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Abstract

The objective of this study was to investigate the effect of EF24, an NF-xB-inhibitor, on the
expression of negative regulators in IL-1R pathway, namely ST2 and SIGIRR. Murine JAWS II
dendritic cells (DC) were challenged with lipopolysaccharide (LPS, 100 ng/ml) for 4 h, followed
by treatment with 10 uM EF24 for 1 h. ST2 and SIGIRR expression was monitored by qRT-PCR
and immunoblotting. ST2L and MyD88 interaction was studied by co-immunoprecipitation, and
IL-33, a ST2L ligand, was assayed by ELISA. Activation of transcription factor SP1 was
examined by confocal microscopy, immunoblotting, and EMSA. The effect of EF24 on
accumulation of ubiquitinated proteins in DCs and proteolysis of fluorogenic peptides by purified
proteasome was studied. We found that EF24 upregulated the expression of ST2 and SIGIRR and
decreased the interaction of the membrane-bound ST2 (ST2L) with MyD88, and significantly
reduced IL-33 levels in LPS-stimulated DCs. Simultaneously it increased the activation of
transcription factor SP1and restored the basal level of ubiquitinated proteins in LPS-stimulated
DCs. Moreover, EF24 inhibited trypsin- and chymotrypsin-like activity of proteasome by directly
interacting with 26S proteasome. The results suggest that EF24 activates endogenous anti-
inflammatory arm of IL-1R signaling, most likely by stabilizing SP1 against proteasomal
degradation.
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1. Introduction

Innate arm of immune response is responsible for local and systemic homeostasis after tissue
injury. The inflammatory response associated with this process is meant for the protection of
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affected tissue from the primary insult [1], but uncontrolled or deregulated activation of
inflammatory and immune responses can be detrimental to the host and cause inflammatory
disorders of chronic and lethal consequences. The manifestation of this inflammatory
reaction is preceded by recruitment of immune cells, such as neutrophils, monocytes and
dendritic cells (DCs). These immune cells express special cell surface receptors mainly
belonging to the interleukin-1 receptor (IL-1R) superfamily. Upon stimulation, the IL-1Rs
recruit adaptor proteins which initiate a molecular cascade culminating into the secretion of
effector inflammatory principles such as interleukin (IL)-6 and tumor necrosis factor (TNF)-
al2, 3].

IL-1R superfamily is characterized by the presence of a conserved intracellular Toll/IL-1R
(TIR) domain [4, 5]. In addition to the receptors for IL-1, this superfamily is populated by
IL-18 receptors, Toll-like receptors, and an orphan receptor called Suppression of
Tumorigenicity 2 (ST2) [6]. The TLR group exhibits extracellular leucine-rich repeats,
whereas IL-1R1 and ST2 groups contain extracellular immunoglobulin (Ig) domains. The
third group of IL-1R superfamily is occupied by cytosolic adaptor proteins such as myeloid
differentiation primary response 88 (MyD88), Toll-IL-1R (TIR) domain-containing adapter-
inducing interferon-p (TRIF), and Toll-like receptor adaptor molecule (TRAM). A relatively
recent IL-1R member is single immunoglobulin IL-1R-related (SIGIRR) which differs from
other members in having only one Ig domain in its extracellular region [7].

The common signaling pathway is tightly regulated at different levels by pro-inflammatory
or anti-inflammatory role affected by these IL-1R members. For instance, the expression of
decoy receptor IL-1R2 binds the pro-inflammatory ligands, making them unavailable for
transducing pro-inflammatory signaling via IL-1R1. Similarly, ST2 and SIGIRR are
purported as two negative regulators of pro-inflammatory IL-1R signaling. They are fringe
regulatory molecules belonging to orphan class of receptors. ST2 can be membrane-bound
(ST2L) or soluble form (sST2). Binding of ST2L with interleukin-33 (I1L-33) activates T
helper 2 (TH2) response [8]. It has also been suggested that induced expression of ST2L can
sequester MyD88, making latter unavailable for other MyD88-dependent pro-inflammatory
IL-1R pathways [6]. In addition, abundance of sST2 purportedly prevents 1L-33 from
binding to ST2L and activating TH2 response [8]. On the other hand, SIGIRR-mediated
negative regulation of inflammation follows two entirely different mechanisms.
Immunoglobulin domain of SIGIRR interferes with heterodimerization of IL-1R to its
accessory proteins, whereas its intracellular TIR domain inhibits IRAK-TRAF6 interaction,
thus inhibiting the activation of nuclear factor-kappa B (NF-xB) [9].

