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. Cellular response to stimulation is mediated by meshwork of signaling pathways that may share

: common signaling adaptors. Here, we present data demonstrating that signaling pathways initiated

. from the membrane-bound form of B-cell activating factor (BAFF) can crosstalk with lipopolysaccharide

. (LPS)-induced signaling for synergistic expression of proinflammatory mediators in the human

: macrophage-like cell line THP-1. Co-treatment of the cells with BAFF-specific monoclonal antibody

and LPS resulted in enhanced mitogen-activated protein kinase (MAPK)/mitogen- and stress-activated

. protein kinase (MSK)-mediated phosphorylation of nuclear factor kappa-light-chain-enhancer of

. activated B cells (NF-kB) p65 subunit (Ser276), which then interacts with CREB binding protein (CBP)

. for subsequent acetylation. Simultaneously, the phosphorylation of cyclic AMP-response element

. binding protein (CREB) was enhanced through the combined action of phosphatidylinositol-3-kinase

: (PI3K)/AKT and MAPK/MSK pathways, and the resulting phospho-CREB interacted with the NF-xB/CBP

: complex. Transfection of CREB-specific siRNA inhibited the BAFF-mediated enhancing effect indicating

. that the formation of the CREB/NF-xB/CBP complex is required for the synergistic induction of the

. proinflammatory genes. These findings indicate that BAFF-mediated reverse signaling can modulate
LPS-induced inflammatory activation through regulation of NF-xB and CREB activity and point out the
necessity to re-evaluate the role of BAFF in diseases where its expression is high in macrophages.

© As a member of tumor necrosis factor (TNF) superfamily (TNFESF), B-cell activating factor of the TNF family
 (BAFE, TALL-1, THANK, BlyS, TNFSF13b, zZINF-4) is involved in B-cell survival' and the pathogenesis of auto-
. immune diseases". Various cell types including myeloid cells (monocytes, macrophages, neutrophils, and den-
- dritic cells), stromal cells within lymphoid organs?, and osteoclasts>* express both membrane-bound and soluble
. forms of BAFE There are three known receptors of BAFF: transmembrane activator and a calcium-modulating
. cyclophilin ligand interactor (TACI), B-cell maturation antigen (BCMA), and BAFF receptor (BAFF-R, BR3).
. These receptors are expressed mainly on B cells, plasma cells and T subsets**. Macrophages express of BAFF has
© been shown to be upregulated in human diseases such as chronic gastritis®, atherosclerosis’, and acute hepatitis C
* virus infection®. In a mouse model of systemic lupus erythematosus, macrophage expression of BAFF was shown
. to be induced by the action of interferons and estrogen®.

: Recently, BAFF has been shown to mediate reverse signaling when BAFF-expressing cells were stimulated with
: appropriate counterparts or BAFF-specific antibodies in monocyte/macrophage cell lines, as well as in primary
. mouse macrophage culture'. This type of ligand-mediated signaling is a unique property of the TNFSE, which
. can be expressed on the cell surface as type II transmembrane proteins (reviewed in ref. 11). Members of the
© TNFSF that can mediate reverse signaling are TNFSF14 (LIGHT)'>!3, TNFSF5 (CD40L)", TNFSF9 (4-1BBL)'?,
. TNFSF11 (TRANCE)'S, TNFSF8 (CD30L)", TNFSF6 (FasL)'®'%, and TNFSF10 (TRAIL)%.

© 15chool of Life Sciences, BK21 Plus KNU Creative BioResearch Group, Kyungpook National University, Daegu

41566, Republic of Korea. 2Department of Pharmacology, Brain Science & Engineering Institute, BK21 Plus KNU

. Biomedical Convergence Program, Kyungpook National University School of Medicine, Daegu 41944, Republic of
Korea. Correspondence and requests for materials should be addressed to W.-H.L. (email: whi@knu.ac.kr)

SCIENTIFICREPORTS |7:45826 | DOI: 10.1038/srep45826 1


mailto:whl@knu.ac.kr

www.nature.com/scientificreports/

A

s “
MMP-2—>
E
B 30000 35
£ o ol
S 20000 | Y
& oF
© ‘2(2 20 ¢
= 10000 s 15 |
E&
0 - Ev 0 ¢
(o4 = L
8000 5
= 0
g 6000 |- F 8
& N 7t
s 4000 ®
3 3 6
£ 2000 =5 5t
=
b i - l m/ 23 4
= 20000 <4 st
£ £
2 15000 | o 2t
< = 1+
T 10000 | o
€ 5000 | LPS + + - +
5 o-BAFF migG
(LPSng/ml) - 10 100 1000 10 100 1000 - - 1000

o-BAFF migG

Figure 1. Stimulation of BAFF resulted in the enhancement of LPS-induced expression of pro-
inflammatory mediators. (A-D) THP-1 cells were pre-treated with 1 ug/ml anti-BAFF mAb or isotype-
matching control mouse antibody (mIgG) for 30 min and then stimulated with indicated concentrations of
LPS for 9h (C) or 24h (A,B and D). Levels of MMP-9 secreted in culture supernatant were evaluated by gelatin
zymography (A). Secretion levels of cytokines were measured using ELISA (B-D). (E and F) THP-1 cells were
pre-treated as in A and then stimulated with 1 ug/ml LPS for 2h. Expression levels of IL-8 mRNA (E) and
MCP-1 mRNA (F) were measured by quantitative RT- PCR.

This reverse signaling initiated by members of the TNFSF appears to crosstalk with Toll-like receptor
(TLR)-mediated signaling. In the case of 4-1BBL, stimulation of it resulted in enhancement of the lipopolysac-
charide (LPS)-induced activation of TNF-« and interleukin (IL)-6 in macrophages and dendritic cells*'. A recent
report indicated that transmembrane protein 126 A (TMEM126A), a novel 4-1BBL binding protein, is required
for LPS-induced late-phase Janus kinase (JAK) and interferon regulatory factor-3 (IRF-3) phosphorylation?. We
explored the possibility of crosstalk between signaling pathways initiated by BAFF and Toll-like receptor (TLR)4,
a well-known receptor for LPS, in the human macrophage-like cell line THP-1. Simultaneous stimulation of
BAFF and TLR4 resulted in synergistic activation of the cells with respect to the expression of proinflammatory
mediators such as cytokines and matrix degrading enzymes. The underlying mechanism responsible for this
crosstalk was subsequently investigated.

Results

Simultaneous stimulation of BAFF and TLR4 synergistically induce the expression of pro-in-
flammatory mediators. In order to test whether TLR4- and BAFF-mediated signaling pathways interact
and to determine the effect of this crosstalk in macrophage inflammatory responses, THP-1 cells were pre-treated
with anti-BAFF monoclonal antibody (mAb) for 30 min and then stimulated with various doses of LPS. After
stimulation, the levels of secreted pro-inflammatory mediators such as matrix metalloproteinase (MMP)-9,
TNF-q, IL-8, and macrophage chemoattractant protein (MCP)-1 were evaluated using gelatin zymography or
ELISA. As shown in Fig. 1A-D, treatment with a low dose (1 pg/ml) of anti-BAFF mAb alone resulted in the
induction of little or no expression of these inflammatory mediators. Pretreatment with anti-BAFF mAb exerted
a strong enhancing effect on LPS-induced expression of these pro-inflammatory mediators. This synergistic effect
was also observed when the cells were treated with the antibody simultaneously with, and even 30 min after, LPS
stimulation (data not shown).

