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Abstract — Reactive oxygen species play a role in signal transduction and in many human diseases. B-cell
activating factor (BAFF) plays a role for mature B cell generation and maintenance and for the incidence of
autoimmune diseases. We previously reported that BAFF expression was induced by ROS. In this study, we
investigated whether ROS-induced BAFF expression was affected by toll-like receptor (TLR) 4 or myeloid
differentiation primary response gene (MyD) 88. BAFF expression was increased by serum deprivation that is
an experimental modification to produce ROS. In contrast, TLR4 and MyD88 were decreased by serum
deprivation. Although ROS production was decreased in TLR4-nonfunctional or MyD88-deficient splenocytes
as compared to that in control mice, serum deprivation increased ROS production and augmented BAFF
expression in both cells. 50 uM H.O; also increased BAFF expression in TLR4-deficient or MyD88-deficient
splenocytes. Collectively, results show that BAFF expression may be mediated by TLR4 or MyD88-
independent manner and TLR4 or MyD88 may not be required in BAFF expression.
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INTRODUCTION

Mature B cell generation and maintenance are regu-
lated by B-cell activating factor (BAFF). BAFF is produced
by macrophages or dendritic cells (DCs) upon stimulation
with lipopolysaccharide (LPS) or interferon-y. BAFF be-
longs to the tumor necrosis factor (TNF) family. Its bio-
logical role is mediated by the specific receptors, B-cell
maturation antigen (BCMA), transmembrane activator and
calcium modulator and cyclophilin ligand interactor (TACI)
and BAFF receptor (BAFF-R) (Mackay et al., 2003). BAFF-
deficient mice exhibit an almost complete loss of follicular
and marginal-zone B lymphocytes (Schiemann et al.,
2001). BAFF is associated with autoimmune disorders and
induces rheumatic arthritis in a transgenic mouse model
(Mackay et al., 1999; Schneider et al., 1999). These dis-
orders are well-known Th1-mediated inflammatory diseases.
In addition, BAFF induces class-switch DNA recombina-
tion to produce 1gG, IgA and IgE (Litinskiy et al., 2002),
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which is in relation to Th2-mediated immune reaction-
mediated allergic disorder such as asthma (Rackeman,
1947; Ostergaard, 1985; Corrigan, 2004).

Previously, our reports have shown that BAFF ex-
pression was increased by ROS treatment and Prx |l gene
deletion (Moon et al., 2006) and it was differentially regu-
lated from TLR4 by Prx Il (Moon et al., 2008). Peroxire-
doxins (Prxs) play a role in ROS degradation. ROS pro-
duction increased in Prx Il '~ mice compared to wild type
mice (Moon et al., 2004; Han et al., 2005; Han et al., 2006;
Moon et al., 2006). Toll-like receptors (TLRs) play an im-
portant role in the detection of invading pathogens within
the body and the subsequent immune response. Among
TLRs (Akira et al., 2003), TLR4 agonist, LPS induced ROS
generation and ROS are involved in TLR4-associated acti-
vation of NF-xB (Sanlioglu et al., 2001; Asehnoune et al.,
2004). ROS that produced by LPS-stimulation or Prx Il
gene deletion, augments BAFF expression through NF-xB
activation (Moon et al., 2006). However, little has been
known about the requirement of TLR4 in the regulation of
ROS-mediated BAFF expression.

TLR recruits the IL-1R-associated kinase (IRAK) via the
adapter MyD88, ultimately leading to the activation of
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NF-kB (Muzio et al., 1997; Wesche et al., 1997). MyD88
was originally isolated as a myeloid differentiation primary
response gene that is rapidly induced upon IL-6-stimulated
differentiation of M1 myeloleukaemic cells into macro-
phages (Lord et al, 1990). The C-terminal domain of
MyD88 is highly homologous with the cytoplasmic regions
of the IL-1 receptor family (Hultmark, 1994) and its N-ter-
minus contains a death domain. Unlike the IL-1 receptor
family, MyD88 does not contain a transmembrane portion
(Muzio et al., 1997; Wesche et al., 1997). However, little
has been known about the requirement of MyD88 in the
regulation of ROS-mediated BAFF expression.