To date, no small anti-inflammatory molecule has been shown to modulate ST2 and SIGIRR
expression. The primary objective of this study was to investigate the effect of EF24, 3,5-
bis(2-fluorobenzylidene)piperidin-4-one, on the expression of ST2, and SIGIRR in
lipopolysaccharide (LPS)-stimulated DCs. DCs are the most potent antigen presenting cells,
and compared to macrophages, DCs are better able to ‘preserve’ antigenic information
because of their low destructive capacity [10]. LPS-stimulated DCs serve as an in vitro
model of sterile inflammation by mimicking systemic inflammation associated with
hemorrhagic shock without sepsis. In our previous study we have demonstrated that EF24
interferes with NF-xB signaling in DCs, resulting in inhibition of their maturation and
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expression of major histocompatibility class (MHC) 1l molecules [11]. Putatively, EF24
inhibits the B isoform of inhibitor of B kinase (IKK) [11, 12]. Here, we report that EF24
increases the expression of SIGIRR and ST2, negative regulators of IL-1R/TLR signaling, in
LPS-stimulated DCs.

2. Results

We used immortalized C57BL/6 mouse-derived JAWS Il DCs to elucidate the modulation of
ST2 and SIGIRR by EF24. As described in our previous reports, JAWS Il cells showed
typical immunophenotypic and morphologic characteristics of DCs when cultured in
presence of GM-CSF [11, 17]. This included the appearance of dendrites and typical
cytokine profile upon stimulation with LPS [11, 17].

2.1. EF24 enhances the expression of ST2

As shown in Figure 1a, EF24 upregulated total ST2 mRNA expression in LPS-stimulated
DCs, but not in unstimulated DCs. Immunobloting revealed that both LPS alone and EF24
alone substantially increased the expression of sST2 and ST2L proteins (Figure 1b).
However, EF24 treatment of LPS-stimulate cells showed large increase in sST2 and ST2L
protein expression (Figure 1b). To further substantiate the effect of EF24 on sST2 expression
in DCs, we next determined the concentration of ST2 in the cell culture medium by ELISA
(Figure 1c), assuming that ST2 detected in medium would most likely be the soluble form
sST2. EF24 treatment alone also significantly increased the content of ST2 in medium which
was in line with the observation in immunoblots that EF24 increases ST2 protein expression
in unstimulated cells. Compared to the basal levels, LPS alone also significantly increased
ST2 in medium, but EF24 treatment further enhanced ST2 in medium of LPS-treated DCs.

2.2. EF24reduces interaction of ST2 with MyD88 and suppresses the expression of ST2L
ligand IL-33

The TH2 inflammatory signaling of membrane-bound ST2 (ST2L) occurs via recruitment of
a common intracellular adaptor protein MyD88 [6]. To test the hypothesis that EF24
treatment suppresses the downstream MyD88-dependent signaling of ST2L, we
immunoprecipitated ST2 and probed the immunoprecipitate with MyD88 antibody. As
shown in Figure 2a, large amounts of MyD88 co-immunoprecipitated with ST2 in LPS-
stimulated DCs, however the treatment with EF24 substantially reduced the level of MyD88
bound to ST2. EF24 treatment by itself had no effect on this interaction in unstimulated
DCs. Interestingly in LPS-treated cells, there was a corresponding decrease in the ST2L-
specific immunoreactive band (Figure 2a, lower row), perhaps because of its interaction with
MyD88. These results suggest that EF24 treatment reduces ST2L-MyD88 interaction.