In order to test whether this synergistic induction of proinflammatory mediators occurred at the transcrip-
tional level, mRNA levels of IL-8 and MCP-1 were analyzed using quantitative RT-PCR (Fig. 1E and F). The
LPS-induced increase in cytokine mRNA levels was enhanced by pretreatment with BAFF-specific mAb. These
results indicate that the synergistic effect of anti-BAFF mAb and LPS co-treatment manifests through transcrip-
tional activation, and that the mechanism of synergism most likely lies in the integration of signals initiated from
TLR4 and BAFE

To exclude any off-target effects of the antibody on the enhancement of LPS-induced responses, THP-1 cells
were transfected with BAFF-specific siRNA. Cells transfected with BAFF-specific siRNA, but not control siRNA,
exhibited a marked reduction in BAFF expression which was revealed at both the mRNA (Fig. 2A) and protein
levels (Fig. 2B). Then, the transfected cells were stimulated with anti-BAFF mAb and LPS for the measurement
of IL-8 expression levels (Fig. 2C). Synergistic induction of IL-8 expression was significantly decreased in cells
transfected with BAFF-specific siRNA when compared to those transfected with control siRNA.
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Figure 2. The enhancing effect of mAb is BAFF specific and starts at relatively early time points after LPS
stimulation. (A) THP-1 cells were transiently transfected with 10 nM scramble siRNA (NC) or BAFF-specific
siRNA. After 24 h, RT-PCR analysis was performed to evaluate the expression levels of BAFF mRNA. (B) Cells
were transfected as in (A) and collected at 48 h. BAFF expression levels were then measured by flow cytometry
using BAFF specific mAb (empty area) or mIgG (filled area). (C) Cells were transfected as in (A). After 48h,
cells were pre-treated with 1 .g/ml mIgG or anti-BAFF mAb for 30 min and then the cells were stimulated
with 100 ng/ml LPS for 24 h. Cultured supernatants were then collected to evaluate levels of secreted IL-8.
Values represent IL-8 levels relative to those of the positive control (set to 100%). *p < 0.05 (n=3). (D) THP-1
cells were pretreated as in (C) and stimulated with 1 pg/ml of LPS. Culture supernatants were collected at the
indicated time points and IL-8 levels were measured using ELISA. Control samples were treated with 1 pug/ml
anti-BAFF or mIgG for 24 h in the absence of LPS treatment.

THP-1 cells were pre-treated with anti-BAFF mAb, and LPS-induced IL-8 expression levels were measured
at various time points. The enhancing effect of the antibody was observed at all time points. Interestingly, the
enhancing effect was prominent even as early as 2 h, when LPS-induced expression is relatively low (Fig. 2D).

LPS-induced activation of ERK and JNK MAPK is enhanced by the stimulation of BAFF.
Mitogen-activated protein kinases (MAPKs) are well-known signaling adaptors involved in the inflammatory
activation of macrophages. In order to determine whether MAPKs are involved in the synergistic responses,
phosphorylation levels of p38, extracellular signal regulated protein kinase (ERK), and c-Jun N-terminal kinase
(JNK) were assessed by Western blot. Anti-BAFF mAb treatment alone induced phosphorylation of ERK and JNK
within 5 min while phosphorylation levels of p38 did not change (Fig. 3A). When THP-1 cells were pretreated
with antibody, LPS-induced phosphorylation of ERK and JNK, but not those of p38, was enhanced (Fig. 3B).
Accordingly, treatment with ERK and JNK-specific inhibitors completely blocked the expression of MMP-9 and
cytokines (Fig. 3C-F). The p38-specific inhibitor, however, mildly affected the synergistic expression of IL-8 and
TNF-q, probably because it affects TLR4-mediated signaling. In the case of MCP-1 expression, a slight increase
was detected in the presence of the p38-specific inhibitor. These results indicate that the synergistic expression of
inflammatory mediators is closely associated with enhanced activation of ERK and JNK MAPKs.

Signal integration culminating in NF-xB activation is responsible for the synergistic induc-
tion of pro-inflammatory mediators. Since nuclear factor kappa-light-chain-enhancer of activated B
cells (NF- kB) is a key regulator of inflammatory gene expression, the activation status of NF-xB was then ana-
lyzed using NF- kB-luciferase assay. A luciferase reporter construct under the regulation of a promoter contain-
ing NF-kB binding sites were transfected into HEK 293 T cells along with BAFF expression constructs and/or
CD4-TLR4, a constitutively active (CA) form of TLR4%. The expression of BAFF after transfection was confirmed
by immunofluorescence assay with BAFF specific mAb (data not shown). When both BAFF and CD4-TLR4
expression constructs were transfected together, strong induction of NF-kB activity was detected, and the
extent of induction was much higher than the sum of each transfection (Fig. 4A). TLR4-mediated activation
of NF-kB mainly involves myeloid differentiation primary response gene 88 (MyD88) and, to a lesser extent,
TIR-domain-containing adapter-inducing interferon-f3 (TRIF)?**?. The death domain of MyD88, a constitutively
active mutant of MyD88%, was then used instead of CD4-TLR4. As shown in Fig. 4B, MyD88-mediated NF-xB
activation was also the subject of synergism with BAFE. Likewise, TRIF-mediated NF-xB activation, achieved
by overexpression of wild type TRIF?, was also boosted by BAFF co-transfection (Fig. 4B). These data indicate
that BAFF exerts its synergistic effect on NF-kB activation through both MyD88- and TRIF-mediated signaling
pathways.
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Figure 3. BAFF exerts its enhancing effects through activation of ERK and JNK MAPKs. (A) THP-1 cells
were stimulated with anti-BAFF (1 pg/ml) mAb for the indicated time periods. The activation status of MAPK
was analyzed by Western blot using antibodies specific for normal and phosphorylated form of MAPKs and
actin. (B) The cells were pre-treated with 1 pg/ml of anti-BAFF mAb or mIgG for 30 min and then stimulated
with 100 ng/ml of LPS for the indicated time periods. The Western blot analysis of MAPKs was performed as
in A. (C-F) THP-1 cells were pre-treated with 3.75pM U0126 (ERK inhibitor), 2 .M SB203580 (p38 inhibitor),
10uM SP600125 (JNK inhibitor) or 0.02% DMSO (VC) for 30 min. Cells were then treated with 1 pg/ml anti-
BAFF for 30 min before stimulation with 100 ng/ml of LPS for 24 h. Culture supernatants were collected and
levels of secreted MMP-9 (C), IL-8 (D), TNF-a (E) and MCP-1 (F) were analyzed by gelatin zymography and
ELISA. *p < 0.05 when compared with corresponding positive control samples stimulated in the absence of
inhibitors (n=23).

Phosphorylation/degradation of inhibitor of NF-kB (IkB) and the subsequent nuclear translocation of NF-xB
is one of the major mechanisms regulating NF-xB activity. In order to determine whether the crosstalk between
BAFF- and TLR4-mediated signaling involves IxB in the enhancement of NF-kB activity, IkB phosphorylation
and degradation were evaluated. Contrary to expectations, there were no significant differences between cells
treated with control antibody or with anti-BAFF mAb, in terms of total protein and phosphorylation levels of Ik
B (Fig. 4C). In addition, nuclear translocation of NF-kB was not affected by simultaneous stimulation of TLR4
and BAFF (Fig. 4D). These results indicate that the crosstalk between TLR4- and BAFF-mediated signaling results
in the enhancement of NF-kB activity without affecting IkB phosphorylation/degradation and the subsequent
nuclear translocation of NF-xB.

Simultaneous stimulation of TLR4 and BAFF causes an increase in Ser276 phosphorylation of
NF-xB p65 subunit (RelA), which then interacts with CBP.  The activity of NF-kB can be regulated
via various other mechanisms, apart from its interaction with IkB and nuclear translocation. These additional
regulatory mechanisms include post-translational modification of NF-kB, such as phosphorylation, acetylation,
and methylation®®. Phosphorylation levels at Ser276 of NF-kB p65 subunit (RelA) affect the interaction with
co-activator CREB binding protein (CBP), while phosphorylation of Ser536 is associated with its transcription
activator function?*.