In this study, we investigated the role of TLR4 or MyD88
on ROS-mediated BAFF expression. Here, we found that
BAFF expression was independent of TLR 4 and MyD88 in
ROS-producing cells that were experimentally modified by
serum deprivation (Moon, 2008). It suggests that BAFF ex-
pression might be mainly regulated by ROS in immune
cells.

MATERIALS AND METHODS

Mice and reagents

C3H/HeN and C3H/HeJ mice were purchased from
Jackson Laboratory, Japan. Wildtype and MyD88 '~ C57BL/6
mice were obtained by breeding male MyD88+/ ~ and fe-
male MyD88 "'~ mice and by performing the genotyping of
animals as described (Adachi et al., 1998). Animals were
maintained in the pathogen-free authorized facility in
Sejong University where the temperature at 20-22°C, the
humidity 50-60%. The dark/light cycles were 12 hour. All
animal procedures were conducted in accordance with the
guidelines of the institutional Animal Care and Use
Committee, Sejong University. Rabbit anti-mouse TLR4
antibodies were purchased from Sigma-Aldrich (St. Louis,
MO). Except where indicated, all other materials are ob-
tained from the Sigma-Aldrich (St. Louis, MO).

Cell preparation

Spleens were dissected from each mouse in RPMI 1640
supplemented 2% fetal calf serum (FCS). Splenocytes
were obtained by teasing spleen gently with plunger of 3 mi
syringe and by sieving through 70 um cell strainer (Falcon,
Bedford, MA). Red blood cells were removed by incubating
with RBC lysis buffer (Sigma Chemical Co., St. Louis, MO)
for 5 minutes. Spleen cells were washed twice with RPMI
1640 medium. Cell numbers were adjusted to appropriate
concentrations.

Flow cytometric analyses

To analyze intracellular amount of ROS, splenocytes
(1-1OX105) were stained with fluorescence dye, DCF-DA
(Molecular Probe, Eugene, OR) for 30 minute. Then,
10,000 cells were acquired to analyze intracellular amount
of ROS by CELLQuest™ software in FACScalibur™
(Becton Dickinson, Franklin Lakes, NJ).

RT-PCR

RNA was isolated from cells using TRIzol (Invitrogen
Life Technology, Carlsbad, CA). cDNA was synthesized
from 1 ug of total RNA, using oligo (dT)s primers and su-
perscript reverse transcriptase in a final volume of 21 pl
(Bioneer, Taejeon, Korea). For standard PCR, one pl of
the first strand cDNA product was then used as a template
for PCR amplification with Taq DNA polymerase (Bioneer,
Taejeon, Korea). PCR amplification proceeded as follows:
28 thermocycles of 94°C for 30 second, 55°C for 30 sec-
onds, and 72°C for 30 seconds, using oligonucleotides
specific for MyD88 (forward: atg acc ccc tag gac aaa cg,
reverse: ctt tac cag ctc att tct cac c), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (forward: tcc acc acc
ctg ttg ctg ta; reverse: acc aca gtc cat gcc atc ac) and
mBAFF (forward: gct ttc cag gga cca gag gaa a; reverse:
tta cag cag ttt tag ggc acc aa).

Real- time quantitative RT-PCR

Real-time PCR for TLR4 was performed using iQ™
SYBR® Green Supermix (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and primers used in RT-PCR. For
MyD88 amplification, samples were heated to 94°C for 8
min and cycled 45 times at 94°C for 30 s, 56°C for 30 s,
and 72°C for 45 s. iCycler iQ™ Real-time PCR for mBAFF
was performed using TaqMan® Universal PCR Master mix
(2X) and primers (forward: cgc cga cta tac gaa aag gaa ctt
a; reverse: ctc ctc caa ggc att tce tct tt) and FAM™ dye-la-
beled TaqMan® MGB probe (cca tgg ctt ctc agc ttt). For
mBAFF amplification, samples were heated to 95°C for 10
min and cycled 40 times at 95°C for 15 s and 60°C for 1
min. Real-time PCR analysis for MyD88 and mBAFF was
carried out in duplicate using real-time PCR Detection
System from Bio-Rad Laboratories, Inc. (Hercules, CA,
USA) and Applied Biosystems (Foster City, CA, USA),
respectively. The amount of MyD88 and mBAFF mRNA
was determined and normalized by the amount of GAPDH
mRNA as an internal control.

