, we have not

found any significant increase in IL-33 release to the culture medium. Cell fractionation and

immunofluorescence studies have also shown an increased nuclear accumulation of IL-33,

indicating that SAA promotes intracellular IL-33 expression but not its secretion. The

present study focuses on the intracellular production of IL-33 by SAA but not its biological

functions, which is an area of considerable interest and requires further exploration.

To date, how IL-33 protein is released from cells remains unclear. Caspase-1 is the first

known protease to be involved in the cleavage of this class of cytokines. Early data

suggested that pro-IL-33 requires cleavage by caspase-1, much alike the processing of some

IL-1 cytokines such as IL-1β and IL-18 which are synthesized as inactive precursor proteins

and are activated and secreted following cleavage by caspase-1 [9]. Although SAA is known

to activate caspase-1 for IL-1β secretion [35], it does not affect IL-33 secretion in our

experiments. These results suggest that caspase-1 activation is either insufficient for or

unrelated to IL-33 release. In addition, recent reports show that IL-33 can be released as a

biologically active full-length molecule from cells only during necrosis and the release is

halted during apoptosis by cleavage of caspase-3 and caspase-7 [6]. However, we found no

activation of caspase-3 under SAA stimulation (Supporting Information Fig. 1B). Together,

our results indicate that SAA is able to induce intracellular expression of IL-33 but not its

release. It is likely that SAA does not provide the necessary signals required for IL-33

release.

Several proteins have been identified as SAA receptors that mediate its diverse functions.

Notably, the G protein-coupled FPR2 is responsible for the chemotactic effect of SAA and

contributes to its cytokine-inducing property [22, 27]. The scavenger receptor BI mediates

the cholesterol efflux function of SAA and also transduces signals leading to MAPK

activation [23, 36]. Other receptors such as TLR2 and TLR4 account for the induced

expression of IL-23 and granulocyte colony-stimulating factor by SAA [21, 25, 28]. In the

present study, we show that TLR2 is primarily responsible for the induced expression of
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IL-33 by SAA. The role for FPR2 in SAA-induced IL-33 expression is not fully understood.

Genetic deletion of Fpr2 reduced IL-33 expression by approximately 50%, and the FPR2

agonist WKYMVm was able to potentiate IL-33 expression induced by Pam3CSK4 and by

low concentrations of SAA. At high concentrations of SAA, this effect of WKYMVm is

absent probably because the induced expression of IL-33 reaches to a plateau. These

findings support the involvement of FPR2 in the SAA-induced IL-33 expression. Published

studies have shown that SAA interacts with FPR2 using a binding site that differs from the

site used by most other agonists [37], possibly making WRW4 a less effective antagonist for

blocking SAA binding to FPR2. Indeed, a blocking effect was only observed at very high

concentrations of WRW4 (20 μM), which markedly reduced the Ca2+ flux baseline in a

control experiment (Supporting Information Fig. 2C). The Ca2+ flux data also suggested that

WRW4 could act as an allosteric modulator, as it could increase the level of Ca2+ at low

concentrations. Therefore, due to limited choices for FPR2 antagonists, results obtained with

the use of WRW4 should be interpreted with caution. Taken together, although stimulation

of FPR2 by WKYMVm alone was insufficient for IL-33 induction, this receptor may work

together with TLR2 in SAA-induced expression of IL-33, as suggested by the Fpr2

knockout data. Further investigation will be required for an understanding of the crosstalk

between the signaling pathways activated by TLR2 and FPR2.

Given the well-established regulatory effect of IL-33 in allergic lung inflammation,

anaphylactic shock, and colitis [8], it is important to understand the mechanism underlying

its induction at the transcriptional level, which has not been fully characterized. It was

recently reported that activation of TBK-1 leads to activation of the transcription factor IRF3

for IL-33 production [38], thus suggesting the involvement of the IRF proteins in IL-33

induction. Our study identified IRF7 as being critical to the SAA-induced IL-33 gene

expression through binding to an IRF7 site in the promoter of IL-33. Of the two potential

IRF7 sites identified, only one (IRF7 #1) was used by IRF7 in its induction of IL-33 gene

expression despite similarity of both sites to the consensus IRF7 binding sequence. A close

examination of the sequence of these cis-acting elements found that IRF7 #1 has higher

resemblance to the consensus sequence (5′-GAA(A/T)N(C/T)GAAAN (T/C)-3′) than IRF7

#2, as only the second G in the consensus sequence is replaced by a C in IRF7 #1, and a

similar change has been described previously [32]. In comparison, the first A/T in IRF #2 is

replaced by a G and the fifth A is replaced by a G, which are changes not described

previously [32]. Subsequent analysis by EMSA and chromatin immunoprecipitation

confirmed that SAA could induce binding of IRF7 to the −277/−266 IRSE site in the IL-33

promoter. These findings demonstrate for the first time that IRF7 is a critical component for

SAA-induced activation of the IL-33 promoter.