MyD88 is recruited to ST2L upon interaction of 1L-33 with ST2L. Therefore, we estimated
the intracellular and extracellular concentration of IL-33 (Figure 2b). We found that the
concentration of IL-33 in cell lysate was significantly increased by LPS, but this LPS-
induced intracellular IL-33 was reduced to basal levels by EF24 treatment. The trend was
similar in the medium, but the data variability precluded any statistically valid conclusions
about extracellular IL-33 levels (Figure 2c).
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2.3. EF24 treatment upregulates SIGIRR

SIGIRR is another intracellular mediator belonging to the IL-1R family that has been shown
to negatively regulate pro-inflammatory IL-1R1 signaling [9]. In our in vitro model of LPS-
stimulated myeloid DCs, we found that EF24 treatment increased SIGIRR expression at
both mRNA and protein levels (Figure 3a and 3b, respectively). LPS by itself reduced the
protein levels of SIGIRR, but had no effect on its mMRNA levels. EF24 alone had negligible
effect on basal levels of SIGIRR protein.

2.4. EF24 treatment activates SP1/PU.1 and inhibits proteasome activity in LPS-
stimulated DCs

SP1/PU.1 is a putative transcriptional regulator of ST2 and SIGIRR expression. We
monitored the activation of SP1 by labeling the LPS-stimulated DCs with primary antibody
against the phosphorylated form of SP1 (Figure 4a—b). Confocal micrographs provided
evidence that LPS treatment alone decreased the expression of phospho-SP1 and EF24
treatment induced the expression of phospho-SP1 in LPS-stimulated cells. These confocal
observations were substantiated by immunoblotting results where the expression of
phospho-SP1 was reduced by LPS stimulation, and subsequent EF24 treatment mitigated
this LPS-effect (Figure 4c). Furthermore, EF24 was found to increase transcriptional activity
of SP1 in DCs as determined by SP1 EMSA (Figure 4d). Whereas experimental evidence
from expression-based techniques (confocal and immunoblotting) suggests that EF24 has no
effect in unstimulated DCs, EMSA results suggest that EF24 induces DNA-binding of SP1
even in unstimulated DCs. This explains why EF24 treatment of unstimulated DCs
moderately increased the expression of ST2 and SIGIRR (Figure 1 and Figure 3). When SP1
activation was blocked by a specific pharmacologic inhibitor mithramycin, EF24-induced
expression of ST2 and SIGIRRR was abolished (Figure 4c, lower panel). Since mithramycin
is a competitive inhibitor of SP1, which binds to GC-rich DNA sequences and displaces SP1
from its binding sites, expression levels of phospho-SP1 and SP1 were not affected by
mithramycin (Figure 4c), but SP1 DNA-binding was reduced in EMSA (Figure 4d).

In addition to the phosphorylation-mediated regulation of activity, the expression of SP1 is
also controlled by its degradation in proteasome-mediated proteolysis. We examined the
status of proteasome activity in DCs by following the accumulation of ubiquitintated
proteins (UbPr). As shown in Figure 5a, we found that LPS stimulation reduced the UbPr
levels whereas EF24 treatment significantly restored the expression levels of UbPr in LPS-
stimulated DCs. These results suggest that EF24 treatment can also increase the expression
of SP1 by reducing its degradation by proteasome. We confirmed the inhibitory activity of
EF24 on proteasome by assessing the direct effect of EF24 on the proteolytic activity of
purified proteasome (Figure 5b). EF24 was found to significantly inhibit trypsin-like and
chymotrypsin-like proteolytic activities of purified proteasome. The IC50 values of EF24
calculated from dose-response curves were 32.4 uM and 10.1 uM for trypsin-L and
chymotrypsin-L activities (Figure 5b).
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3. Discussion

Molecular signaling engendered by interaction of damage-associated molecular patterns and
other putative ligands with IL-1R members is the earliest response in the inflammatory
process post-injury [18]. Often, this protective response progresses into a vicious and self-
damaging phenomenon which provides a pathophysiological basis of multiple organ
dysfunction syndrome in systemic injuries such as hemorrhagic shock and trauma [19]. The
two most important members of the IL-1R superfamily are TLR4 and IL-1R1. Whereas
bacterial LPS is a putative ligand for TLR4, pro-inflammatory IL-1a and IL-1f cytokines
are ligands for IL-1R1. EF24 treatment has been shown to suppress the expression of IL-1R1
and TLR4 in LPS-stimulated DCs [20]. This anti-inflammatory effect of EF24 is also
duplicated in lung and liver intestinal tissues collected from a rat model of hemorrhagic
shock [21-23]. Data suggests that these effects of EF24 are at transcriptional level controlled
by NF-xB transcription factor [11, 12]. Herein, we provide evidence to hypothesize that
anti-inflammatory effect of EF24 may also be contributed by the induction of endogenous
anti-inflammatory molecules ST2 and SIGIRR. Even though they belong to the IL-1R
superfamily, they are not known to directly interact with IL-1a or IL-1p. The effects of
EF24 on the expression of ST2 and SIGIRR appear to be at transcriptional level, perhaps
mediated by restoration of the basal induction of SP1 transcription factor. We have
previously shown that EF24 does not alter the expression of two other negative regulators of
inflammation, namely IL-1RA and IL-1R2 [20].