Western blot analysis
Cells were lysed in ice-cold lysis buffer, containing 0.5%
Nonidet P-40 (vol/vol) in 20 mM Tris-HCI (pH 8.3); 150 mM
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NaCl; protease inhibitors (2 ug/ml aprotinin, pepstatin, and
chymostatin; 1 pg/ml leupeptin and pepstatin; 1 mM
PMSF; and 1 mM NasVOs. Lysates were incubated for 30
minutes on ice prior to centrifugation at 14,000 rpm for 5
minute at 4°C. Proteins in the supernatant were denatured
by boiling for 5 minute in sodium dodecyl sulfate (SDS)
sample buffer. Proteins were separated by 12 % SDS-pol-
yacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to nitrocellulose membranes. Following this
transfer, equal loading of protein was verified by Ponceau
staining. The membranes were blocked with 5% skim milk
in Tris-buffered saline with Tween 20 (TBST) (10 mM
Tris-HCI, pH 7.6; 150 mM NaCl; 0.5% Tween 20), then in-
cubated with anti-TLR4 antibodies. Bound antibodies were

visualized with HRP-conjugated secondary antibodies with
the use of enhanced chemiluminescence (ECL) (Pierce,
Rockford, IL).

Statistical analyses

Experimental differences were tested for statistical sig-
nificance using ANOVA and Students’ t-test. p value of <
0.05 or 0.01 was considered to be significant.

RESULTS
Serum deprivation changed BAFF, MyD88 gene and TLR

protein expression
Given that higher basal level of ROS is one of the mech-

flow cytometry. These data are repre-
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anisms determining intracellular signalings (Choi et al.,
2005), we investigated the molecular expression of BAFF,
MyD88 gene and TLR protein in the cultures with serum
deprivation. When splenocytes were cultured with 1, 3,
and 10% FBS, ROS production was increased as judged
by the increase of DCF-DA-responsive cells (Fig. 1A).
When BAFF transcripts were detected by RT-PCR and re-
al-time PCR, they were augmented by decreaseing the
percentage of FBS (Fig. 1B and C). In contrast, MyD88
transcripts and TLR4 protein levesl were reduced by 1 and
3% FBS compared to 10% FBS (Fig. 1D and E). These da-
ta suggest that serum deprivation-induced BAFF ex-
pression could be independent of TLR4 and MyD88.

ROS-induced BAFF expression was TLR4-independent

To investigate TLR4-independent BAFF expression, we
compared BAFF expression in splenocytes from C3H/HeN,
TLR4 functional and C3H/HedJ, TLR4 non-functional mice.
Intracellular ROS amounts in C3H/HeN were higher than
that in C3H/HeJ (Fig. 2A). BAFF transcripts were in-
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Fig. 2. TLR4-independent BAFF expression in splenocytes. (A)
Splenocytes from C3H/HeN TLR4-functional and C3H/HeJ
TLR4-nonfunctional mice were prepared. Intracellular ROS
amounts were was measured by the incubation with DCF-DA.
10,000 ROS-positive cells were analyzed by flow cytometry. (B)
Splenocytes were cultured in the presence of 1, 3 and 10%
FBS. BAFF transcripts were detected by RT-PCR.