To determine phosphorylation levels at Ser276 and Ser536 of the NF-xB p65 subunit, THP-1 cells were
pre-treated with anti-BAFF mAb, and then the cells were stimulated with LPS. LPS-induced phosphorylation
of Ser276 was increased by pre-treatment with anti-BAFF mAb when compared to cells pre-treated with isotype
matching mouse IgG (mIgG). In contrast, phosphorylation at Ser536 was not affected (Fig. 5A). Since phospho-
rylation of Ser276 is required for its interaction with CBP, a co-immunoprecipitation analysis was performed.
Interaction between phospho-p65 and CBP was enhanced by simultaneous stimulation of TLR4 and BAFF
(Fig. 5B).

Acetylation of NF-xB is required for its activity as a transcription factor, and this is mediated by the acetyl-
transferase activity of CBP, which acetylates Lys310 of the p65 subunit?. Analysis of NF-kB acetylation indi-
cated that LPS-induced acetylation of p65 was enhanced by anti-BAFF mAb pre-treatment (Fig. 5C). These data
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Figure 4. BAFF-mediated signaling synergizes with LPS for NF-xB activation without affecting IxB
degradation or NF-kB nuclear translocation. (A and B) HEK 293 T cells were transfected with an NF-xB
luciferase construct, reference reporter construct, and BAFF expression vector in combination with CD4-TLR4,
death domain (DD) of MyD88, or wild type TRIF-expressing vectors for 24 h. Relative luciferase activity (RLA)
was then measured. ***p < 0.001 when compared with the negative control. *p < 0.05, * < 0.01 and ** < 0.001
(n=6). (C) THP-1 cells were pre-treated with 1 pg/ml of anti-BAFF mAb or mIgG and then stimulated with

100 ng/ml of LPS for the indicated time periods and total cell lysates were obtained. The Western blot was
performed using antibodies specific for phospho-IkB-a, IkB-a or 3-actin. (D) Cells were pretreated as in C and
stimulated with 1 ug/ml of LPS. After 30 min, the location of p65 was analyzed using immunocytochemistry and
the proportion of cells with nuclear p65 was determined (n=3).

indicate that synergistic activation of NF-xB is possible through enhanced interaction of NF-xB with CBP, which
then acetylates NF-xB.

Since mitogen- and stress-activated protein kinase (MSK)1 is the down-stream target of MAPK and is respon-
sible for phosphorylation of p65 Ser276%, MSK1 involvement was investigated next. As shown in Fig. 5D, the
MSK-specific inhibitor SB747651A blocked the synergistic expression of IL-8 in cells stimulated with LPS and
anti-BAFF mAb. In addition, phosphorylation of Ser276 was blocked in the presence of SB747651A (Fig. 5E).

Phosphorylated CREB interacts with the NF-xB/CBP complex and plays a positive role in the
synergistic induction of proinflammatory mediators. Immunoprecipitation analysis indicated
that crosstalk between TLR4- and BAFF-mediated signaling also increased the amount of phospho-cyclic
AMP-response element binding protein (CREB) in the complex containing CBP and NF-xB (Fig. 5B). Thus, we
tried to define the role of CREB in the crosstalk between TLR4- and BAFF-mediated signaling pathways. First,
the level of CREB Ser133 phosphorylation was evaluated after stimulation of TLR4 and BAFE Pre-treatment with
anti-BAFF mAD alone induced CREB phosphorylation (Fig. 5F). LPS-induced CREB phosphorylation was also
enhanced in cells pre-treated with BAFF-specific antibody. In order to determine whether CREB plays a positive
or negative role in the crosstalk, CREB expression was suppressed by CREB-specific siRNA transfection (Fig. 5G).
When stimulated with LPS and anti-BAFF mAb, the synergistic induction of IL-8 expression was significantly
reduced in CREB siRNA-transfectants when compared to control transfectants (Fig. 5H). These results indicate
that the formation of complexes containing phospho-NF-xB, phospho-CREB, and CBP was enhanced as a result
of the crosstalk between signals initiated from TLR4 and BAFF, and that this complex plays a positive role in the
synergistic induction of proinflammatory mediators.

Since previous reports indicated that the phosphorylation of CREB can be mediated by MSK in mac-
rophages®, we determined the levels of CREB phosphorylation in the presence of SB747651A. As shown in
Fig. 5E, inhibition of MSK activity results in a reduction in CREB phosphorylation, indicating that the MAPK/
MSK signaling pathway can contribute to the phosphorylation of CREB.

The PI3K/AKT/CREB pathway is enhanced by crosstalk between TLR4- and BAFF-mediated
signaling pathways. Activated phosphatidylinositol-3-kinase (PI3K) has been found to have a regulatory
function in inflammation and many pro- and anti-inflammatory agents exert their effect through activation or
inhibition of PI3K*-%*. In order to determine the role of PI3K-AKT signaling in the synergism, THP-1 cells
were sequentially treated with anti-BAFF mAb and LPS, and then activation of the PI3K-AKT signaling pathway
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www.nature.com/scientificreports/

A E
mlgG/LPS a-BAFFILPS a-BAFFAPS
Tim(min) 0 30 60 90 120 O 30 60 90 120 ve MSK1/2inhibitor
P-pE5(S276) = wm—— T S — — — Time(min) O 30 60 90 120 0 30 60 90 120
p-p65(S536) —— p-p65 (5276) - o - e - e .
PED e ———— ———— P-CREB(S133) v @b G b @b b @5 e w= w
practin - o — > > T e B-actin -_— -
B F
IP: CBP IP: p65
IgGILPS -BAFF/LPS
migG «-BAFF  mlgG o-BAFF mig b
WS - + - = -+ T . Time(min) O 30 60 90 120 0 30 60 90 120
P-PE5(S276) — —- @ @ - - p-CREB(S133) =« & == = — & o & 8 -
2| pCREB(S13)) ww = v = = = - B-actin — —————————
CBP = e e e C — -
PE5 - — -
(o G CREB
migG/LPS o-BAFF/LPS NC SRNA
Time(min) 0 30 60 90 120 0 30 60 90 120 CREE B - -
acetyl-p65(K310) - - —— — — —

-actin ~——
Bractin o —— —— —— e ——— e

D H

1200 - 1200

1000 ¢ 1000 | NG *
= = \J CREB siRNA
£ 800 E 800 sl
> 2
& 600 k=
© o
= 400 =

200

0

LPS - + - + - + - +

LPS - + - + - +
o-BAFF - - + + - - + +

o-BAFF migG
ve MSK1/2inhibitor

Figure 5. Crosstalk between BAFF- and TLR4-mediated signaling enhanced phosphorylation of NF-xB
and CREB for their subsequent interaction with CBP. (A) THP-1 cells were pre-treated with 1 pg/ml of mIgG
or anti-BAFF mAb for 30 min and then stimulated with LPS (100 ng/ml) for the indicated times. The Western
blot analysis was performed using antibodies specific to phospho-p65 (Ser276 or Ser536), p65, and (3-actin.

(B) Cells were treated as in A. After 1h of LPS stimulation, an immunoprecipitation assay was performed

with CBP- or p65-specific antibodies. Western blot analysis was then performed for phospho-p65 (Ser276),
phospho-CREB(Ser133), CBP, and p65. (C) Cells were treated as in A and the levels of acetyl-p65(Lys310) and
B-actin were determined by Western blot. (D) THP-1 cells were pre-treated with 5 .M of SB747651A (MSK1/2
inhibitor) or 1% PBS for 1h. The cells were treated with 1 p.g/ml of anti-BAFF for 30 min and then with 100 ng/
ml of LPS for 24 h. The levels of secreted IL-8 in culture supernatants were determined by ELISA. *p < 0.05
(n=3). (E) Cells were treated as in D for the indicated time periods. The phosphorylation levels of p65 (Ser276)
and CREB (Ser133) were evaluated by Western blot. (F) Cells were treated as in A for the detection of phospho-
CREB (Ser133) and 3-actin by Western blot. (G) THP-1 cells were transfected with 10nM of scramble siRNA
(NC) or CREB-targeting siRNA for 48 h. The whole cell lysates were obtained to detect CREB levels using
Western blot. (H) Cells transfected with siRNA were stimulated as in A. After 24 h of LPS stimulation, culture
supernatants were collected to measure levels of secreted IL-8 by ELISA. *p < 0.05 (n=3).

was evaluated by Western blot detection of the phosphorylation levels of AKT, the main substrate of PI3K.
LPS-induced phosphorylation of AKT was enhanced by pre-treatment with anti-BAFF mAb (Fig. 6A). In addi-
tion, synergistic expression of IL-8 by treatment of LPS and anti-BAFF mAb were diminished by pre-treatment
with LY294002 or MK2206 (inhibitors for PI3K or AKT, respectively) (Fig. 6B).

