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Apr after IAV infection. Data are averages *

44P < 0.01 vs. no Apr treatment at the same time after IAV infection.

degradation, collagen deposition, and Col I and Col III mRNA
in the myocardium increased in IAV-induced acute and chronic
myocarditis. The differential increase in Col I and Col III
mRNA led to a decreased Col I-to-Col III ratio. Fourth, cardiac
function was transiently impaired in the acute stage and dete-
riorated with progressive ventricular dilation during the chronic
stage. Finally, trypsin inhibitor aprotinin suppressed pro-
MMP-9 activation and cytokine release, alleviated myocardial
inflammation, reduced collagen proliferation, and restored col-
lagen metabolism, thus effectively preventing ventricular dila-
tion and DCM for improved cardiac function.

Consistent with our previous study (39), we found that IAV
infection significantly upregulated ectopic trypsin, pro-MMPs,
and proinflammatory cytokines in acute myocarditis. However,
by day 20 postinfection, although replication of IAV could not
be detected in the myocardium, upregulation of trypsin,
MMPs, and proinflammatory cytokines persisted during the
chronic stage. One possible reason for the persistent upregu-
lation of these factors might be a trypsin-MMP-9-cytokine
cycle in the myocardium. Initially. IAV infection induces
upregulation of trypsinogen, pro-MMPs, and proinflammatory
cytokines through the Toll-like receptor 7/8-myeloid differen-
tiation primary response protein 88-NF-kB/activator protein
(AP)-1 signaling pathway in the acute stage (40, 50). Induced
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trypsinogen is converted to trypsin through autoactivation or
by widely distributed endogenous activators (13). Trypsin
converts upregulated pro-MMP-9 to active MMP-9 and pro-
motes proinflammatory cytokine secretion through PAR-2 (35,
39, 44). MMP-9 activates proinflammatory cytokines such as
IL-6, IL- 1B, and TNF-a to active forms (9, 42), which, in turn,
promote transcription of trypsinogen and pro-MMPs (50, 51).
In this model, the interrelationship of trypsin, MMP-9, and
cytokines is a cycle that contributes to persistent upregulation
of these factors even after IAV is no longer present in the
myocardium. Another reason for the persistent upregulation of
these factors might be the effects of inflammatory cells infil-
trating the myocardial interstitium. These cells release IL-18,
IL-6, and TNF-«, which enhance the transcription of trypsin
and MMPs genes via NF-kB and AP-1 (39, 51). Trypsin and
MMP-9 synergistically promote inflammatory cell migration
across the ECM to inflammatory loci (39, 53). These migrating
cells further induce upregulation of trypsin and MMPs by
releasing cytokines in inflammatory loci, leading to persistent
upregulation. The colocalization of upregulated trypsin and
inflammatory infiltrates we observed during acute and chronic
stages suggests a close relationship among these pathogenic
factors that results in chronic myocardial inflammation.
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Fig. 4. Cytokine induction in the myocardium and suppression by trypsin inhibitor. A: time courses of induction of IL-6, IL-1B, and TNF-« from days 0 to 60
postinfection by Western blot analysis. B-Actin was the internal control. B—D: densitometry showed that Apr significantly inhibited the induction of IL-6 (B),
[L-1B (O). and TNF-u (D) during acute and chronic phases of myocarditis. Data are means = SD of 3 independent experiments from 7-10 mice/group. *P <
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Although IAV replication, myocardial inflammation, and
expression of MMPs, trypsin, and proinflammatory cytokines
were significantly inhibited by day 9 postinfection in mice
treated with aprotinin, the pathological changes in the myocar-
dium persisted without recovery until after 40-60 days of
continuous treatment with aprotinin. These findings suggested
that trypsin might be involved in the pathological process
throughout acute and chronic phases of myocarditis after IAV
infection.

In the trypsin-MMP-9-cytokine cycle, the regulation of tryp-
sin expression is crucial for cycle maintenance. In the acute
stage, trypsin was significantly upregulated by IAV infection
and peaked on day 9 postinfection. Induced trypsin activates
PAR-2 to evoke cytokine release, which, in turn, upregulates
trypsin expression through activation of NF-kB and AP-1 (40,
50). However, PAR-2 is the “sensory” arm of a negative
feedback mechanism to downregulate trypsin expression (25).
Activated PAR-2 forms a complex with B-arrestin and ERK1/2,
which effectively prevents ERK1/2 translocation into the nucleus
and after transcription of trypsinogen (6, 47). Trypsin expres-
sion gradually declined from day 20 postinfection accompa-
nied by the clearance of IAV. The final level of trypsin
depended on the balance between its up- and downregulation
mechanisms.

In the present study, both pro-MMP-2 and pro-MMP-9 in
the myocardium were upregulated during acute and chronic
phases. However, only pro-MMP-9 was activated, probably
because pro-MMP-2 is resistant to activation by trypsin (19).
MMP-9 also cleaves Col I and Col Il whereas MMP-2 does
not (36). Trypsin has three major isoforms. In cardiac tissue,

trypsin, is the major isoform and its abundance is nearly
double that of trypsin;, whereas trypsins is barely detectable
(39). Trypsin, degrades Col I and is an efficient activator of a
prourokinase cascade and procollagenases (33). Consistent
with the kinetic expression of trypsin and MMP-9 that we
observed in the myocardium, circulating ICTP, which reflects
degradation of Col I, increased prominently in early stages and
then slightly in late stages. In response to increased collagen
degradation, the lost collagen was replaced by newly synthe-
sized collagen, which was distributed around inflammatory loci
in the acute phase and extensively proliferated across the
ventricular interstitium in the chronic phase. Col I and Col ITI
are the main components of the myocardial ECM. During
collagen proliferation, Col I and Col Il mRNA (especially Col
III) was significantly increased. The differential increase of Col
T and Col III mRNA led to a decreased Col I-to-Col IIT mRNA
ratio in the myocardium. The increased ICTP and decreased
relative proportion of Col I and Col III mRNA indicated that in
ECM remodeling, properly cross-linked Col I was increasingly
degraded and replaced with poorly cross-linked Col III. Col I
provides substantial tensile and stiffness to prevent slippage
and overstretching of myocytes, whereas Col III has greater
elasticity (54). These changes might promote ventricular myo-
cyte slippage and chamber dilation that contribute to wall
thinning and systolic dysfunction in the development of DCM.