creased by the incubation with 1, or 3% FBS compared to
10% FBS in C3H/HeN and C3H/HeJ mouse splenocytes.
When both types of splenocytes were cultured with 1 or
3% FBS, BAFF transcripts in C3H/HeJ mouse splenocytes
were higher than that in splenocytes from C3H/HeN
mouse (Fig. 2B). However, little BAFF transcripts in
C3H/HeN sprenocytes were detected in the culture with
1% FBS. It may be due to cell damage, which was resulted
from the massive production of ROS in the culture with 1%
FBS. ROS were produced by serum deprivation in both
types of sprenocytes from C3H/HeN and C3H/HeJ mice
(Fig. 3A). When the percentage of FBS was reduced in the
culture, wildtype C3H/HeN TLR4 functional cells produce
more ROS than C3H/HeJ TLR4 non-functional cells do
(Fig. 3A). So, it demonstrates that wildtype C3H/HeN
TLR4 functional cells could be more damaged by ROS
than TLR4 non-functional cells in the culture with 1% FBS.

ROS-induced BAFF expression was confirmed by the
treatment with N-acetylcysteine (NAC), a well-known ROS
scavenger (Fig. 3B). TLR4-independent ROS-induced
BAFF expression was re-affirmed by the treatment of sple-
nocytes with H2O; (Fig. 4). It suggests that ROS might in-
crease BAFF transcripts independent of TLR4 functionality.

ROS-mediated BAFF expression was MyD88-independent
Given that MyD88, adaptor proteins could be recruited
to TLR and lead to the activation of NF-kB (Muzio ef al.,
1997; Wesche et al., 1997), we investigated whether BAFF
expression could be independent of MyD88 or not. Previ-
ous report showed that BAFF expression was mediated by
the activation of NF-xB (Fu et al., 2006; Moon et al., 2006;
Tai et al., 2006). Here, we compared BAFF expression in
splenocytes from wildtype and MyD88 '~ mice. Intracel-
lular ROS amounts in wildtype mouse splenocytes were
higher than that in splenocytes from MyD887/ ~ mouse
(Fig. 5A). BAFF transcripts were increased by the in-
cubation with 3% FBS compared to 10% FBS in wildtype
and MyD887/ ~ mouse splenocytes. When both types of
splenocytes were cultured with 3% FBS, BAFF transcripts
were much higher in wildtype mouse splenocytes than that
in splenocytes from MyD887/ - mouse (Fig. 5B). However,
ROS were produced by serum deprivation in both types of
splenocytes from wildtype and MyD88 '~ mouse (Fig. 5C).
MyD88-independent ROS-induced BAFF expression was
confirmed by the treatment of splenocytes with H>O, (Fig.
6). It suggests that ROS might increase BAFF transcripts
independent of the existence of MyD88 gene.
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Fig. 4. HxO.-induced BAFF expression in C3H/HedJ TLR4-
nonfunctional mouse splenocytes. Splenocytes from C3H/HeJ
mice were prepared and cultured in the presence of 50 uM H,0,
for various times. BAFF transcripts were detected by RT- PCR.
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DISCUSSION

BAFF expression in splenocytes was regulated by ROS-
producing conditions such as TLR4 agonist, LPS-stim-
ulation, serum-deprivation and ROS-scavenging enzyme,
Prx Il deletion (Moon et al., 2006). Little is known about the
regulation of ROS-mediated BAFF expression by TLR4
functionality and the existence of MyD88 gene. Here, we
investigated the role of TLR4 and MyD88 on ROS-medi-
ated expression of BAFF using C3H/HeJ, TLR4 non-func-
tional mice and MyD88-deficient mice. We found that se-
rum deprivation increased BAFF transcript expression
while decreasing MyD88 transcripts or TLR4 protein (Fig.
1D and E). It implicates that BAFF expression could be de-