TLR2 is known for its fundamental role in pathogen-associated pattern recognition.

Emerging evidence also suggests that TLR2 plays a role in inflammation resulting from

endogenous ligands [39]. Our work provided preliminary data showing a potential role for

TRAF6 in the interaction with IRF7. This interaction is believed to be important for IL-33

transcriptional activation downstream of a SAA-activated TLR2. Our work suggests the

possible existence of a TLR2-TRAF6-IRF7 axis that leads to IL-33 induction.
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In summary, the present study shows that the acute-phase protein SAA can induce the

nuclear expression of IL-33 at the transcription level. We have also identified an IRF7-

interacting element in the IL-33 promoter region and demonstrated that IRF7 is required for

IL-33 expression in SAA-activated macrophages. These results lead to the speculation that

SAA produced during the acute-phase response may extend its function as an inflammatory

modulator through the induction of IL-33. The pathological roles as well as detailed

mechanism underlying the induced IL-33 expression during inflammatory disease are

potentially interesting areas for further investigation.

Materials and methods

Mice

All knockout mice were obtained from the Jackson Laboratory except the Fpr2−/− mice [40],

which were generously provided by Dr. Ji Ming Wang (NCI-Frederick, MD). C57BL/6 mice

were purchased from Shanghai Laboratory Animal Center (SLAC, Shanghai, China). Age-

and sex-matched littermates were used in the experiments. The procedures involving mice

were carried out using protocols approved by the institutional Animal Care and Use

Committee at the Shanghai Jiao Tong University.

Plasmids and Reagents

The IL-33-pGL3 reporters (−1050 to +49, −662 to +49, −520 to +49, −460 to +49, −300 to

+49, −160 to +49) were generated by cloning the PCR products from THP-1 cell genomic

DNA into the pGL3-basic vector (Promega). The IRF7 binding site mutants (Mut.A, Mut.B

and Mut.AB) were generated by GeneArt® Site-Directed Mutagenesis System from Life

Technologies. Human IRF7 sequence was amplified by PCR with total cDNA from THP-1

cells, which was cloned into pcDNA3.0-HA vector. All primers used were shown in the

Supporting Information Table 1. Recombinant human SAA was obtained from PeproTech

(Rocky Hill, NJ). cycloheximide (CHX) and actinomycin D (ActD) was purchased from

Sigma-Aldrich (St Louis, MO). The TRAF6 plasmid, Pam3CSK4, polyI: C, TLR2

neutralizing antibody and its isotype control IgA were obtained from InVivoGen (San

Diego, CA). Anti-IL-33 (ab118503) and anti-IRF7 were obtained from Abcam (Cambridge,

MA). Anti-pSer/Thr was obstained from BD Biosciences (San Jose, CA). Antibodies for

caspase-3, β-actin, HDAC1, HRP-conjugated anti-rabbit IgG, HRP-conjugated anti-mouse

IgG were obtained from Cell Signaling Technology (Danvers, MA).

Cells preparation and culture

Monocytes from healthy blood donors were isolated and purified from buffy coats,

following a protocol approved by the Institutional Review Board of Shanghai Jiao Tong

University. Briefly, human peripheral blood mononuclear cells (PBMCs) were separated by

centrifugation on Ficoll-Paque gradient. Monocytes were then isolated from PBMCs by

positive sorting using anti-CD14-conjugated magnetic microbeads (Miltenyi, Germany).

Monocyte purity was greater than 90% as assessed by flow cytometry. Mouse peritoneal

macrophages were prepared from WT or knockout mice with C57BL/6 background as

described [41]. Human monocytic leukemia cell line THP-1 (TIB-202) was purchased from

ATCC (Manassas, VA). Cells were maintained in RPMI 1640 supplemented with 10% FBS,
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1% streptomycin-penicillin and 10 μM β-mercaptoethanol. All cell cultures were kept in a

humidified atmosphere with 5% CO2 at 37°C.