The reasons for the differential increase in Col I and Col I
expression after IAV infection might be different molecular
mechanisms. IL-6, IL-1B3, and TNF-a were persistently up-
regulated during acute and chronic phases after IAV infection.
Previous studies (10, 32) have indicated that IL-1$ and IL-6
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Fig. 5. Increased collagen type I (Col I) degradation, upregulation of collagen synthesis, and effect of trypsin inhibitor. A: Col I degradation as measured by
plasma Col I cross-linked carboxy-terminal telopeptide (ICTP) during acute and chronic phases (n = 7-10 mice/group). Apr effectively prevented degradation.
B: proliferation of collagen in the myocardium as identified by van Gieson staining from days 0 to 60 without (/) and with (2) Apr treatment. Magnification:
X100. C: quantification of collagen as percent area (n = § mice/group). D: synthesis of Col I and collagen type III (Col III) as assessed by Col [ and Col 111
mRNA using RT-PCR. 8-Actin was the internal control. £~G: densitometry showed significantly upregulated Col [ (F) and Col Il (F) mRNA and a decreased
Col I-to-Col III mRNA ratio (G) in IAV-induced acute and chronic myocarditis. Data are means = SD of 3 independent experiments from 7-10 mice/group.
*P < 0.05 and **P < 0.01 vs. day 0. AP < 0.05 and 24P < 0.01 vs. no Apr treatment at the same time point.
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Fig. 6. Progressive left ventricular (V) dilation and restoration by trypsin inhibitor. A: representative M-mode echocardiogram images of mice from days 0 to
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C), and fractional shortening (FS; in %: D) at the indicated time points showed inhibition of LV dilation and improvement of LV function with Apr after [AV

infection. n = 7-10 mice/group. *P < 0.05 and **P < 0.01 vs. day 0; 206P <

induce collagen synthesis through upregulation of Col I and
Col III genes. In contrast, TNF-« reduces Col I mRNA levels
- and the steady state of Col I mRNA but has no effect on Col
T mRNA (30, 43). In our study, differential regulatory effects
of cytokines on Col I and Col IIT mRNA might have resulted
in the shift of the Col I-to-Col III mRNA ratio in the devel-
opment of DCM after IAV infection.

Trypsin is an efficient activator of a prourokinase cascade
(33). Plasminogen is the primary physiological substrate of
urokinase. Plasminogen is activated in patients with acute viral
myocarditis at all stages of the clinical course (7). Plasmin can
directly degrade basement collagen type IV (27) and activate

0.01 vs. no Apr at the same time of observation.

MMP-9 (12). The combined upregulation of trypsin and plas-
min activity causes synergistic proteolytic degradation of the
vascular basement and the myocardial ECM. In addition to
trypsin, aprotinin also inhibits plasmin activity, thus effectively
protecting the heart from inflammatory injury and myocardial
remodeling. )

No specific treatment is currently available for the preven-
tion of IAV-induced myocarditis and subsequent DCM. Hey-
mans et al. (12) reported that suppression of MMP-9 activity
reduces the cardiac inflammatory response, protecting mice
against cardiac injury, dilatation, and failure during viral myo-
carditis. However, Cheng et al. (3) indicated that MMP-9 is

Table 1. Effects of the trypsin inhibitor Apr on kinetics of cardiac function and LV posterior wall thickness after influenza A

virus infection

Day 0 Day 9 Day 20 Day 40 Day 60
Parameters Control No Apr With Apr No Apy With Apr No Apr With Apr No Apr With Apr

n 10 8 9 7 9 7 9 7 9
Ejection fraction. %  70.51 = 9.06 49.94 = 8261 60.36 £ 6.46*% 5235 11.01% 61.89 = 8.87*% 4928 = 5.08% 63.27 = 12.71§ 47.67 £8.537 65.05 = 9.26§
Stroke volume, .1 4456 =374 3142 = 3437 3742 £ 43448 3182 = 5557 3825 £ 331%§ 3248 397 4067 Z 609§  31.61 =436t 4249 £ 4908
Cardiac output, .

nl/min 24.06 £ 3.63 1822 =245 21.55£3.08%§ 18.27 = 2,607  21.89 = 2.01§ 18.20 £ 2.50F 2292 £ 275§ 18.06 £ 3.32%  23.87 = 247§
LV posterior wall

thickness at end

diastole, mm 0.74 £0.07  0.76 = 0.08 0.75 £ 0.06 0.69 = 0.08 0.73 = 0.07 0.64 £ 0.07¢  0.73 £ 0.06% 0.61 £0.08F  0.71 = 0.09%
LV posterior wall

thickness at end

systole, mm LI5S £007 117 £0.07 1.16 £ 0.06 1.13 = 0.06 115 2007 1.03 = 0.087  1.14 = 0.05§ 0.98 £0.06%  1[.14 = 0.068

Values are means = SD: 2. number of surviving mice. *P < 0.05 and P < 0.01 compared with day 0; P < 0.05 and §P < 0.01 compared with no aprotinin

(Apr) treatment at the same time of observation.
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essential for viral clearance by promoting immune cell recruit-
ment in the early phase of infection. Therefore, MMP-9 inhi-
bition might impair host defense and enhance infection dis-
semination. In our study, administration of the trypsin inhibitor
aprotinin effectively suppressed IAV replication and the in-
flammatory response throughout acute and chronic phases by
inhibiting trypsin-mediated activation of TAV hemagglutinin
and interrupting the trypsin-MMP-9-cytokine cycle. Thus, in-
hibition of MMP-9 activity by aprotinin will not impair the
host defense against viral infection. In addition, recent studies
(2, 34, 52) have reported that PAR-2 is involved in innate
immune responses during RNA virus infection and enhanced
cardiac remodeling in the injured heart. Activation of PAR-2
negatively regulates the Toll-like receptor-3-dependent antivi-
ral pathway with reduced expression of interferon- (34).
PAR-2 knockout mice are protected from HINI/PRE IAV
virus-induced lethality and coxsackievirus B3-induced myo-
carditis (34, 52). Overexpression of PAR2 in mice induced
cardiac fibrosis, inflammation, and heart failure (2). As trypsin
is one of the most potent activators of PAR-2, aprotinin can
partially abrogate the pathological roles of PAR-2 induced by
trypsin.

Study limitations. Our findings suggested that trypsin is a
key factor in acute and chronic stages of myocarditis after AV
infection. An experiment in which aprotinin treatment started
from day 9 postinfection could further confirm the protective
effects of trypsin inhibitor during chronic stage but was not
performed. Thus, we cannot exclude the contribution of re-
duced acute myocarditis by aprotinin treatment for the preven-
tion of DCM.