IL-1R pathway is characterized by in-built negative regulators such as ST2 and SIGIRR, the
sole purpose of which appears to be that of preventing exaggerated inflammation.
Upregulation of ST2 has been shown to play an important role in DC maturation, induction
of tolerance, and T cell polarization [6, 24, 25]. The membrane-bound ST2L interacts with
its ligand 1L-33 resulting in the production of IL-10-dependent Th2 phenotype [26] and the
development of tolerance against LPS [6]. On the other hand, a soluble form of ST2 (sST2)
competitively attenuates Th2 response [8]. Macrophages from ST2-deficient mice produce
enhanced levels of pro-inflammatory cytokines in response to LPS [6] and these mice
display increased susceptibility to polymicrobial infection and impaired bacterial clearance
[27]. It has been speculated that ST2 sequesters MyD88, making latter unavailable for other
MyD88-dependent pro-inflammatory IL-1R pathways [6]. However, evidence is gathering
against this simplistic explanation because it cannot explain several observations about
antagonism of inflammation in ST2 knockout conditions. For instance, the severity of
inflammation was found to be lower in the ST2 knockout mice than in wild type mice [28].
Secondly, binding of IL-33 to ST2 has been demonstrated as pro-inflammatory in nature,
especially in the context of cardiovascular disease [8]. Therefore, a more realistic
explanation appears to be based on the possibility that soluble form of ST2 sequesters IL-33
and thwarts it’s binding to the ST2L, preventing IL-33/ST2 signaling which is destined
towards NF-xB activation. Soluble ST2 originates from alternative mRNA processing which
has been shown to inhibit LPS stimulation of monocyte-derived dendritic cells [29]. Our
results clearly show that EF24 treatment of LPS-stimulated DCs increases the secretion of
soluble ST2 in medium (Fig. 1c). At the same time, the production of IL-33 was reduced in
cells treated with EF24 (Fig. 2b). It is possible that the reduced interaction of ST2L and
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MyD88 (Fig. 2a) is a combined result of the suppression of IL-33 generation and its sST2-
mediated sequestration. MyD88 is a common intracellular adaptor protein for multiple
members of IL-1R family, and the downstream signaling of membrane-bound ST2 (ST2L)
also occurs via MyD88 recruitment [6].

In addition to the effects on IL-33/ST2 axis, EF24 treatment increased SIGIRR expression in
LPS-stimulated DCs (Fig. 3). Studies have shown that unlike ST2, SIGIRR (also known as
TIR8) is expressed in DCs, but not in macrophages, and the mechanism of SIGIRR-
mediated negative regulation of inflammation is also different [7, 30, 31]. According to Qin
et al, SIGIRR inhibits IL-1R signaling by physically interacting with IL-1R1, TLR4, and
MyD88 [9]. The Ig domain of SIGIRR interferes with the heterodimerization of IL-1R to its
accessory proteins, whereas its intracellular TIR domain inhibits IRAK-TRAF6 interaction,
thus inhibiting the activation of NF-xB [9]. It has been shown to constitutively interact with
MYD88 and is required for dominant negative mutant MyD88 (MyD88lpr)-induced
activation of DCs; MyD88Ipr was unable to activate SIGIRR-deficient DCs, whereas
restoration SIGIRR together with MyD88lIpr was able to activate these DCs [32]. Mice
lacking SIGIRR show hyper-responsiveness to LPS challenge and IL-1 administration,
accompanied by enhanced activation of TLR/IL-1 pathways [7]. Also, a loss of function
mutation in SIGIRR gene predisposes ischemic kidney to acute failure, whereas wild type
SIGIRR prevents tissue injury by restraining the activation of intra-renal myeloid DCs [33].
Moreover, SIGIRR has also been shown to acts as a key local modulator of immune cell
activation underlying kidney rejection and tolerance; Deletion of SIGIRR in the graft
resulted in acute rejection of allo-transplanted kidney [34]. The post-transplant ischemia/
reperfusion-induced inflammatory response was also more severe in SIGIRR(") than in
SIGIRR(™) grafts and was followed by expansion and maturation of resident DC precursors
[34]. SIGIRR("") DC precursors exhibited higher stimulatory activity and released more
IL-6 after stimulation with a TLR4 ligand and TNF-a /n vitro than SIGIRR() cells [34].