RNA extraction, RT-PCR and real-time PCR

Total RNA was extracted from the cells using an RNeasy Mini Kit (Qiagen, Germany)

according to the manufacturer’s instructions. First-strand cDNA was prepared using AMV

reverse transcriptase (Promega) and oligo(dT)15. Gene-specific real-time quantitative PCR

was performed using primers and probes from SYBR Green® Real-time PCR Master Mix

(TOYOBO, Japan) with a Mastercycler Realplex system (Eppendorf, Germany). The results

for each gene were normalized to that for GAPDH expression in the sample. The primer

sequences were shown in Supporting Information Table 1. The ΔΔCt method was used for

calculation of the mRNA levels.

Transfection and reporter assay

TLR2-HeLa and HEK-293T cells were transiently transfected with plasmids containing

different fragments of the human IL-33 promoter fused to a luciferase reporter and the pRL-

TK plasmid (a Renilla luciferase control plasmid, Promega), using Lipofectamine™ 2000

reagent (Invitrogen). Promoter activities were analyzed using a Dual-Luciferase Reporter

Assay Kit (Promega) and were normalized to Renilla luciferase activities.

Electrophoretic mobility shift assay (EMSA)

Cells were treated with 0.05 μM of SAA or buffer only, and nuclear proteins were collected

using the NE-PER Nuclear and Cytosolic Extraction Reagents (Thermo scientific). EMSA

was performed with a LightShift Chemiluminescent EMSA Kit (Thermo scientific)

according to the manufacturer’s instructions. For EMSA, WT and mutant IRF7

oligonucleotide probes labeled with biotin were synthetized (Invitrogen). The probe

sequences were shown in Supporting Information Fig. 3A.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed using a ChIP assay kit (Millipore,

Billerica, MA) according to the manufacturer’s instruction with minor modifications. The

primer sequences were shown in Supporting Information Table 1. Data are presented as the

amount of DNA recovered relative to the input control.

Immunofluorecence

Cells were grown on Microscope cover glass (Thermo-Fisher) and fixed in cold 4%

paraformaldehyde for 15 min. Cells were permeabilized with 0.1% Triton X-100/PBS for 15

min, and blocked with 1% BSA/PBS for 15 min. Then the cells were incubated with an anti-

IL-33 (10 μg/mL) overnight at 4°C. The cells were then repeatedly washed and incubated

with 20μg/mL of Alexa-Fluor 488 goat anti-rabbit IgG (H+L) fluorescein isothiocyanate

(FITC, Invitrogen) for 60 min. Nuclei were stained with DAPI (10μg/mL) for 5 min. The

cover glasses were washed in PBS and examined on a Leica TCS SP UV confocal laser

scanning microscope (Leica, Wetzlar, Germany).
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siRNA interference

The human monocytic THP-1 cells were transfected with specific siRNA using Silencer®

siRNA Transfection II Kit (Ambion) according to the manufacturer’s instructions. The cells

were then recovered for 48 hours before stimulation. The siRNA oligonucleotides were

designed and synthesized by Shanghai RIBOBIO Co., LTD (Guangzhou, China). IRF7-

specific siRNA-2 (5′-CGAGCUGCACGUUCCUAUA dTdT-3′) was used to suppress

endogenous IRF7 expression. ‘Nonsense’ sequence (5′-

UUCUCCGAACGUGUCACGUdTdT-3′) was used as a control siRNA.

Immunoprecipitation

For immunoprecipitation, cell lysates were prepared in RIPA buffer (Cell Signaling

Technology) and precleared with Protein G Agarose (Millipore, Billerica, MA). The lysates

were immunoprecipitated with the addition of protein G-Sepharose, the M2 FLAG antibody

(Sigma-Aldrich, St. Louis, MO), anti-IRF7 or anti-TRAF6 (Santa Cruz, Dallas, TX),

respectively, and the mixture was incubated with gentle shaking for 4 hours at 4 °C. The

samples were resolved on SDS-PAGE, and underwent immunoblotting analysis using anti-

HA (Sigma-Aldrich, St. Louis, MO) and the M2 FLAG antibody, respectively.

Statistical analysis

Each experiment was performed independently for at least three times. For comparison

between two groups, two-tailed paired Student’s t-test was used. For comparison between

two or more groups one-way ANOVA was applied. A p-value < 0.05 considered statistically

significant. The Prism software (version 5.0, GraphPad, San Diego, CA) was used for

statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SAA serum amyloid A

FPR2 formyl peptide receptor 2, FPRL1/ALX

NF-HEV nuclear factor from high endothelial venules

HeLa-TLR2 TLR2-expressing HeLa cells

CHX cycloheximide

Sun et al. Page 11

Eur J Immunol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ActD actinomycin D

siRNAs small interfering RNAs

EMSA electrophoretic mobility shift assay

IRF7 Interferon regulatory factor 7

TRAF6 TNF receptor-associated factor 6

ChIP Chromatin immunoprecipitation
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Figure 1.
Time and dose-dependent induction of IL-33 transcript by SAA in monocytes and

macrophages. (A) Freshly isolated human blood CD14+ monocytes were stimulated with