Conclusions. The results of the present study suggested that
ectopic trypsin in the myocardium was involved in acute and
chronic myocardial inflammation by promoting IAV infection
and initiating a trypsin-MMP-9-cytokine cycle and promotes
progressive cardiac dilation through mediation of collagen
remodeling. Thus, trypsin might play important roles in the
development of DCM after IAV infection. Aprotinin prevented
the progression of myocarditis to DCM by suppressing 1AV
infection, interrupting the trypsin-MMP-9-cytokine cycle and
restoring collagen metabolism. Our findings suggest that inhi-
bition of trypsin activity might be a promising therapeutic
approach for the prevention of DCM after IAV infection.
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Virus-Specific IgG Production in
Plasma after Limited Dose of
Influenza Virus Vaccination in
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Abstract

Background: It has been reported that various Lactobacilius
species enhance antigen-specific antibody production after viral
infection and/or vaccination in animals and humans. In this study, the
effect of oral administration of Lactobacilius pentosus strain S-PT84 on
subcutaneous administration of limited dose of 2.5 ng of influenza A
virus (IAV) (HINT) split hemagglutinin (HA) vaccine was studied in mice.

Methods: Seven-week-old BALB/c female mice were fed the
AIN-93M diet with or without 0.186% S-P184 for 6 weeks ad libitum and
then given subcutaneous injection of IAV/California/7/2009 (HINT)
HA vaccine at doses of 2.5-15.0 ng/mice and boosted on day 28.
Two weeks after the last vaccination, the mice were sacrificed under
anesthesia, and the amount of anti-HA-specific IgG in plasma was
measured by ELISA.

Results: The levels of anti-HA-specific IgG in plasma were
significantly higher in the S-PT84 group than in the control group
without S-PT84 treatment. Anti-HA-specific IgA levels in nasal washes
were under the detection level in both groups.

Conclusion: Oral administration of S5-PT84 enhanced the
production of HA-specific IgG antibody in plasma after subcutaneous
vaccinatfion, even at the limited dose of 2.5 ng of 1AV [HINT) HA in
mice, suggesting that S-PT84 has a potent adjuvant activity against
1AV HA.

Introduction

Influcnza is an acute viral infection that results in high morbidity
and significant mortality, particularly in infants and the eclderly
populations [1]. They sometimes have a high risk of fatal influenza
pneumonia and thus vaccination is recommended for prevention.
The World Health Organization has recommended use of oseltamivir
(Tamiflu, Chugai Pharmaceutical Co., Ltd, Tokyo, Japan) and
zanamivir (Relenza’, Glaxo Smith Kline K.K., Tokyo, Japan) for the
trecatment of influenza. These antiviral neuraminidase inhibitors
arc usecful options for scasonal influenza infections in the world
[2]. However, Shinahara et al. recently reported that administration
of thesc inhibitors decreases anti-IAV HA-specific IgG and IgA
production in plasma and nasopharyngeal secretions, probably

Open Access Research Article

% Journal of
Vaccine &
Immunotechnology

Toshihiro Maekawa', Takashi Kimoto?, Dai
Mizuno?, Yuichi Furukawa', Masayuki Ida’,
Etsuhisa Takahashi*, Takayuki Izumo', Yoshiko
Ono', Hiroshi Shibata' and Hiroshi Kido*

Institute for Health Care Science, Suntory Wellness Limited,
Mishima-gun, Osaka, Japan

*Department of Hygienic Sciences, Kobe Pharmaceutical University,
Hyogo, Japan

Depariment of Bio Analytical Chemistrv, Research Institute of
Pharmaceutical Sciences, Musashino University, Nishitokyo-shi,
Tokvo. Japan

‘Division of Enzyme Chemistry, Institute for Enzvme Rescarch, The
University of Tokushima, Tokushima, Japan

Address for Correspondence

Toshihiro Maekawa, Institute for Health Care Science, Suntory
Wellness Limited, 1-1-1 Wakayama-dai, Shimamoto-cho, Mishima-
gun, Osaka 618-8503, Japan, Tel: +81-75-962-6207; Fax: +81-75-
962-1690; E-mail: Toshihiro_Maekawa@suntory.co.jp

Submission: 27 November 2014
Accepted: 23 December 2014
Published: 29 December 2014

Reviewed & Approved by: Dr. Sherven Sharma, Professor of
Medicine, David Geffen School of Medicine, University of California,
USA

because of inhibition of viral replication and limited production of
viral antigens [3]. The limited viral antigens do not induce sufficient
acquired immunity in patients treated with anti-viral neuraminidase
inhibitors, resulting in a high frequency of influenza virus re-infection
in the subsequent year [3].

Lactic acid bacteria (LAB) are widely used as a health food
ingredient and could modulate mucosal and systemic immune
responses [4,5]. Oral administration of live Lactobacillus casei Shirota
significantly increases the survival rate of neonatal and infant mice
infected with IAV by stimulating IL-12 production and NK activity in
the lung [6]. Oral administration of heat-killed Lactobacillus plantrum
L-137 [7] and Lactobacillus pentosus strain b240 [8] enhances type 1
interferon production and increases the production of anti-IAV IgG
in plasma and IgA in bronchoalveolar lavage fluid, respectively, and
prolongs the survival period of mice infected with IAV. These studies
showed that oral administration of live and nonviable Lactobacillus
species enhances the protective effects against airway infection of
TIAV.

It has recently been reported that oral administration of
probiotic LAB enhances vaccination-induced antibody production.
Lactobacillus acidophilus enhances rotavirus-specific antibody after
vaccination of rotavirus in the neonatal gnotobiote pig [9]. Davidson
et al. reported that volunteers receiving Lactobacillus GG show
higher protective titers afler administration of live attenuated IAV/
H3N2 vaccine compared to a placebo group after vaccination [10].
Moreover, Boge et al. reported that daily consumption of a probiotic
drink increases relevant specific antibody responses to influenza
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vaccination in healthy volunteers over 70 years of age [11]. Therefore
oral administration of Lactobacillus species might be effective
in preventing influenza virus infection by stimulating antibody
production.