From above dispensation it is clear that increased sST2 and SIGIRR expression has anti-
inflammatory consequences. To our knowledge no pharmacologic agent has been shown to
increase the expression of these endogenous molecules, and this report is the first report in
this respect. Although, the mechanism by which EF24 affects their expression is a matter of
continued investigation, we found plausible role of SP1 transcription factor in this
phenomenon. First, the expression of both ST2 and SIGIRR in LPS-stimulated cells was at
MRNA level. SP1/PU.1 is a putative transcriptional regulator of ST2 and SIGIRR
expression. Murine ST2 gene is mapped to chromosome 1, very tightly linked to the IL-1R1
locus, and contains two SP1-binding sites in the 5" flanking region [35]. Similarly, Murine
SIGIRR, mapped to chromosome 7 [36], also carries a putative SP1 binding site [37]. Like
many other transcription factors, the activation and DNA binding of SP1 is also dependent
on its phosphorylation status and nuclear translocation [38]. Here, we found that the nuclear
translocation of phospho-SP1 is enhanced by EF24 treatment. This finding was confirmed
when mithramycin, a selective SP1 inhibitor [39, 40], reduced the level of EF24-mediated
nuclear translocation of SP1. Mithramicin treatment also abolished the increased expression
of ST2 and SIGIRR by EF24 treatment. Based on these results we hypothesize that EF24
might be inducing ST2 and SIGIRR expression by restoring the activation state of SP1.
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There are three major mechanisms of SP1 regulation known in the literature. NF-xB and
SP1 itself transcriptionally control the expression of SP1 gene, whereas the levels of SP1
protein are controlled by proteasome-mediated degradation [41-43]. Since previous studies
have reported that LPS treatment induces large scale proteasome activation [44—-46], we
argued that the exaggerated proteasome activation in LPS-stimulated DCs plays a role in
loss of SP1 protein. Global expression levels of UbPr are accepted as indicators of
proteasome activity. We found that LPS reduced the UbPr level in DCs, suggesting that LPS
induces proteasome activity; this effect of LPS was reversed by EF24 treatment (Fig. 5a).
When EF24 was further investigated for direct proteasome-inhibiting activity in cell-free
condition, EF24 was found to significantly reduce the trypsin-like and chymotrypsin-like
proteolytic activity of purified 26S proteasome with moderate potency. Thus, one likely
mechanism by which EF24 maintains basal level of SP1 activity in DCs is by interfering
with LPS-induced proteasome activity.

4. Materials and Methods

4.1. Materials

Synthesis and chemical characterization of EF24 has been reported elsewhere [13]. A
solution of EF24 in was prepared in water (< 0.1 endotoxin units/ml). Highly-purified
lipopolysaccharide (LPS) of Escherichia coli O111: B4 was obtained from Calbiochem
(Darmstadt, Germany). Antibodies for immunoblotting were obtained from Cell Signaling
Technology (Danvers, MA), Santa Cruz Biotech (Dallas, TX), Abcam (Cambridge, MA),
and Sigma-Aldrich (St. Louis, MO).