The role of the PI3K/AKT signaling pathway in the crosstalk was then examined using an NF-xB-luciferase
assay. Enhanced NF-kB activity in cells transfected with BAFF and CD4-TLR4 expression vector was significantly
reduced in the presence of LY294002 or MK2206 (Fig. 6C). Since the PI3K/AKT pathway can lead to the phos-
phorylation of CREB***7, CREB phosphorylation levels were then tested in the presence of LY294002. As shown
in Fig. 6D, LY294002 treatment resulted in the suppression of CREB phosphorylation. These results indicate that
the PI3K-AKT pathway is enhanced during the crosstalk, and that this contributes to the phosphorylation and
subsequent activation of CREB.

Discussion

The stimulation of BAFF enhanced LPS-induced expression of pro-inflammatory mediators such as MMP-9,
IL-8, TNF-o, and MCP-1. Analyses of the activation status of signaling adaptors indicated that the enhancing
effect of BAFF was possible through its activation of signaling adaptors that are also involved in LPS-induced sig-
naling pathways (Fig. 7). These signaling adaptors include ERK and JNK MAPKSs and PI3K, which subsequently
activated MSK1 and AKT, respectively. MSK activation led to the enhancement of Ser276 phosphorylation in
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Figure 6. The PI3K/AKT/CREB pathway contributes to the synergistic activation of NF-«B and expression
of IL-8. (A) THP-1 cells were pre-treated with anti-BAFF or mIgG (1 pg/ml) for 30 min and then stimulated
with 100 ng/ml of LPS for the indicated times. Total cell lysates were tested for the levels of phospho-
AKT(Ser473), AKT, and 3-actin by Western blot. (B) THP-1 cells were pre-treated with 5puM LY294002 (PI3K
inhibitor), 10 pM MK2206 (AKT inhibitor) or 0.05% DMSO (VC) for 1 h. The cells were treated with anti-BAFF
(1 pg/ml) for 30 min and then stimulated with LPS (100 ng/ml) for 24 h. The levels of secreted IL-8 in culture
supernatants were determined by ELISA. **p < 0.01 when compared with corresponding positive control
samples stimulated in the absence of inhibitors (n=6). (C) HEK 293 T cells were co-transfected with an NF-k,

B luciferase construct, reference reporter construct, and BAFF and CD4-TLR4 expressing vectors. After 3h,

the cells were treated with 20 uM LY294002 (PI3K inhibitor), 10 pM MK2206 (AKT inhibitor) or 0.2% DMSO
(VC). After 21 h, relative luciferase activities (RLA) were measured. **p < 0.01 when compared with cells co-
transfected with BAFF and CD4-TLR4 expressing vectors (n=6). (D) THP-1 cells were pre-treated with 20 uM
LY294002 (PI3K inhibitor) or 0.2% DMSO (VC) for 1 h. The cells were stimulated with LPS (100 ng/ml) for
indicated times in the presence of anti-BAFF mAb (1 pg/ml). The phosphorylation levels of AKT and CREB
were analyzed by Western blot.

the NF-kB p65 subunit, which then interacts with CBP. Acetyltransferase activity of CBP then acetylates the
p65 subunit which, as a result, has higher transcription activating activity. On the other hand, both the MAPK/
MSK and PI3K/AKT pathways appear to enhance Ser133 phosphorylation of CREB, which then joins the CBP/
NF-kB complex. Based on the fact that siRNA-mediated down-regulation of CREB resulted in the reduction of
the enhancing effect of BAFF, the NF-xB/CREB/CBP trimeric complex appears to have a strong positive effect on
pro-inflammatory gene activation (Fig. 7).

Previously, we demonstrated that treatment with anti-BAFF mAb at high concentration (10 ug/ml) induced
the expression of MMP-9 and IL-8 through activation of ERK MAPK and NF-xB'. In this high-dose treatment of
anti-BAFF mAb, NF-kB was activated through phosphorylation/degradation of IxB and the subsequent nuclear
translocation of NF-kB. The BAFF-mediated activation of NF-xkB, however, did not result in TNF-o or MCP-1
induction. In our current experiment, a low concentration of anti-BAFF mAbD (1 pg/ml) was used. This concen-
tration is not strong enough to induce high level expressions of these proinflammatory mediators. However,
when this low concentration of anti-BAFF mAb was used in combination with LPS, a strong enhancing effect on
the expression of MMP-9, TNF-q, IL-8, and MCP-1 was detected. When compared with the high-dose antibody
treatment, the low-dose antibody treatment appears to activate different signaling adaptors, with the exception
of ERK MAPK, which is activated in both cases. These data indicate that different signaling adaptors can be acti-
vated, depending on the intensity of BAFF stimulation.

The activation of NF-kB is tightly regulated at the multiple levels by various cellular mechanisms. The main
control of NF-xB activity is the regulation of its location within the cell. When there is no activation signal,
NF-3B is detained in the cytosol in complex with IxB. Inflammatory signaling induces the phosphorylation and
subsequent degradation of IxB and the resulting free NF-kB translocates into the nucleus for the transcriptional
activation of various genes involved in inflammation®*. The BAFF-mediated signaling pathway does not appear
to change the LPS-induced phosphorylation/degradation of IkB nor the nuclear translocation of NF-kB.

The transcription activating function of NF-B is affected by chemical modifications including phosphoryla-
tion, methylation, and acetylation at specific amino acid residues on its p65 subunit (RelA)**#!1. Phosphorylation
in the p65 subunit is well established as a crucial modification for the activation of NF-xB. Phosphorylation at
Ser536 increases the transcriptional activity of NF-kB*>%3. Phosphorylation at Ser276 is required for interac-
tion with the co-activator CBP, which controls gene expression through modifying chromatin activity through
acetylation of various substances, including histone N-terminal tails and NF-kB?*4. BAFF-mediated signaling
enhanced the phosphorylation at Ser276, but not at Ser536, and, as a result, enhanced the interaction between
NEF-xB and CBP.

SCIENTIFICREPORTS | 7:45826 | DOI: 10.1038/srep45826 7



www.nature.com/scientificreports/

BAFF TLR4

1

Cross-talk

Ser133 Ser276 @

Phosphorylation phosphorylation

Interactionwith CBP A
p65 acetylation

cres) (poshso)
_ Pro-inflammatory

genes expression

&

phosphorylation

0

Figure 7. A diagram showing the signaling pathways responsible for the synergistic induction of
proinflammatory mediators. Simultaneous stimulation of BAFF and TLR4 appears to enhance NF-xB
activation through phosphorylation of the NF-kB 65 subunit (Ser276) through the MAPK(ERK/JNK)/MSK
pathway, without affecting the LPS-induced degradation of IkB or NF-xB nuclear translocation. NF-xB then
interacts with CBP for subsequent acetylation. CREB is phosphorylated through the MAPK/MSK and PI3K/
AKT pathways, and the resulting phosphorylated CREB interacts with the NF-xB/CBP complex. The trimeric
complex composed of NF-xkB, CBP, and CREB then plays a positive role in the transcriptional activation of pro-
inflammatory genes. (Signaling pathways enhanced by the crosstalk are indicated with bold lines).