0.05 μM SAA for 12 and 24 hours (left panel), or with SAA at 0.05 or 1 μM for 12 hours

(right panel) prior to qRT-PCR detection of the IL-33 transcript. (B and C) Mouse peritoneal

macrophages were treated with (B) 0.5 μM of SAA for the indicated periods of time, or (C)

stimulated for 8 hours with various concentrations of SAA prior to qRT-PCR detection of

the IL-33 transcript. (D) THP-1 cells were stimulated for 12 hours with LPS (100 ng/mL),

Pam3CSK4 (Pam, 100 ng/mL), polyI:C (10 μg/mL), SAA (0.5 μM) or medium control

(Con.). Results are expressed as relative levels of the IL-33 transcript, with that of the

unstimulated cells set as 1. (A–D) Data are shown as means + SEM of six samples pooled

from three independent experiments. Statistical significance was determined using two-

tailed paired Student’s t-test. *p < 0.05, **p < 0.01, (SAA-treated cells versus untreated

cells).
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Figure 2.
SAA-induced IL-33 proteins are localized in the nucleus. (A) THP-1 cells were stimulated

with 0.05 μM SAA for various time periods as indicated, or (B) for 8 hours with SAA at

various concentrations. The induced IL-33 protein was detected by western blotting, using β-

actin as a loading control. (C) THP-1 cells were treated as in (A) and the induced IL-33

protein in the nuclear and cytosolic fractions were detected by western blotting. In A–C,

graphs show protein levels relative to β-actin or HDAC1 quantified by densitometry (means

+ SEM) from three samples pooled from three independent experiments. *p < 0.05, (SAA-

treated cells versus untreated cells), Student’s t-test. (D) HeLa-TLR2 cells were stimulated

with 0.05 μM of SAA for the indicated times and analyzed by confocal microscopy (63×

objective, scale bar, 20 μm). The IL-33 protein is shown in green and nuclei in blue. (A–D)

Results are representative images and blots from one out of at least three independent

experiments performed.
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Figure 3.
Receptors involved in SAA-induced expression of IL-33. Relative changes in IL-33 mRNA

compared with basal level (set as 1) were detected by qRT-PCR, using the following

experimental conditions. (A) TLR2-neutralizing antibody (TLR2(ab), 1μg/mL) was applied

1 hour before stimulation with SAA (0.05 μM) or Pam3CSK4 (Pam)(100 ng/mL) in THP-1

cells. (B) Peritoneal macrophages from Tlr2−/− (left) or Fpr2−/− mice and from wildtype

littermate controls were stimulated with 0.05 μM of SAA for 8 hours. (C) THP-1 cells were

stimulated for 8 hours with Pam3CSK4 (100 ng/mL) in the absence or presence of the

indicated concentrations of WKYMVm (W-pep) or W-pep alone. Data shown are means +

SEM of six samples pooled from(A, C) three independent experiments or (B) two

independent experiments each with n=4 mice/group. *p < 0.05, **p < 0.01; Pam-treated

cells versus Pam plus W-pep-treated cells in (C). Differences were analyzed by (A, B) one-

way ANOVA followed by Bonderroni post-testing, (C) paired t-test.
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Figure 4.
SAA regulates IL-33 gene transcription. (A) THP-1 cells were pretreated with

cycloheximide (CHX, 100 μM) or actinomycin D (ActD, 10 μg/mL) for 1 hour before

stimulation with SAA (0.05 μM). After 8 hours, IL-33 protein in cell lysate was detected by

western blotting, using β-actin as a loading control. Densitometry values (means + SEM)

from three samples pooled from three independent experiments are shown in the right panel.

(B) Real-time PCR results showing changes in IL-33 transcript level using cells from the

experiments in (A). (C) The −1050/+49 region of the human IL-33 promoter construct was

transiently transfected into HeLa-TLR2 or HeLa cells together with the control plasmid

pRL-TK. The transfected cells were treated with SAA for 16 hours. Relative luciferase

activity was calculated by normalizing firefly luciferase activity to renilla luciferase activity.

Data are shown as mean + SEM of six samples pooled from three independent experiments.