We previously reported that Lactobacillus pentosus strain S-PT84
enhances splenic natural killer (NK) activity and exhibits anti-allergic
effects by modulating T-helperl/T-helper2 (Th1/Th2) balance [12].
Moreover, it has been reported that oral administration of S-PT84
enhances interferon-a production from plasmacytoid dendritic
cells against an insufficient dose of hemagglutinating virus of Japan
(HV]) infection [13], and that intranasal administration of S-PT84
protects against influenza infection [14]. However, the effects of
S-PT84 ingestion on limited dose of IAV HA vaccination and HA-
specific antibody induction have not yet been examined. In this study,
the effect of oral administration of S-PT84 on the induction of IAV
HA-specific antibody in mice immunized by IAV HA vaccine in the
nanogram range was investigated.

Materials and Methods
Animals

BALB/c female mice, 7 weeks old, were obtained from Japan SLC,
Inc. (Shizuoka, Japan). Mice were housed and fed a commercial diet
(CE-2) and tap water ad libitum for 1 week at 25+1 °C and 60% *
5% humidity under a 12 h light-dark cycle before experimentation.
Experiments were performed according to the Guide for the Care and

" Use of Laboratory Animals (NIH Publication No. 85-23, 1996).

Bacterial strains and bacteria preparation

S-PT84 was isolated from Kyoto pickles “SHIBAZUKE” [12]
and was cultivated in a medium containing glucose and yeast extract
(Aromild™, SK yeast extract Hi-K) at 37 °C for 24 hours. Cultured
bacteria were collected by centrifugation at 9,190 x g for 5 min,
washed twice with sterile saline and once with distilled water, and
heat-killed at 95 °C for 5 min. Heat-killed S-PT84 was lyophilized for
use in the experiments.

Vaccine

The influenza antigen used in the present studies, IAV/
California/7/2009(HIN1) virus processed for HA vaccine (split-
product, 0.636 pg protein/0.341 pg HA/mL), was purchased from
DENKA SEIKEN Co., Ltd. (Tokyo, Japan).

Procedure and sample collection.

BALB/c mice were fed on a commercial diet (AIN-93M, Oriental
Yeast Co. Ltd., Tokyo, Japan) with or without 0.186% S-PT84 and
tap water ad libitum for 6 weeks. Mice were given subcutaneous
vaccinations (2.5-15.0 ng HA/100 uL) and boosted on day 28. Two
weeks after the last vaccination, the mice were sacrificed under
anesthesia. Blood samples were collected from the vein. Blood
was centrifuged (2,500 g, 10 min) at 4 °C, and the supernatant was
collected.

Enzyme-linked immunosorbent assay (ELISA)

Anti-influenza HA-specific antibodies in plasma were measured
by ELISA [15]. Briefly, 96-well plates (Nunc, Naperville, IL) were
coated with HA vaccine and bovine serum albumin (BSA, 0.1 pg/well

each) in PBS overnight at 4 °C. After the pre-coating, it was blocked
with 1% BSA in 50 mM Tris-HCI (pH 8.0) containing 0.14 M NaCl
and 0.05% Tween 20 (TTS) for 1 hour at room temperature. The
plasma diluted with TTS containing 1% BSA was added to each well
and incubated for 3 hours at room temperature. The plate was washed
six times with TTS containing 1% BSA and incubated with goat
anti-mouse IgG antibodies conjugated with horseradish peroxidase
(Bethyl Laboratories Inc., Montgomery, TX, USA) for 2 hours at room
temperature. Color was developed by the addition of TMB substrate
(Bethyl Laboratories), according to the instructions provided by the
manufacturer. The chromogen produced was measured at 450 nm
using a SPECTRA max PLUS384 AutoReader (Molecular Devices,
Tokyo, Japan). Antibody titers were defined as the reciprocal of the
highest dilution of sample for which the optical density (OD) was at
least twice the OD of the negative control samples before vaccination.

Statistical analysis

The significance of differences in values between the control
group and S-PT84 group was determined using Student’s t-test.
P-values less than 0.05 were considered significant.

Results
Doses of vaccination of IAV/California/7/2009(H1N1)

The induced levels of HA-specific IgG antibody in plasma were
analyzed to detect the optimal dose of IAV/California/7/2009(H1N1)
to evaluate the effect of Lactobacillus pentosus S-PT84 as an adjuvant.
HA-specific IgG antibody in plasma was increased by IAV HA
vaccination in a dose-dependent manner in the range between 2.5
and 15.0 ng (Figure 1). HA at 2.5 ng, even at the lowest dosage, could
induce production of HA-specific IgG in plasma, and that dose may
be appropriate for examining the effect of LAB on enhancing HA-
specific IgG production in plasma. Therefore, the minimal dose of 2.5
ng HA was used to investigate the adjuvant cffect of LAB.

Effect of Lactobacillus pentosus S-PT84 on the production of
HA-specific IgG in plasma

Mice were fed the AIN-93M diet with or without 0.186% S-PT84
for 6 weeks. In the control group treated with two subcutaneous
injections of IAV HA at 2.5 ng alone, a small amount of antigen-
specific IgG antibody production was detected in plasma. The S-PT84
group of mice treated with continuous feeding of the AIN-93M diet
with 0.186% S-PT84 during the experimental period also received
two subcutaneous injections of IAV HA at 2.5 ng. HA-specific IgG
antibody levels in plasma were higher in the S-PT84 group than in
the control group (Figure 2A). On the other hand, HA-specific IgA
in nasal washes was under detection levels in both groups (data
not shown). The induced HA-specific IgG titers in plasma were
significantly higher in the S-PT84 group than in the control group
(p=0.007) (Figure 2B).

Discussion

In this study, oral administration of S-PT84 enhanced HA-
specific IgG induction in plasma, but not HA-specific IgA induction
in nasal wash, after subcutancous administration of limited dose of
IAV (HINI1) HA in mice. The findings suggest that S-PT84 has an
adjuvant eflect against IAV HA on plasma IgG induction, even at
minjmal dose. Nonaka et al. reported that S-PT84 induces cytokine
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production from peritoneal macrophages in vitro and enhances
the activity of NK cells in vivo [12]. Koizumi et al. also reported
that §-PT84 stimulates IFN-y and IL-12 production through Toll-
like receptor (TLR)-2 and TLR-4 on dendritic cells [16]. Moreover,
Izumo et al. reported that Salmonella-specific antibody is enhanced
by S-PT84 ingestion in Salmonella typhimurium-infected mice
[17). Accordingly, we thought that antigen-presenting cells were
activated by ingestion of S-PT84 in this experiment, and production
of HA-specific IgG in plasma may be enhanced, as in a previous
report [17]. It is well known that influenza vaccines administered
intramuscularly or subcutaneously induce a predominantly IgG-
mediated protection in the systemic immune compartment, but this
systemic immunization offers inadequate induction of IgA in airway
mucosa [18). Therefore, oral administration of S-PT84 might affect
HA antigen-induced dendritic cell-mediated systemic immunity and
induce HA-specific IgG in plasma, but not affect mucosal immunity
and HA-specific IgA production.