Acetylation also plays an important role in regulating NF-kB activity?’. Acetylation of the p65 subunit at
Lys310, and to a lesser extent at Lys221, modulates NF-xB activity, such as transcriptional activation, DNA bind-
ing, and assembly with IkBc.. Enhanced phosphorylation at Ser276 of the NF-«kB p65 subunit and the subsequent
increase in its interaction with CBP was observed in THP-1 cells after sequential treatment with anti-BAFF mAb
and LPS. The simultaneous increase in p65 acetylation levels indicates that enhanced interaction between CBP
and NF-kB leads to CBP-mediated acetylation of NF-xB. This is in agreement with previous reports showing the
direct action of CBP in NF-kB acetylation®.

CREB is commonly considered as an anti-inflammatory transcription factor in innate immune responses,
since activated-CREB induces the anti-inflammatory cytokine IL-10 and can suppress pro-inflammatory gene
expression through competition with p65 for interaction with CBP*>*°. However, some reports indicate that
CREB is involved in pro-inflammatory gene expression*”*3. Furthermore, it can cooperatively act with NF-xkB
to induce gene expression*>*°. Our experimental evidence indicates that CREB phosphorylation occurs via both
the MAPK/MSK and PI3K/AKT pathways. Co-immunoprecipitation analysis and siRNA-mediated suppression
of CREB expression indicated that phospho-CREB has a positive effect on pro-inflammatory gene expression in
the crosstalk between BAFF- and TLR4-mediated signaling by forming trimeric complexes containing NF-«B,
CBP, and CREB.

The PI3K-AKT signaling pathway has been reported to be an essential regulator of inflammatory responses.
However, the precise effect of PI3K-AKT signaling on inflammation is highly controversial. Some reports suggest
an anti-inflammatory role for PI3K-AKT signaling through its control of signaling molecules such as MAPKs
and GSK-33%. In contrast, others claim that PI3K-AKT signaling promotes inflammatory immune responses by
inducing NF-kB activation®*. Our analyses indicate that the PI3K/AKT signaling leads to phosphorylation/acti-
vation of CREB, and that the PI3K/AKT/CREB pathway is positively involved in the enhancing effect of BAFF on
LPS-induced responses. It is highly likely that the effect of PI3K/AKT activation on NF-kB activity is an indirect
effect through CREB, which enhances NF-kB activity via formation of NF-xB/CREB/CBP complexes.

It is interesting that the crosstalk between signals initiated by members of the TNFSF and TLR4 has been
previously reported in the case of 4-1BB ligand (4-1BBL)?!. Kang et al., demonstrated that the reverse signaling
generated from 4-1BBL sustained TNF production through CREB and C/EBP in macrophages. The involvement
of NF-xB, however, was not detected in the crosstalk between 4-1BBL- and TLR4-mediated signaling pathways.

Our results demonstrate, for the first time, that the crosstalk between the signaling initiated from BAFF may
affect LPS-induced inflammatory activation of macrophages. This crosstalk resulted in the synergistic activa-
tion of various pro-inflammatory mediators. This synergistic activation was possible through BAFF-mediated
activation of signaling adaptors that are shared by LPS-induced signaling pathways. These data demonstrate the
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existence of a complex network of signaling pathways in inflammatory activation of macrophages that will be
helpful in the future development of immunomodulatory molecules to regulate the inflammatory activation of
macrophages and, possibly, other white blood cells.

Materials and Methods

Antibody and reagents. The mAb against human BAFF were purchased from Immunomics (clone
T7-132) (Ulsan, KOREA), R&D Systems (clone 148725) (Minneapolis, MN, USA), and Santa Cruz (clone B418)
(Santa Cruz, CA, USA). Mouse IgG2a was purchased from BD Biosciences (San Jose, CA, USA). SB203580 and
LY294002 were acquired from Calbiochem International Inc. (La Jolla, CA, USA). U0126, rabbit polyclonal
antibodies to ERK-1/2 (p42/44 MAPK), phospho-ERK-1/2 (Thr202/Tyr204), IxB-a, p38 MAPK, phospho-p38
MAPK (Thr180/Tyr182), JNK MAPK, phospho-AKT (Ser473), and AKT, rabbit mAbs to CREB, phospho-NF-x
B p65 (Ser536) (93H1), and acetyl-NF-xB p65 (Lys310) and mouse mAbs to phospho-IkB-a (Ser32/36) (5A5),
phospho-JNK MAPK (Thr183/Tyr185) (G9), and phospho-CREB (Ser133) (1B6) were purchased from Cell sig-
naling (Danvers, MA, USA). Mouse mAb to p65, rabbit polyclonal antibodies to phospho-p65 (Ser276) and
CBP, goat polyclonal antibody to (3-actin, and siRNAs specific for BAFF and CREB were obtained from Santa
Cruz. Bacterial LPS and SP600125 was purchased from Sigma (St. Louis, MO, USA). MK2206 were obtained
from Selleck Chemicals (Houston, TX, USA). SB747651A was purchased from R&D Systems (Minneapolis, MN,
USA). DharmaFECT 1 siRNA transfection reagent was obtained from Dhamacon, Inc (Lafayette, CO, USA).

Cell culture and flow cytometric analysis. The human monocytic leukemia cell line, THP-1, was grown
in RPMI 1640 (WelGENE Inc., Daegu, Korea), supplemented with 10% fetal bovine serum (FBS), 0.05 mM
B-mercaptoethanol, glucose, and streptomycin-penicillin at 37 °C in the presence of 5% CO,. For activation,
cells were seeded (1.0 x 10° cells in 1 ml of RPMI medium) in 24-well plates and pre-treated with 1 pug/ml of
anti-BAFF or mIgG for 30 min in the presence or absence of appropriate inhibitors. Cells were then stimulated
with 0.01-1 pg/ml of LPS for 0.5-24 h. The human embryonic kidney cell line 293 T (HEK 293 T) was grown in
DMEM (WelGENE Inc.,), supplemented with 10% FBS and streptomycin-penicillin at 37 °C in the presence of 5%
CO,. Flow cytometric analysis was performed using the FACSVerse system (Becton-Dickinson, Mountain View,
CA, USA). To investigate the expression levels of BAFF in THP-1 cells, the cells (5.0 x 10°) were washed twice
with cold phosphate buffered saline (PBS) and then stained with 1 pg/ml of anti-BAFF mAb or 1 pg/ml mIgG for
30min on ice. The cells were then washed twice with cold PBS and incubated with 10 ug/ml of FITC-conjugated
goat anti-mouse secondary antibody for 15min on ice. After incubation, the cells were washed twice with cold
PBS and re-suspended with cold PBS. The mIgG staining sample was used for background fluorescence. The flu-
orescence profiles of 1.0 x 10* cells were collected for analysis.

Gelatin zymography and enzyme-linked immunosorbent assay (ELISA). The activity of MMP-9
in the culture supernatant was determined by substrate gel electrophoresis. Zymography using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in gel containing 0.1% gelatin was performed as previ-
ously described®. Briefly, culture supernatants were collected after 24 h, mixed with FOZ buffer (4% SDS, 20%
glycerol, 0.01% bromophenol, 0.125M Tris-Cl), and electrophoresed on 10% polyacrylamide gels. The gels were
then sequentially treated with 2.5% Triton X-100 for 40 min to remove SDS, distilled water for 40 min to remove
Triton X-100, and digestion buffer (50 mM Tris-Cl, pH 7.6, 0.15M NaCl, 10 mM CacCl,, 0.02% NaNj) for 12h
at 37 °C. The gels were finally stained with 0.1% Coomassie Brilliant Blue R-250 (USB Corporation, Cleveland,
USA) and destained to visualize the protein bands. The cytokine concentrations in culture supernatants were
measured using sandwich ELISA kits (eBioscience, San Diego, CA, USA). ELISA was performed according to the
manufacturer’s protocol. Colorimetric changes were detected using a microplate reader set to 450 nm (corrected
by the absorption at 540 nm). Measurements were performed in triplicate, and the detection limit was < 10 pg/ml.