Fig. 3. BAFF transcripts dependent on ROS
production. (A) Splenocytes from C3H/HeN
TLR4-functional and C3H/HedJ TLR4-non-
functional mice were prepared and cultured
in the presence of 3 and 10% FBS. ROS
production was measured by the incubation
with DCF-DA. 10,000 ROS-positive cells
were analyzed by flow cytometry. (B) Sple-
nocytes were cultured with 3 and 10% FBS
in the presence or absence of N-acetylcy-
steine (NAC), well-known ROS scavenger.
BAFF transcripts were detected by RT-

pendent on ROS production by serum deprivation. We al-
so found that BAFF expression was more strongly in-
creased in C3H/HeJ, TLR4 non-functional mice and
MyD88 '~ splenocytes than wild type ones. (Fig. 2B and
5B). It implicates that BAFF expression could be in-
dependent of TLR4 functionality and MyD88 gene expre-
ssion. It suggests that ROS are required for BAFF ex-
pression but TLR4 protein or MyD88 gene may not be cru-
cial in BAFF expression.

Toll-like receptor 4 agonist, LPS induced ROS gen-
eration and ROS are involved in TLR4-associated activa-
tion of NF-xB (Sanlioglu ef al., 2001; Asehnoune et al.,
2004). Usually, ROS production was accompanied in
many human diseases, which may be resulted in the
changes of various gene expressions (Mates et al., 1999;
Choi et al., 2005). Among them, BAFF expression was in-
creased by LPS-stimulation though ROS production
(Moon et al., 2006). Data on serum deprivation-induced re-
ciprocal expression of BAFF to TLR4 protein was con-
sistent to our previous report that TLR4 proteins were de-
creased by Prx Il deletion showing the increased ROS
production. In OVA-induced asthmatic mice, BAFF ex-
pression increased in surrounding bronchi was higher in
Prx Il '~ mice than wild type mice (Moon et al., 2008). Wild
type and TLR4-deficient mice had similar responses to al-
lergen for short periods (Hollingsworth et al., 2006). In ad-
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Fig. 5. MyD88-independent BAFF expression in splenocytes.
(A) Splenocytes from C57BL6 wildtype and MyD88 '~ mice
were prepared. Intracellular ROS amounts were was measured
by the incubation with DCF-DA. 10,000 ROS-positive cells were
analyzed by flow cytometry. (B) Splenocytes were cultured in
the presence of 3 and 10% FBS. BAFF transcripts were
detected by RT- PCR. (C) Splenocytes from C57BL6 wildtype
and MyD887’7 mice were prepared and cultured in the
presence of 3 and 10% FBS. ROS production was measured by
the incubation with DCF-DA. 10,000 ROS-positive cells were
analyzed by flow cytometry.
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Fig. 6. H;O-induced BAFF expression in MyD88 '~ mouse
splenocytes. Splenocytes from C3H/HeJ mice were prepared
and cultured in the presence of 50 uM H,O; for various times.
BAFF transcripts were detected by RT- PCR.
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dition, MyD88 expression was decreased by serum depri-
vation and serum deprivation-induced BAFF expression
was increased by the deletion of MyD88 gene. Our results

suggest that ROS-mediated genes could differentially af-
fect the other genes, positively or negatively.

Serum deprivation-induced ROS production could con-
tribute to BAFF, MyD88 and TLR4 expression by the regu-
lation of other target genes or proteins. Transcriptional reg-
ulation is a priority candidate to serum deprivation-induced
gene expression. ROS activate NF-xB (Toledano and
Leonard, 1991; Baeuerle and Henkel, 1994; Zhang et al.,
1994; Flohe et al., 1997; Asehnoune et al., 2004). ROS
and other free radicals can also activate AP-1 and NF-xB
transcription coordinately (Dhar et al., 2002). Co-activator,
p300 could be involved in transcriptional regulation of
ROS-mediated gene expression (Janknecht and Hunter,
1996; Janknecht and Hunter, 1996; Gerritsen et al., 1997;
Perkins et al., 1997)

In conclusion, ROS produced by serum deprivation aug-
ment BAFF gene expression and inhibit MyD88 gene ex-
pression and TLR4 protein production. This implicates that
BAFF expression may not require TLR4 and MyD88 ex-
pression in our experimental condition. It suggests that
BAFF, MyD88 and TLR4 expressions are differentially
regulated by ROS and affect each other, differentially.
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