The present data suggest that S-PT84 enhances antibody
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production as an adjuvant with limited dose of influenza viral antigen.
Hui-Tsu et al. reported that the induction of HA-specific antibody in
plasma was enhanced by IAV HA (H1N1) vaccination at 10 ng dose
in mice, and the survival rate was also significantly improved by this
vaccination [19]. The optimal density (OD) level of HA-specific IgG
was similar compared with our present study. Moreover, the strain
of TAV/California/7/2009 (HIN1) was same in both experiments. -
Therefore, we speculate that HA-specific antibody production level
by the killed bacterial adjuvant S-PT84 might be sufficient for the viral
protection and then an ample titer was obtained for influenza virus
exclusion. It suggests that S-PT84 may decrease the risk of influenza
virus re-infection treated with anti-viral neuraminidase inhibitors.

As a next step, it should be to investigate whether oral
administration of S-PT84 together with the vaccination on limited
dose of HA antigen can protect IAV infection, and/or whether oral
administration of S-PT84 can induce sufficiently HA-specific IgG
antibady treated with antiviral neuraminidase inhibitors after IAV
infection.
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Japan is becoming a super-aging society more rapidly than other
countries. Elderly persons have a high risk of influenza-associated
pneumonia, which is sometimes fatal. Thus, management of
influenza outbreaks is important for them. Indeed, seroconversion
and seroprotection are lower in elderly individuals than in adults
after-influenza vaccination, and their immune functions are weaker
than in adults [20]. It is important that preventive action be taken to
enhance immune function or provide vaccination for the elderly. In
this regard, S-PT84 may have a potential to improve their immune
response.
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Serum Starvation Activates NF-xB Through G Protein
B2 Subunit-Mediated Signal

Tomoko Kohno, Yoshinao Kubo, Kiyoshi Yasui, Megumi Haraguchi, Sayuri Shigematsu,
Koon Jiew Chua, Toshifumi Matsuyama, and Hideki Hayashi

Several cell stresses induce nuclear factor-kappaB (NF-«B) activation, which include irradiation, oxidation, and
UV. Interestingly, serum-starving stress-induced NF-xB activation in COS cells, but not in COS-A717 cells. COS-
A717 is a mutant cell line of COS cells that is defective of the NF-kB signaling pathway. We isolated genes with
compensating activity for the NF-xB pathway and one gene encoded the G protein 2 (GB2). GB2 is one of the G
protein-coupled receptor signaling effectors. In COS-A717 cells, GB2 expression is significantly reduced. In GB2
cDNA-transfected COS-A717 cells, the NF-«B activity was increased along with the recovery of GB2 expression.
Furthermore, serum-starving stress induced the NF-«B activity in GB2-transfected COS-A717 cells. Consistently,
the serum-starved COS cells with siRNA-reduced G2 protein expression showed decreased NF-«B activity.
These results indicate that G2 is required for starvation-induced NF-xB activation and constitutive NF-xB
activity. We propose that serum contains some molecule(s) that strongly inhibits NF-kB activation mediated

through GB2 signaling.

Introduction

NUCLEAR FACTOR-KAPPAB (NF-xB) is a ubiquitously ex-
pressed transcription factor with critical roles in cell
survival, proliferation, apoptosis, immune response, and in-
flammation. NF-xB usually exists as a heterodimer of p50
and p65 (Rel A), and is kept in the cytoplasm through an
association with inhibitor of kappaB (IxB) inhibitory pro-
teins. After various stimulations, the serine residues at po-
sitions 32 (S32) and 36 (S36) in the IxB proteinare
phosphorylated (Brown et al., 1995) by the IxB kinase (IKK)
complex (Zandi et al., 1997), and the IxB protein is degraded
by the ubiquitin—proteasome pathway (Chen et al., 1995). The
IKK complex consists of two catalytic subunits, IKK1 and
IKK2 (also referred to as IKKa and IKKB), and a regulatory
subunit, NEMO (Yamaoka et al., 1998). Cytokines and vari-
ous cell stresses, including irradiation (Criswell et al., 2003),
oxidation (Marshall et al., 2000), and UV (Kato ef al., 2003),
induce NF-«B activation. Serum starvation also activates NF-
¥B in various cell lines (Ryter and Gomer, 1993; Grimm et al.,
1996), indicating that serum contains unknown inhibitor(s)
of NF-xB.

On the other hand, constitutively active NF-xB exists in
certain normal cells (Pagliari et al., 2000; Lilienbaum and Is-
rael, 2003) and several tumor cells without stimulation (Mori
et al., 1999; Lind et al.,, 2001). However, the mechanism by
which NF-kB is constitutively activated in these cells is not

known. COS cells have a relatively high level of basal NF-xB

activity. We established a mutant cell line, COS-A717, with a

defective NF-xB signaling pathway (Kohno et al., 2008). The
basal level of NF-«B activity in the COS-A717 cells was re-
duced by as much as sevenfold, as compared with that in the
parental COS cells. Serum starvation induced NF-xB acti-
vation in the parental COS cell line, but not in the COS-A717
cell clone. Since the COS-A717 cell clone was constructed by
the treatment of COS cells with a frameshift-inducing agent,
it is most likely that the INF-xB activating factor(s) expressed
in the parental COS cells is not functional in the COS-A717
cells. We previously isolated the B cell activating factor of the
TNF family (BAFF) receptor as an NF-«B activator in COS-
A717 cells (Kohno et al., 2008). However, the original COS
cells do not express BAFF-R, indicating that BAFF-R is not
responsible for the defective NF-kB signaling in the COS-
A717 cells, and activates NF-xB through a salvage pathway.