(D) Several putative transcription factor binding sites were predicted by MatInspector and

are underlined. (E) Schematic drawing of the promoter region with major regulatory

elements marked (left). The corresponding changes in SAA-induced luciferase activity (0.05

μM, 16 hours) in HeLa-TLR2 cells are shown to the right side of each construct. (F) HeLa-
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TLR2 cells were individually transfected with IL-33-pro WT(−662/+49 of IL-33 promoter),

IL-33-pro (Mut.A, a mutation in IRF7 #1 site), IL-33-pro (Mut.B, a mutation in IRF7 #2

site) or IL-33-pro (Mut.AB, mutations in IRF7 #1 and IRF7 #2 site). Relative luciferase

activity of each construct, as measured by firefly luciferase activity, was normalized against

that of the renilla luciferase, encoded by the cotransfected pRL-TK plasmid. Data in (E-F)

represent means + SEM of six samples pooled from three independent experiments. *p <

0.05, **p < 0.01, one-way ANOVA followed by Bonderroni post-testing.
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Figure 5.
SAA regulates the expression and activation of IRF7. THP-1 cells were stimulated with 0.05

μM SAA for up to 16 hours. IRF7 expression was determined by (A) real-time PCR and (B)

western blotting, using β-actin as a loading control. (C) Phosphorylation of IRF7 was

detected in anti-IRF7 immunoprecipitates (IP) of total lysate with an anti-phosphoserine (p-

Ser) antibody, in SAA- stimulated (0.05 μM) THP-1 cells. (D) Western blot analysis of IRF7

in nuclear and cytosolic fractions of THP-1 cell after SAA stimulation. β-actin or HDAC1

was used as a loading control. (A–D) Data are shown as means + SEM of (A) six or (B– D)

three samples and are (A–D) pooled from three independent experiments. *p < 0.05, **p <

0.01, (SAA-treated cells versus untreated cells). Differences were analyzed by paired t-test.
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Figure 6.
A role for IRF7 in IL-33 promoter activation. (A) HEK-293T cells were transfected with an

IRF7 expression vector, together with the firefly luciferase reporter constructs IL-33-pro

WT, IL-33-pro (Mut.A), IL-33-pro (Mut.B), IL-33-pro (Mut.AB) or the pGL3 vector

control, respectively. After 48 hours, the relative luciferase activity of each construct, as

assessed by firefly luciferase activity, was normalized against that of the renilla luciferase.

(B) real-time PCR and (C) western blot analysis were performed to detect mRNA and

protein levels, respectively, of IRF7 in THP-1 cells transfected with the IRF7-specific

siRNA-1 and siRNA-2, or a negative control siRNA (NC). Graphs show protein levels

relative to β-actin quantified by densitometry. (D) real-time PCR and (E) western blot

analysis were performed to detech mRNA and protein levels, respectively, of IRF7 in THP-1

cells stimulated with 0.05 μM SAA for 8 hours after transfection with siRNA-2 for 48 hours.

Graphs show protein levels relative to β-actin quantified by densitometry. (F) Nuclear

extracts were isolated from THP-1 cells after SAA (0.05 μM) stimulation for the indicated

times. EMSA was performed based on chemiluminescence. PF, protein-free; CP, cold

competitor probe. Blot is representative of four independent experiments. (G) THP-1 cells

were treated with SAA (0.05 μM) or with buffer control for 30 min, followed by ChIP

analysis as described in Materials and methods. The relative location of the IRF sites are

shown schematically to the left, with the region covered by the real-time PCR primers

underlined. (A–E, G) Data are shown as mean + SEM of (A, G) six or (B–E) three samples

pooled from three independent experiments. *p < 0.05, **p < 0.01, (siRNA-treated cells

versus untreated cells). Differences were analyzed by (A) one-way ANOVA followed by

Bonderroni post-testing, (B, C, D, E, G) paired t-test.
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Figure 7.
TRAF6 interacts with IRF7 and mediates IL-33 promoter activity. (A) HEK-293T cells were

transfected with HA-IRF7 and Flag-TRAF6 expression vector, and analyzed by

immunoprecipitation (IP) and/or immunoblotting (IB) as indicated. WCL: whole cell lysate.

(B) IP and/or IB analysis of IRF7 and TRAF6 in lysates from THP-1 cells stimulated with

SAA for indicated durations. (C) HEK-293T cells were co-transfected with IL-33 promoter

luciferase reporter constructs, together with a TRAF6 expression vector. Luciferase activity

was measured 48 hours after transfection and normalized against that of the renilla

luciferase. IL-33-pro, −662/+49 of IL-33 promoter. (A and B) Data are representative of

three experiments. (C) Data are shown as the means + SEM of six samples pooled from

three experiments. *p < 0.05, paired t-test.
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