Reverse transcription polymerase chain reaction (RT-PCR).  Cells were collected and total cellular
RNA was extracted. Isolated RNAs were treated with RNase free DNase I (Takara Bio Inc., Otsu, Shiga, Japan) and
then used for cDNA synthesis, which was conducted using Diastar™ RT kit (SolGent, Daejeon, Korea) according
to the manufacturer’s protocol. For PCR, primers were prepared for BAFF (370 bp; forward primer, GGT CCA
GAA GAA ACA GTC AG; reverse primer, GGA GTT CAT CTC CTT CTT CC), GAPDH (391 bp; forward
primer, ATC ACT GCC ACC CAG AAG AG; reverse primer, TGA GCT TGA CAA AGT GGT CG). The expres-
sion levels of GAPDH were used as an internal control. After heating at 94 °C for 5 min, PCR was performed
under the following conditions: 35 cycles of 94 °C for 1 min, 57 °C for 1 min, and then 72 °C for 1 min, followed
by a final extension at 72 °C for 7 min. PCR products were then resolved on a 1.2% agarose gel stained with ethid-
ium bromide. Quantitative RT-PCR was performed and analyzed by StepOnePlus (Applied Biosystems, Foster
City, CA, USA) with SYBR Premix Ex Taq (Takara Bio Inc., Otsu, Shiga, Japan) and specific primers for TNF-o
(forward primer, GGA GAA GGG TGA CCG ACT CA; reverse primer, CTG CCC AGA CTC GGC AA), IL-8
(forward primer, ATA AAG ACA TAC TCC AAA CCT TTC CAGC; reverse primer, AAG CTT TAC AAT AAT
TTC TGT GTT GGC), MCP-1 (forward primer, ACT CTC GCC TCC AGC ATG AA; reverse primer, TTG ATT
GCA TCT GGC TGA GC), MMP-9 (forward primer, TTC TAC GGC CAC TAC TGT GCC T; reverse primer,
AAT CGC CAG TAC TTC CCA TCC T) and GAPDH (forward primer, TGG GCT ACA CTG AGGC; reverse
primer, GGG TGT CGC TGT TGA AGT CA). The threshold cycle (Ct) values obtained for each reaction were
normalized using the GAPDH Ct values.

Luciferase assay. HEK 293 T cells were seeded (1.0 x 10* cells in 100l of DMEM medium, triplicate/sample)
in 96-well plates and incubated overnight before transfection. A mixture containing 400 ng/well of total DNA and
2.5pl of Superfect transfecting reagent (Qiagen, Valencia, CA) was suspended in 100 pl of antibiotics-free DMEM
medium was added into the culture wells. After 24 h, cell lysates were obtained in passive lysis buffer (Promega,
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Madison, WI), and luciferase activities were measured using the Dual-Luciferase reporter assay system (Promega).
Relative luciferase activity (RLA) was determined by normalization with Renilla luciferase activity. Expression con-
structs for CD4-TLR4, the death domain of MyD88, wild type TRIF, the luciferase reporter gene under the control
of NF-kB binding sites, and the Renilla-luciferase construct for a transfection control were described previously>

Immunocytochemistry. To detect nuclear translocation of p65, THP-1 cells were washed twice with cold
PBS and attached on cover slips that were coated with poly-L-lysine (Sigma). Attached cells were fixed with 4%
paraformaldehyde for 15 min at room temperature (RT) and permeabilized with 0.5% Triton-X in PBS for 15 min.
The cells on cover slip were incubated with anti-NF-xB p65 mAb (4 pg/ml) at 4 °C overnight and then incubated
with 10 pg/ml of FITC-conjugated goat anti-mouse secondary antibodies at RT for 1h. Cover slips were mounted
with DAPI-containing mounting solution for observation with a fluorescence microscope and enumeration.

Western blot. THP-1 cells were seeded (1.0 x 10° cells in 1 ml of RPMI 1640 medium) in 24-well plates
and pre-treated with antibodies. After 30 min, cells were stimulated with LPS for indicated times and then cells
were collected by centrifugation (8,000 rpm for 3 min at 4°C). The cells were lysed in 100 ul of NP-40 (IGEPAL
CA-630) lysis buffer (150 mM NaCl, 1% IGEPAL CA-630, 50 mM Tris, pH 8.0) containing protease inhibitor
cocktail (Calbiochem, San Diego, CA, USA), sodium orthovanadate (Na;VO,) (Sigma), and deacetylation inhibi-
tion cocktail (Santa Cruz). The debris were then removed from total cell lysates by centrifugation (12,000 rpm for
15min at 4 °C), and a Western blot was performed as described previously'’. The specific bands on membranes
were visualized by exposure to a Davinch-chemi™ Chemiluminescence Imaging System (CoreBio, Seoul, Korea).

Immunoprecipitation. THP-1 cells were seeded and pre-treated as in Western blot analysis. After 30 min,
cells were stimulated with LPS for 1 h and then cells were collected by centrifugation (8,000 rpm for 3 min at
4°C). The cells were lysed with 150 ul of non-denaturing lysis buffer (20 mM Tris HCI pH 8.0, 137 mM NacCl, 10%
glycerol, 1% NP-40, and 2mM EDTA in H,0) containing protease inhibitor cocktail (Calbiochem) and Na;VO,
(Sigma). Anti-CBP or anti-p65 antibody was added to each of the cell lysates (150 ul) and the protein-antibody
mixtures were then incubated at 4 °C overnight. The protein-antibody mixtures were incubated with 50 pl of
protein A/G-conjugated magnetic beads (GenScript, NJ, USA) in non-denaturing lysis buffer on a rocker at 4°C
overnight. The protein-antibody-bead complexes were separated from whole cell lysates using a magnetic rack
and then were washed twice with cold PBS. Finally, elution buffer (1% SDS, 50 mM Tris HCI, 100mM DTT in
H,O0, pH 7.4) was added to the precipitated complex, and mixtures were boiled at 95 °C for 5 min to separate pro-
tein from beads. Then, supernatants were collected to use in a Western blot.

Transfection of siRNA. THP-1 cells (2.0 x 10° cells) were pre-seeded in 6-well plates with antibiotic-free
culture medium. After 16 h, the culture medium was replaced with flesh antibiotic-free medium. Then, the cells
were transfected with siRNA at a concentration of 100 nM using DharmaFECT 1 siRNA transfection reagent
according to the manufacturer’s protocol. Transfected cells were collected and used for analysis of mRNA and
protein levels at 24 or 48 h after transfection, respectively.

Statistical analysis. All data are presented as the mean values & SD, with the number of independent exper-
iments indicated in the figure legends. Statistical difference of two means between groups in ELISA data was
determined by two-tailed asymptotic general independence test. Asymptotic general independence test was per-
formed using Coin package in R statistical language. Luciferase assay results were statistically evaluated using
two-tailed Student’s ¢-test. Normal distribution of data sets was assumed by Kolmogorov-Smirnov (K-S) test.
Student’s t-test and K-S test were performed using GraphPad Prism version 5.01. Statistical power was deter-
mined by post-hoc analysis in G*Power 3.1. Differences were considered significant at p < 0.05 and power > 0.8
(Student’s t-test) or 0.95 (asymptotic general independence test).