In this study, we isolated the guanine nucleotide-binding
protein B2 subunit (GB2) cDNA as another NF«B activator
by screening a human spleen ¢cDNA expression library. The
guanine nucleotide-binding proteins (G proteins) are signal
transducers required for various G protein coupled receptor
(GPCR)-effector networks (Xie et al., 2000; Wu et al., 2001;
Albert and Robillard, 2002). GPCRs ‘transduce signals
through heteromeric G proteins, and several of them activate
NE-kB (Xie et al., 2000; Grabiner ef al., 2007; Sun ef al., 2009).
The heteromeric G proteins consist of o, B, and y subunits,
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and the o subunit has GTPase activity. When GPCRs interact
with their ligands, the active GTP-bound o subunit is re-
leased from the heteromeric G protein complex, and Ga and
Gy induce downstream signaling (Stephens et al., 1994). The
Gp2 expression level in the parental COS cells is much higher
than that in the mutant COS-A717 cells. Transfection of a
Gp2 expression plasmid activated NF-kB in COS-A717 cells.
The knockdown of GB2 expression by siRNA in COS and
HT1080 cells reduced the basal NF-kB activity. These results
indicate that the activation of the GPCR signal pathway by
GPB2 results in constitutive NF-kB activation in the trans-
formed cells, and the defect of GP2 expression is one of the
determinants for reduced NF-xB activity in the COS-A717
mutant cells.

Serum starvation activates NF-kB in COS cells, but not in
COS-A717 cells. Transfection of COS-A717 cells with G2
restored the starvation-induced NF-xB activation. These re-
sults show that NF-xB activation by serum starvation occurs
through the GP2 signaling pathway, and the inhibitor(s)
present in serum sppress the GB2 signal. Taken together, our
findings suggest that the constitutive NF-xB activation in
transformed cells is induced by the GPCR signaling pathway
through G2, and that serum contains factor(s) reducing NF-
kB activity by suppressing the GPCR signaling.

Materials and Methods
Plasmids and reagents

The human spleen cDNA library was purchased from Life
Technologies. The five-tandem B luciferase reporter vector
(5xxB luciferase) was purchased from Stratagene. The IxBa
superrepressor (IkBa-SR) expression plasmid was described
previously (Sugita et al., 2002). The expression vectors for the
dominant negative forms of IKK1 (IKK1.DN), IKK2
(IKK2.DN), and NEMO (NEMO.DN) were kind gifts from
Dr. Yamaoka (Tokyo Medical and Dental University, Tokyo,
Japan) (Hironaka et al., 2004). The expression vector for the
dominant negative mutant of Akt (Akt.DN) was generously
provided by Dr. V. Stambolic (Ontario Cancer Institute,
Toronto, Canada). Wortmannin was purchased from Sigma.

Cells

The mutant cell lines COS-A717 and COS-A717-GS were
described previously (Kohno et al., 2008). The mouse spleen
cells were obtained from a C57BL/6 mouse. COS (Kohno
et al., 2008), HT1080 (Jones et al., 1975), and HEK293T cells
were maintained in the Dulbecco’s modified Eagle’s me-
dium, and ST1 cells (Yamada, 1996) were maintained in the
RPMI1640 medium containing 10% heat-inactivated fetal
bovine serum (FBS) at 37°C in a humidified 5% CO,
atmosphere.

Expression cloning of G2

Isolation of genes with compensating activity for the NF-
kB activation pathway was performed according to the
previously described method (Kohno ef al., 2008). Briefly,
COS-A717-GS cells were transfected with a human spleen
c¢DNA library (Life Technologies) using the FuGene 6 re-
agent. After 48h of transfection, the top 0.5% fraction of
fluorescent cells was collected using a FACStar Plus (Becton,
Dickinson and Co.). Plasmids were extracted from sorted
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cells (Hirt, 1967), amplified in bacteria, and used in three
subsequent rounds of flow cytometry-based enrichment.
Individual bacterial colonies obtained from the third sorting
were grouped into pools of 50 colonies. Positive pools were
subdivided further into subpools with half the number of
colonies, and were subjected to repeated screening. This
process finally yielded independent clones that conferred
compensation for the NF-xB activation pathway in COS-
AT717 cells.

Transfection and luciferase assay

Cells were transfected with a 5x«kB-luciferase reporter and
a GP2 expression plasmid, as indicated in the text and figure
legends. Transient transfections were performed using the
FuGene 6 reagent (Roche). When necessary, additional DNA
(pcDNA3.1) was added to equalize the amount of transfected
DNA in each sample. At 48h post-transfection, the kB-
directed expression of firefly luciferase was determined, using
luciferase assay reagents (Promega), and the luciferase activ-
ities were measured with a BioOrbit 1254 luminometer. The
relative transfection efficiency in each sample was determined
by measuring the Renilla luciferase activity. The data were
normalized per transfection efficiency. Data shown are aver-
ages and SD from three independent experiments.

Western blot analysis

Cell extracts were prepared from the cells transfected
for the luciferase assay. Cell lysates were resolved by
12.5% SDS PAGE, transferred onto an Immobilon-P
membrane (Millipore), and blocked with 5% nonfat dry
milk in TBS with 0.5% Tween 20. The blots were incubated
with anti-Gf2, anti-IKK1, anti-IKK2, anti-NEMO, anti-
Aktl, anti- IxBo, and anti-phosho 532, and S36-containing
peptide of IxBa antibodies (Santa Cruz Biotechnology;
refer to Tables 1 and 2), or an anti-B-actin antibody
(Chemicon), followed by an incubation with a horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit Ig
(Amersham Pharmacia Biotech). The blots were visualized
with the ECL detection system (Amersham Pharmacia
Biotech).

Electrophoretic mobility shift assay

Preparation of nuclear extracts for electrophoretic mobility
shift assays (EMSAs) was performed as described previously
(Sugita et al., 2002). The consensus kB site 5-AGTTGAGG
GGACTTTCCCAGGC-3’ and mutant 5~AGTTGAGGCGAC
TTTCCCAGGC-3" oligonucleotides were obtained from
Santa Cruz Biotechnology. The double stranded oligonucle-
otides were end-labeled with [y->2P] ATP, using T4 polynu-
cleotide kinase (Takara). The reaction was conducted in a
total volume of 10 uL, using 10 pg of nuclear extract, 1 ug of
poly(dI-dC), 20mM HEPES-NaOH (pH 7.6), 100mM NaCl,
1mM DTT, 1mM PMSE, and 2% glycerol. The binding re-
action mixture was incubated with 10,000cpm of radi-
olabeled probe for 15 min. For the competition and supershift
assays, a 20-fold excess of unlabeled or mutant oligonucle-
otide, and the antibodies to p65 or p50 (Santa Cruz Bio-
technology) were added to the reaction, respectively.
The samples were loaded onto a 5% nondenaturing poly-
acrylamide gel, which was run in a 0.5xTBE buffer. After
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FIG. 1. Serum-starving stress-induced nuclear factor-kappaB (NF-xB) activation. The nuclear extracts were incubated with a
92p_]abeled NF-kB consensus oligonucleotide, and analyzed by an electrophoretic mobility shift assay. Nuclear cell extracts from
ST1 cells, which were cultured without fetal bovine serum (FBS) for 0, 6, 12, 24h (STI panel). The mouse spleen cells were cultured
with 10% FBS or 0% FBS for 24 h (Spleen cells panel). Nuclear cell extracts from COS (COS panel) and COS-A717 (COS-A717 panel)
cells, which were cultured with 10% FBS or 0% FBS for 24 h. The arrowhead indicates the NF-«xB-containing complex.

electrophoresis, the gel was dried and processed for auto-
radiography.