4.2. Cell culture and drug treatment

We employed an LPS-stimulated DCs model the characteristics of which have been
described in our previous works [11, 14]. JAWS Il DCs are immortalized and immature cells
derived from C57BL/6 mice bone marrow (ATCC, Manassas, VA). The cells were
maintained in a-modified minimum essential medium (aMMEM; Sigma, St Louis, MO)
containing 20 % fetal bovine serum (FBS), L-glutamine (4 mM), penicillin (100 U/ml),
streptomycin (100 pg/ml), gentamicin (50 ug/ml) and recombinant mouse granulocyte
macrophage-colony stimulating factor (GM- CSF, 5 ng/ml; Peprotech, Rocky Hill, NJ) [14].
The cells were cultured in 6-well plates and treated with LPS (100 ng/ml) for 4 h, followed
by EF24 (10 uM) for 1 h. Untreated cells and cells treated with 10 uM EF24 alone were
taken as experimental controls.

4.3. Quantitative Real-time PCR

Total RNA was isolated from DCs using RNAeasy Mini Kit from Qiagen (Valencia, CA)
and quantified on the basis of absorbance values at 260 nm. Conditions for reverse
transcriptase reactions and PCR using SybrGreen Il and Go Taq colorless master mix are
described elsewhere [20]. The data were normalized using p-actin as the reference. Fold
increase over control was calculated using the relative quantification method (2722 C;
method). ST2 primers (Forward 5"- GAC AGT CTT TTC CAG GAG CA -3” and Reverse
5'- GAG TTC AAC ATT CCC CTC CT -3’) and SIGIRR primers (Forward 5’- AGC TCC
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CAT TCC TTC ACT CT -3’ and Reverse 5'- TCG CTA TAG GAC ACG TAG GC -3") were
obtained from Real Time Primers (RTP, Elkins Park, PA).

4.4. Immunobloting

Whole cell lysates were prepared in a lysis buffer containing Tris-HCI (25 mM, pH 7.4),
sodium dodecyl sulfate (SDS, 0.1%), lgepal (1%), ethylene diamine tetra acetic acid (2
mM), phenyl methyl sulfonyl fluoride (1 mM), sodium orthovanadate (0.2 mM), NaF (50
mM), NaCl (150 mM), leupeptin (1 pg/ml), and pepstatin (1 pg/ml). Approximately 25 pg of
protein was fractionated on SDS-PAGE gels and the separated proteins were electro-
transferred onto nitrocellulose membranes. After blocking non-specific sites with 5%
skimmed milk in 0.4% Tween-20 in Tris-buffered saline (TBST), the membranes were
incubated overnight at 4 °C with primary antibodies in TBST. The dilutions of primary
antibodies against Phospho-SP1 (Abcam), SP1 (Abcam), SIGIRR (Santa Cruz Biotech) and
mouse ST2 (Abcam) were made as recommended by the manufacturers. Afterwards, the
membranes were washed and incubated with HRP-conjugated-anti-rabbit-1gG antibody
(1:5,000 in TBST) for 2 h at room temperature. Protein bands were identified by
SuperSignal West Femto detection reagent (Thermo Fisher Scientific, Rockford, IL). The
membranes were also re-probed with anti-actin antibody (Sigma; 1:5,000 in TBST) after
stripping them in a solution containing SDS (10%), Tris (0.5 M), and B-mercaptoethanol (35
pl/ml) at 60 °C for 45 min. The densitometric readings for immunoreactive protein bands
were normalized with those for actin.

4.5. Confocal microscopy

For confocal detection of protein expression, DCs were seeded in 8-well chamber slides
(25,000 cells per well). After treatment with LPS and EF24, the cells were fixed for 20 min
with ice-cold 3.5% paraformaldehyde in phosphate-buffered saline (PBS). The fixed cells
were incubated for 20 min on ice in aMMEM containing FBS (10%), saponin (0.05%) and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (10 mM) [15]. After washing with PBS
containing 1% FBS and 0.05% saponin, the cells were blocked for 1 h at room temperature
with 10% normal mouse serum (Sigma, St Louis MO). For probing SP1 activation, we used
anti-SP1 (phospho T453) antibody (Abcam) at a dilution of 1:200. Following rigorous
washing, the cells were incubated for 1 h with Alexa Fluor 488-labeled donkey anti-rabbit
IgG antibody (10 ug/ml; Molecular Probes, Carlsbad, CA). Finally, 1 pg/ml Hoechst 33342
(Molecular Probes, Carlsbad, CA) dye was added to the cells. Confocal micrographs were
obtained using Zeiss LSM-510META microscope (Oklahoma Medical Research Foundation,
Oklahoma City, OK).