References
1. Mackay, E, Schneider, P,, Rennert, P. & Browning, J. BAFF AND APRIL: a tutorial on B cell survival. Annual review of immunology
21, 231-264 (2003).
2. Dillon, S. R, Gross, J. A., Ansell, S. M. & Novak, A. J. An APRIL to remember: novel TNF ligands as therapeutic targets. Nat Rev
Drug Discov 5, 235-246 (2006).
3. Gorelik, L. et al. Normal B cell homeostasis requires B cell activation factor production by radiation-resistant cells. The Journal of
experimental medicine 198, 937-945 (2003).
4. Ng, L. G., Mackay, C. R. & Mackay, F. The BAFF/APRIL system: life beyond B lymphocytes. Molecular immunology 42, 763-772 (2005).
5. Schneider, P. The role of APRIL and BAFF in lymphocyte activation. Current opinion in immunology 17, 282-289 (2005).
6. Munari, F. et al. Cytokine BAFF released by Helicobacter pylori-infected macrophages triggers the Th17 response in human chronic
gastritis. ] Immunol 193, 5584-5594, doi: 10.4049/jimmunol.1302865 (2014).
7. Turpeinen, H. et al. Proprotein convertases in human atherosclerotic plaques: the overexpression of FURIN and its substrate
cytokines BAFF and APRIL. Atherosclerosis 219, 799-806, doi: 10.1016/j.atherosclerosis.2011.08.011 (2011).
8. Tarantino, G. et al. Serum BLyS/BAFF predicts the outcome of acute hepatitis C virus infection. Journal of viral hepatitis 16, 397-405,
doi: 10.1111/§.1365-2893.2009.01093 x (2009).
9. Panchanathan, R. & Choubey, D. Murine BAFF expression is up-regulated by estrogen and interferons: implications for sex bias in
the development of autoimmunity. Molecular immunology 53, 15-23, doi: 10.1016/j.molimm.2012.06.013 (2013).
10. Jeon, S. T. et al. Reverse signaling through BAFF differentially regulates the expression of inflammatory mediators and cytoskeletal
movements in THP-1 cells. Immunol Cell Biol 88, 148-156 (2010).
11. Juhasz, K., Buzas, K. & Duda, E. Importance of reverse signaling of the TNF superfamily in immune regulation. Expert Rev Clin
Immunol 9, 335-348, doi: 10.1586/eci.13.14 (2013).
12. Zhang, J. et al. Modulation of T-cell responses to alloantigens by TR6/DcR3. J Clin Invest 107, 1459-1468 (2001).
13. Lim, S. G., Suk, K. & Lee, W. H. Reverse signaling from LIGHT promotes pro-inflammatory responses in the human monocytic
leukemia cell line, THP-1. Cellular immunology 285, 10-17, doi: 10.1016/j.cellimm.2013.08.002 (2013).

SCIENTIFICREPORTS | 7:45826 | DOI: 10.1038/srep45826 10



www.nature.com/scientificreports/

14.

15.

16.

17.

18.

19.

20.

21.

22.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

van Essen, D., Kikutani, H. & Gray, D. CD40 ligand-transduced co-stimulation of T cells in the development of helper function.
Nature 378, 620-623 (1995).

Tu, T. H. et al. 4-1BBL signaling promotes cell proliferation through reprogramming of glucose metabolism in monocytes/
macrophages. The FEBS journal 282, 1468-1480, doi: 10.1111/febs.13236 (2015).

Chen, N. J., Huang, M. W. & Hsieh, S. L. Enhanced secretion of IFN-gamma by activated Th1 cells occurs via reverse signaling
through TNF-related activation-induced cytokine. ] Immunol 166, 270-276 (2001).

Cerutti, A. et al. Engagement of CD153 (CD30 ligand) by CD30+ T cells inhibits class switch DNA recombination and antibody
production in human IgD + IgM + B cells. ] Immunol 165, 786-794 (2000).

Suzuki, I. & Fink, P. J. The dual functions of fas ligand in the regulation of peripheral CD8 +and CD4 + T cells. Proceedings of the
National Academy of Sciences of the United States of America 97, 1707-1712 (2000).

Lee, S. M., Kim, E. J., Suk, K. & Lee, W. H. Stimulation of FasL induces production of proinflammatory mediators through activation
of mitogen-activated protein kinases and nuclear factor-kappaB in THP-1 cells. Inflammation 35, 1-10, doi: 10.1007/s10753-010-
9283-3 (2012).

Chou, A. H. et al. Enhanced proliferation and increased IFN-gamma production in T cells by signal transduced through TNF-
related apoptosis-inducing ligand. J Immunol 167, 1347-1352 (2001).

Kang, Y.]J. et al. Cell surface 4-1BBL mediates sequential signaling pathways ‘downstream’ of TLR and is required for sustained TNF
production in macrophages. Nature immunology 8, 601-609 (2007).

Kim, E. C., Moon, J. H., Kang, S. W., Kwon, B. & Lee, H. W. TMEM126A, a CD137 ligand binding protein, couples with the TLR4
signal transduction pathway in macrophages. Molecular immunology 64, 244-251, doi: 10.1016/j.molimm.2014.12.001 (2015).

. Medzhitov, R., Preston-Hurlburt, P. & Janeway, C. A., Jr. A human homologue of the Drosophila Toll protein signals activation of

adaptive immunity. Nature 388, 394-397 (1997).

. Fitzgerald, K. A. et al. Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal transduction. Nature 413, 78-83 (2001).
. Kawai, T. & AKkira, S. TLR signaling. Cell Death Differ 13, 816-825 (2006).
. Burns, K. et al. MyD88, an adapter protein involved in interleukin-1 signaling. The Journal of biological chemistry 273, 12203-12209

(1998).

. Rowe, D. C. et al. The myristoylation of TRIF-related adaptor molecule is essential for Toll-like receptor 4 signal transduction.

Proceedings of the National Academy of Sciences of the United States of America 103, 6299-6304 (2006).

. Chen, L. F et al. NF-kappaB RelA phosphorylation regulates RelA acetylation. Molecular and cellular biology 25, 7966-7975 (2005).
. Chen, L. F, Mu, Y. & Greene, W. C. Acetylation of RelA at discrete sites regulates distinct nuclear functions of NF-kappaB. The

EMBO journal 21, 6539-6548 (2002).

Zhong, H., Voll, R. E. & Ghosh, S. Phosphorylation of NF-kappa B p65 by PKA stimulates transcriptional activity by promoting a
novel bivalent interaction with the coactivator CBP/p300. Molecular cell 1, 661-671 (1998).

Vermeulen, L., De Wilde, G., Van Damme, P., Vanden Berghe, W. & Haegeman, G. Transcriptional activation of the NF-kappaB p65
subunit by mitogen- and stress-activated protein kinase-1 (MSK1). The EMBO journal 22, 1313-1324, doi: 10.1093/emboj/cdg139
(2003).

Eliopoulos, A. G., Dumitru, C. D., Wang, C. C., Cho, J. & Tsichlis, P. N. Induction of COX-2 by LPS in macrophages is regulated by
Tpl2-dependent CREB activation signals. The EMBO journal 21, 4831-4840 (2002).

Antoniv, T. T. & Ivashkiv, L. B. Interleukin-10-induced gene expression and suppressive function are selectively modulated by the
PI3K-Akt-GSK3 pathway. Immunology 132, 567-577, doi: 10.1111/j.1365-2567.2010.03402.x (2011).

Darieva, Z., Lasunskaia, E. B., Campos, M. N, Kipnis, T. L. & Da Silva, W. D. Activation of phosphatidylinositol 3-kinase and c-Jun-
N-terminal kinase cascades enhances NF-kappaB-dependent gene transcription in BCG-stimulated macrophages through
promotion of p65/p300 binding. Journal of leukocyte biology 75, 689-697 (2004).

Zhao, Y. et al. Up-regulated expression of WNT5a increases inflammation and oxidative stress via PI3K/AKT/NF-kappaB signaling
in the granulosa cells of PCOS patients. ] Clin Endocrinol Metab 100, 201-211, doi: 10.1210/jc.2014-2419 (2015).