SsiRNA

The nucleotide sequences of the two siRNAs for GB2 are
as follows:

#1 sense 5-CAUCUGCUCCAUCUACAGCATAT-3,

anti-sense 5-GCUGUAGAUGGAGCAGAUGATAT-3";

#2 sense 5-AGACCUUCAUCGGCCAUGAATAT-3’,

anti-sense5’-UCAUGGCCGAUGAAGGUCUAGAT;

and sense 5-GGCUACGUCCAGGAGCGCAJTAT-3, anti-
sense 5-UGCGCUCCUGGACGUAGCCATAT-3’ for GFP. The
annealed oligonucleotides were transfected by using Lipo-
fectamine 2000 (Invitrogen). Cells were maintained in the
Dulbecco’s modified Eagle’s medium without FBS at the
transfection. Cells were harvested after 24 and 48h after
the transfection for COS and HT1080 cells, respectively. For the
luciferase assay, cells were transfected with the 5 x kB-luciferase
reporter using the FuGene 6 reagent, at 6h after the siRNA
transfection.

Results
Serum-starving stress induces NF-xB activation

Cell stresses, such as irradiation, UV, and oxidation (Sup-
plementary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/dna), induce NF-xB activation. Cells are
usually cultured with 10% FBS in medium in vitro. Serum in-
cludes various factors and nutrients for cell survival and pro-
liferation, and thus serum starvation ceases cell proliferation,
and then induces cell death. Serum may include factors af-
fecting NF-xB signaling. To address this issue, we analyzed the
effects of serum starvation on NF-«B binding to the target se-
quence by EMSA of nuclear extracts from several cell lines (ST1,

COS, and COS-A717) and mouse primary spleen cells. The
binding of NF-xB to the target sequence was enhanced by se-
rum starvation in all examined cells, except for the mutant
COS-A717 cells, which exhibit defective NF-xB signaling (Fig.
1). These results indicate that serum starvation induces NF-xB
activation, suggesting that serum contains unknown factor(s)
inhibiting NF-kB activity.

Expression cloning of an NF-xB activating molecule
using COS-A717 cells

Many transformed cell lines containing the COS cell line
have constitutively activated NF-xB signaling. To identify
NE-kB activators in the COS cells, a COS-A717 cell derivative
containing the GFP gene under the control of the Spl site-
deleted HIV-1 LTR was constructed, and the cells were
designated as COS-A717-GS. The GFP is expressed by NF-xB
activation in the COS-A717-GS cells, because the expression
from the Spl site-deleted HIV-1 LTR is NF-xB dependent.
The COS-A717-GS cells were transfected with a human
spleen cDNA expression library, and GFP-expressing cells
were selected (Fig. 2A). The sequence analysis of the cDNA
expressed in the GFP-positive COS-A717-GS cells revealed
that it perfectly matched the GB2. The expression level of the
Gp2 protein in COS-A717 cells was much lower than that in
the parental COS cells (Fig. 2B).

To confirm that GB2 activates NF-xB activity, COS and COS-
A717 cells were transfected with the GB2 expression plasmid,
and the NF-«xB promoter activity was measured using the
5 x kB-luciferase plasmid. GB2 activated the NF-xB promoter
activity in both COS and COS-A717 cells, in a dose-dependent
manner (Fig. 2C). Transfection of the COS-A717 mutant cells
with the GB2 expression plasmid (0.5 pg) resored the NF-«xB
activity comparable to the parental COS cells (sevenfold).
When 0.5ug of the GB2 expression plasmid was transfected
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into the COS cells, the NF-xB activity was also increased by
threefold. The DNA-binding activity of NF-xB was elevated by
Gp2 by about 1.7- and 6.2-fold in COS and COS-A717 cells,
respectively (Fig. 3D). The complex formation was inhibited by
a wild-type kB oligonucleotide competitor, but not by a mutant
kB oligonucleotide. The complex was supershifted by both anti-
p65 and -p50 antibodies, indicating that the complex consisted
of p65 and p50 (Fig. 3D). The GP2 transfection activated the
NF-«B signal more efficiently in the mutant COS-A717 cells
than in the COS cells that originally express GB2. These results
indicate that GB2 activates NF-xB signaling and the defect of
GP2 expression is one of the determinants for the reduced NE-
kB activity in the COS-A717 cells.

Gp2 is required for NF-kB activation induced
by serum starvation

Serum starvation activated NF-«xB by 10-fold in COS cells,
but had no effect in COS-A717 cells (Fig. 3A). Since the level of
the GP2 protein is much lower in the COS-A717 cells than in
the parental COS cells, we examined whether GB2 was in-
volved in the NF-«B activation by serum starvation. Serum
starvation elevated the NF-xB activity by fourfold in the Gf2-
transfected COS-A717 cells, indicating that GP2 is required for
the serum starvation-induced NF-xB activation and that the
Gp2-activated signal is inhibited by the unknown factor(s)
present in serum. However, because the level of NF-xB activity
in the starved Gp2-expressing COS-A717 cells was lower than
that in the starved COS cells, the COS-A717 cells have addi-
tional defect(s) in the NF-kB signal activation.