4.6. Enzyme-linked immunosorbent assay (ELISA)

The concentration of 1L-33 and soluble ST2 in cultured DCs and media were measured by
ELISA. The protocols for the treatment of JAWS |1 cells with LPS and EF24 were the same
as described above. Cell-free culture medium as well as total cell lysates was collected. For
IL-33, a commercially available mouse IL-33 ELISA Ready-SET go kit (eBioscience, San
Diego, CA) was employed following the manufacturer’s instructions.
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Mouse ST2 ELISA was set up in-house using rabbit anti-ST2 antibody (Santa Cruz
Biotech). Briefly, an Immunolon 4 HBX plate (Thermo Electron Corporation, Milford, MA)
was coated overnight at 4 °C with 50 pl of samples (and washed three times with 0.05%
Tween-20 containing PBS (PBST). The wells were blocked with 3% bovine serum albumin
(BSA) for 2 h, followed by washing with PBST. The wells were probed with 100 ul of 10
pg/ml rat anti-mouse ST2 antibody for 2 h. After washing thrice with PBST, 100 pl of HRP-
conjugated goat anti-rabbit 1gG antibody (Cell Signaling Technology) in blocking buffer
(1:1,000) was added. The plate was allowed to incubate for 2 h at room temperature. The
color was developed by adding 100 ul of 3,3,5,5"-tetramethylbenzidine substrate solution
(Sigma) and allowing the reaction for 30 min. The reaction was stopped by adding 50 pl of
0.2 N sulfuric acid and the absorbance was read at 450 nm.

4.7. Nuclear Extracts

For extraction of nuclear protein, we used a kit from Cayman chemical (Ann Arbor, Ml).
DCs were seeded at a density of 2 x 10° cells per well in a 6-well plate. Four hour after the
treatment with LPS (100 ng/ml), the cells were treated with EF24 (10 pM) and mithramycin
(Mith, 300 nM) for 1 hr followed by washing with ice-cold PBS. Nuclear fraction was
isolated as per manufacturer’s protocol and protein concentration in the fractions was
estimated by bicinchoninic acid protein assay (Pierce, Rockford, IL).

4.8. Electrophoretic Mobility Shift Assay for SP1

Electrophoretic Mobility Shift Assay (EMSA) was performed using EMSA assay kit
(Signosis, Santa Clara, CA) following manufacturer’s instructions. Briefly, reaction mixture
containing 5 pg nuclear extract, poly d(I-C), binding buffer, biotin labeled SP1 probe or cold
probe (negative control) were incubate for 30 min at RT followed by running the samples on
6.5% non-denaturing polyacrylamide gel using Tris-borate buffer. After transfer, the protein-
bound probe and free probe were immobilized with UV cross-linker followed by blocking
and incubation with Streptavidin-HRP. Membrane was developed using Ultraquant image
acquisition machine (Claremont, CA).

4.9. Ubiquitinated protein (UbPr) Expression in DCs and Proteasome Activity

Denaturing gel electrophoresis was conducted for the expression of UbPr in DC cell lysates.
Immunoblotting method as described above was followed. Primary antibody against
ubiquitin was purchased from Santa Cruz Biotech (Dallas, TX). For proteasome activity, we
adapted a method described elsewhere [16]. Fluorogenic substrates for trypsin-like and
chymotrypsin-like proteasome activities were Boc-Leu-Arg-Arg-AMC and Suc-Leu-Leu-
Val-Tyr-AMC, respectively. Purified 26S proteasome preparation was obtained from Boston
Biochem (Cambridge, MA). Approximately 100 ng of purified proteasome was incubated
with 100 pl of assay buffer (50 mM Tris-HCI, pH 7.5, 40 mM KCI, 1 mM dithiothreitol, 0.5
mg/ml bovine serum albumin) in presence of 2 mM ATP and 5 mAM MgCl,. Fluorogenic
substrates were added at 1 mM working concentration and the reaction was performed at 37
°C for 60 min. Over the reaction period, fluorescence readings were taken every 5 min at
380-440 nm. Boiled homogenate (to kill enzyme activity) and bortezomib (a known
proteasome inhibitor) were used as assay controls. To examine the effect of EF24,
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proteasome preparations were allowed to interact with EF24 (1-100 uM, 10 min at room
temperature) before the activity assay.