Chien, P. T, Lin, C. C,, Hsiao, L. D. & Yang, C. M. c-Src/Pyk2/EGFR/PI3K/Akt/CREB-activated pathway contributes to human
cardiomyocyte hypertrophy: Role of COX-2 induction. Mol Cell Endocrinol 409, 59-72 (2015).

Rodriguez-Seoane, C., Ramos, A., Korth, C. & Requena, J. R. DISC1 regulates expression of the neurotrophin VGF through the
PI3K/AKT/CREB pathway. ] Neurochem 135, 598-605, doi: 10.1111/jnc.13258 (2015).

Karin, M. & Greten, F. R. NF-kappaB: linking inflammation and immunity to cancer development and progression. Nat Rev
Immunol 5, 749-759 (2005).

Schmitz, M. L., Mattioli, I., Buss, H. & Kracht, M. NF-kappaB: a multifaceted transcription factor regulated at several levels.
Chembiochem 5, 1348-1358 (2004).

Calao, M., Burny, A., Quivy, V., Dekoninck, A. & Van Lint, C. A pervasive role of histone acetyltransferases and deacetylases in an
NF-kappaB-signaling code. Trends in biochemical sciences 33, 339-349 (2008).

Levy, D. et al. Lysine methylation of the NF-kappaB subunit RelA by SETD6 couples activity of the histone methyltransferase GLP
at chromatin to tonic repression of NF-kappaB signaling. Nature immunology 12, 29-36 (2011).

O’Mahony, A. M., Montano, M., Van Beneden, K., Chen, L. F. & Greene, W. C. Human T-cell lymphotropic virus type 1 tax induction
of biologically Active NF-kappaB requires IkappaB kinase-1-mediated phosphorylation of RelA/p65. The Journal of biological
chemistry 279, 18137-18145 (2004).

Yang, E, Tang, E., Guan, K. & Wang, C. Y. IKK beta plays an essential role in the phosphorylation of RelA/p65 on serine 536 induced
by lipopolysaccharide. J Immunol 170, 5630-5635 (2003).

Zhong, H., SuYang, H., Erdjument-Bromage, H., Tempst, P. & Ghosh, S. The transcriptional activity of NF-kappaB is regulated by
the IkappaB-associated PKAc subunit through a cyclic AMP-independent mechanism. Cell 89, 413-424 (1997).

Gee, K., Angel, J. B., Mishra, S., Blahoianu, M. A. & Kumar, A. IL-10 regulation by HIV-Tat in primary human monocytic cells:
involvement of calmodulin/calmodulin-dependent protein kinase-activated p38 MAPK and Sp-1 and CREB-1 transcription factors.
J Immunol 178, 798-807 (2007).

Wen, A. Y., Sakamoto, K. M. & Miller, L. S. The role of the transcription factor CREB in immune function. J Immmunol 185,
6413-6419 (2010).

Reddy, M. A,, Sahar, S., Villeneuve, L. M., Lanting, L. & Natarajan, R. Role of Src tyrosine kinase in the atherogenic effects of the
12/15-lipoxygenase pathway in vascular smooth muscle cells. Arteriosclerosis, thrombosis, and vascular biology 29, 387-393 (2009).
Roach, S. K., Lee, S. B. & Schorey, J. S. Differential activation of the transcription factor cyclic AMP response element binding
protein (CREB) in macrophages following infection with pathogenic and nonpathogenic mycobacteria and role for CREB in tumor
necrosis factor alpha production. Infection and immunity 73, 514-522 (2005).

Du, Y. et al. NF-kappaB and enhancer-binding CREB protein scaffolded by CREB-binding protein (CBP)/p300 proteins regulate
CD59 protein expression to protect cells from complement attack. The Journal of biological chemistry 289, 2711-2724 (2014).
Suliman, H. B., Sweeney, T. E., Withers, C. M. & Piantadosi, C. A. Co-regulation of nuclear respiratory factor-1 by NFkappaB and
CREB links LPS-induced inflammation to mitochondrial biogenesis. Journal of cell science 123, 2565-2575 (2010).

Lee, J. Y. et al. Reciprocal modulation of Toll-like receptor-4 signaling pathways involving MyD88 and phosphatidylinositol
3-kinase/AKT by saturated and polyunsaturated fatty acids. The Journal of biological chemistry 278, 37041-37051 (2003).

Lee, J. K. et al. Suppression of the TRIF-dependent signaling pathway of Toll-like receptors by luteolin. Biochemical pharmacology
77, 1391-1400 (2009).

SCIENTIFICREPORTS | 7:45826 | DOI: 10.1038/srep45826 11



www.nature.com/scientificreports/

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, Science, and Technology (2012R1A1A4A01005809 and
2014R1A1A2053381).

Author Contributions

S.G.L. and J.K.K. preformed the experiments and wrote the manuscript. W.H.L. conceived the project, discussed
the results and revised the manuscript. K.S. contributed to discussion of the results. All authors approved the final
version.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Lim, S.-G. et al. Crosstalk between signals initiated from TLR4 and cell surface BAFF
results in synergistic induction of proinflammatory mediators in THP-1 cells. Sci. Rep. 7, 45826; doi: 10.1038/
srep45826 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:45826 | DOI: 10.1038/srep45826 12


http://creativecommons.org/licenses/by/4.0/

	Crosstalk between signals initiated from TLR4 and cell surface BAFF results in synergistic induction of proinflammatory med ...
	Results

	Simultaneous stimulation of BAFF and TLR4 synergistically induce the expression of pro-inflammatory mediators. 
	LPS-induced activation of ERK and JNK MAPK is enhanced by the stimulation of BAFF. 
	Signal integration culminating in NF-κB activation is responsible for the synergistic induction of pro-inflammatory mediato ...
	Simultaneous stimulation of TLR4 and BAFF causes an increase in Ser276 phosphorylation of NF-κB p65 subunit (RelA), which t ...
	Phosphorylated CREB interacts with the NF-κB/CBP complex and plays a positive role in the synergistic induction of proinfla ...
	The PI3K/AKT/CREB pathway is enhanced by crosstalk between TLR4- and BAFF-mediated signaling pathways. 

	Discussion

	Materials and Methods

	Antibody and reagents. 
	Cell culture and flow cytometric analysis. 
	Gelatin zymography and enzyme-linked immunosorbent assay (ELISA). 
	Reverse transcription polymerase chain reaction (RT-PCR). 
	Luciferase assay. 
	Immunocytochemistry. 
	Western blot. 
	Immunoprecipitation. 
	Transfection of siRNA. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Stimulation of BAFF resulted in the enhancement of LPS-induced expression of pro-inflammatory mediators.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The enhancing effect of mAb is BAFF specific and starts at relatively early time points after LPS stimulation.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ BAFF exerts its enhancing effects through activation of ERK and JNK MAPKs.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ BAFF-mediated signaling synergizes with LPS for NF-κB activation without affecting IκB degradation or NF-κB nuclear translocation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Crosstalk between BAFF- and TLR4-mediated signaling enhanced phosphorylation of NF-κB and CREB for their subsequent interaction with CBP.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The PI3K/AKT/CREB pathway contributes to the synergistic activation of NF-κB and expression of IL-8.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ A diagram showing the signaling pathways responsible for the synergistic induction of proinflammatory mediators.



 
    
       
          application/pdf
          
             
                Crosstalk between signals initiated from TLR4 and cell surface BAFF results in synergistic induction of proinflammatory mediators in THP-1 cells
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45826
            
         
          
             
                Su-Geun Lim
                Jae-Kwan Kim
                Kyoungho Suk
                Won-Ha Lee
            
         
          doi:10.1038/srep45826
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45826
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45826
            
         
      
       
          
          
          
             
                doi:10.1038/srep45826
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45826
            
         
          
          
      
       
       
          True
      
   