4.10. Data analysis

The data were analyzed by one-way analysis of variance (ANOVA) applying the Bonferroni
post-test using Prism software (GraphPad, San Diego, CA, USA). Wherever applicable, the
data are presented as mean + standard error of mean (sem). For significance, p < 0.05was
the cutoff. The gRT-PCR data are expressed as fold changes compared to control.

5. Conclusions

We report for the first time that EF24 can enhance the expression of ST2 and SIGIRR which
purportedly serve as endogenous negative regulators in the IL-1R pathway. So far the anti-
inflammatory effects of EF24 have been solely speculated to be dependent on NF-xB
inhibition. Although the direct evidence about the role of SP1 in resurrection of ST2 and
SIGIRR is not available and the exact mechanism of SP1 modulation by EF24 is not known
at present, these observations add to our recent reports that EF24 reduces the expression of
pro-inflammatory IL-1R1 and TLR4, both in vitro as well as in vivo [11, 17, 20-23, 47].
Moreover, since proteasome inhibitors are known to inhibit NF-xB by reducing IxBa
degradation [48, 49], direct inhibition of proteasome by EF24 also raises an investigational
opportunity to further unravel mechanisms responsible for its NF-xB inhibition activity.
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Figure 1.

EF24 upregulates the expression of ST2. (a) ST2 mRNA expression (fold changes as
compared to control) in JAWS Il DCs. The cells were treated with LPS and EF24 as
described in the material and methods. (b) A representative immunoblot showing the
expression of ST2L and sST2 in DCs treated with LPS and EF24. (c) Effect of EF24 on
sST2 in medium of LPS-stimulated JAWS Il DCs. ELISA was performed in triplicate on
samples from three separate sets of experiments. The values were normalized with protein
concentrations in cell lysates. # p value < 0.05 versus Ctrl and * p value < 0.05 versus LPS
treatment.
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Figure 2.

EF24 reduces ST2L-MyD88 interaction and suppresses 1L-33 expression. (a) Co-
immunoprecipitation of MyD88 with ST2 from whole cell lysates treated with EF24 and
LPS. The blot shown is a representative of three separate experiments. (b) Effect of EF24 on
IL-33 expression in LPS-stimulated JAWS |1 DCs. (c) Effect of EF24 on IL-33 levels in
medium of LPS-stimulated JAWS 1l DCs. The ELISA was performed in triplicate on
samples from three separate sets of experiments. The values were normalized with protein
concentrations in cell lysates. # p value < 0.05 versus Ctrl and * p value < 0.05 versus LPS
treatment.
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EF24 upregulates the expression of SIGIRR. (a) SIGIRR mRNA expression (fold changes as

compared to control) in JAWS Il DCs. The cells were treated with LPS and EF24 as

described in the material and methods. # p value < 0.05 versus control and * p value < 0.05

versus LPS treatment. (b) A representative immunoblot of SIGIRR expression in cells

treated with EF24 and LPS.
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Figure 4.
EF24 treatment activates SP1 in LPS-stimulated DCs, but not in unstimulated DCs. (a)

Confocal micrographs and (b) corresponding mean fluorescence intensity values for green
fluorescence representing phosphorylated form of SP1. The nucleus was stained with
Hoechst dye (blue). A representative set of images is shown. (c) Expression levels of
phospho-SP1 and SP1 in the nuclear extract of dendritic cells (upper panel). Effect of
mithramycin on EF24-induced ST2 and SIGIRR expression (lower panel). Mithramycin
(Mith, 300 nM) was used as a control to specifically inhibit interaction of SP1 with its
consensus DNA binding site. (d) Electrophoretic mobility shift assay showing induction of
SP1activation by treatment of EF24 in LPS-stimulated DCs.
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Figure 5.

Effect of EF24 on proteasome activity. (a) Expression of ubiquitinated proteins in LPS-
stimulated DCs. (b) Effect of EF24 on trypsin-like and chymotrypsin-L activity of purified

26S proteasome.
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