<<

FIG. 2. G protein B2 (GB2) activates NF-«B. (A) Identifica-
tion of GB2 by expression cloning. (A-1) COS-A717-GS cells
were transfected with plasmids obtained from a positive
pool of 50 bacterial transformants (pool 1) following four
rounds of FACS enrichment. (A-2) COS-A717-GS cells were
transfected with plasmids from a positive pool (1-4), con-
taining 20 bacteria colonies. (A-3) COS-A717-GS cells were
transfected with plasmids from a positive pool (1-4-10),
containing 10 bacterial colonies. (A-4) COS-A717 GS cells
were transfected with a GB2-encoding clone. (B) Western
blot analysis of GB2 in COS and COS-A717 cells. Proteins
were analyzed by immunoblotting with an anti-GB2 Ab (top)
and an anti-B-actin Ab (bottomn). (C) Gp2-mediated NF-xB
activation in COS-A717 cells. COS and COS-A717 cells were
transiently transfected with 0.25ug of the 5x«xB-luciferase
reporter and the GB2 expression construct (0.05, 0.1, 0.25,
and 0.5 pg), and then additional DNA (pcDNA3) was added
to make the total amount of DNA 1ug/well. At 48h post-
transfection, the cells were harvested and the luciferase ac-
tivity was measured. The relative transfection efficiency in
each sample was determined by the measurement of the
Renilla luciferase activity. The relative luciferase activity in
control COS cells (without GB2) was set to 1.0. Data shown
are averages +SD from three independent experiments. (D)
GpB2 induced the NF-«B-binding ability in COS-A717 cells
and COS cells. Nuclear proteins from untransfected (lanes 1,
7) or GP2 transfected (lanes 2-6, 8-12) COS-A717 cells or COS
celis were isolated. The unlabeled consensus B oligonucle-
otide (lanes 3, 9) or the mutant kB oligonucleotide (lares 4, 10)
was added as a competitor in a 20-fold molar excess to the
binding reaction. Abs against p65 (lanes 5, 11) and p50 (lanes
6, 12) were added to the reaction for a supershift assay. The
arrow indicates the NF-kB-containing complex.
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FIG. 3. (P2 is required for serum starvation-induced NF-xB activation and for constitutive NF-xB activation in transformed
cells. (A) The serum-starving stress-induced NF-xB activation was analyzed by a luciferase assay. COS, COS-A717, and Gp2-
transfected COS-A717 cells were transiently transfected with the 5 x kB-luciferase reporter. Six hours after transfection, the
cells were washed with phosphate buffered saline (PBS) and incubated with (10%) or without FBS (0%) for 36h for the
luciferase assay. The luciferase activities in COS cells incubated with 10% FBS were set as 1.0. The activations were significant
(*p<0.05). (B) The GB2 siRNA reduced the NF-xB activity in COS and HT1080 cells. The NF-xB activity was determined by
transfection with the 5x«kB-luciferase reporter together with the GFP or GB2 siRNA, and shown as the % of that in cells
transfected with the GFP siRNA. Western blot analyses of GB2 (fop) and B-actin (bottom) in cells transfected with the GFP or
GB2 siRNA#]1 were performed. The inhibitions were significant (*p <0.05). (C) Nuclear cell extracts were isolated from COS
and HT1080 cells transfected with the GFP or GB2 siRNA. The arrowhead indicates the NF-xB-containing complex.

Gf2 is involved in NF-xB in HT1080 human
fibrosarcoma cell line

HT1080 cells also have a relatively high level of basal NF-
kB activity. We examined whether GB2 contributes to the
constitutive activation of NF-«B in HT1080 cells. Knockdown
of GP2 expression by siRINA reduced the basal NF-xB ac-
tivity not only in COS cells, but also in HT1080 cells (Fig. 3B).
The siRNA against Gp2 indeed reduced the GB2 protein le-
vel. Consistent with the kB promoter activity, the knock-
down of GB2 inhibited the NF-xB-binding capability to the
target sequence (Fig. 3C). These results indicate that G2 is
required for the constitutive activation of NF-xB in COS and
HT1080 cells, suggesting that GB2-mediated signaling contrib-
utes to the constitutive NF-xB activation. The serum-deprived
GPB2-mediated NF-kB activation in COS cell was also confirmed
using another siRNA (Supplementary Fig. 52).

Impact of IKKs, NEMO, and IkB in Gf2-induced NF-«xB
activation

To determine whether the G2 induced NF-kB activation
requires IxB phosphorylation, a IxkBa-SR with mutations at
the inducible phosphorylation sites, 532G and S36A, was
coexpressed with GB2 in COS-A717 cells. The IxB-SR abol-
ished the GB2-induced NF-«B activation in a dose-dependent
fashion (Fig. 4A). This result suggests that the phosphoryla-
tion of IxkBa at S32 and 536 is necessary for the GB2-induced
NEF-«B activation. An important regulator of phosphorylation
in the IxB pathway is the IKK complex, which comprises
multiple kinases, including IKK1 (IKKa), IKK2 (IKKB), and
NEMO (IKKy). We examined whether IKK1, IKK2, and/or

NEMO were involved in the GB2-induced NF-kB activation.
Dominant negative forms of IKK1 (IKK1.DN), IKK2
(IKK2.DN), and NEMO (NEMO.DN) were each coexpressed
in the GB2-transfected COS-A717 cells. As shown in Figure
4B-D, IKK1.DN, IKK2.DN, and NEMO.DN were each able to
reduce the GB2-induced NF-«B activation in COS-A717 cells
in a dose-dependent fashion, indicating that IKK1, IKK2, and
NEMO are involved in the GB2-induced NF-«B activation.
Especially, the IKK2.DN more efficiently suppressed the Gf2-
mediated NF-xB activation than IKK1.DN and NEMO.DN.
This result suggests that IKK2 plays an important role in the
Gp2-induced NF-xB activation, like the bradykinin-induced
NE-kB activation through Gog and GBy (Xie et al., 2000). To
confirm the expressions of the dominant negative and en-
dogenous IKK1, IKK2, NEMO, IkBa, and Akt, COS cells were
transfected with the mutant expressing plasmids, and the cell
lysates were subjected to Western blotting analysis using their
specific antibodies. The descriptions of the dominant negative
mutants and their specific antibodies used here are summa-
rized in the Tables 1 and 2, respectively. As shown in Figure
5A, we have confirmed that the anti-IKK1, NEMO, and Aktl
antibodies were able to detect the simian endogenous pro-
teins as well as their human and mouse dominant negative
mutants. On the other hand, the antibodies against IKK2 and
IxBa reacted to their human dominant negative mutants and
the human endogenous proteins in HEK293T cells, but not to
the simian endogenous proteins. Considering the different
affinities of the antibodies between endogenous simian pro-
teins and their human or mouse counterparts, we could not
assess precisely the relative amounts of dominant negative
mutants to endogenous proteins in COS cells. However, each
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TaBLE 1. CHARACTERISTICS OF THE DOMINANT
NEGATIVE MUTANTS
Molecule  Species Structure MW (Da)  Tag TABLE 2. CHARACTERISTICS OF THE ANTIBODIES
, Antigen Cross-reactivity
IxBa Human S32G, S36A mutant 40 —
IKK1 Human N145D mutant 85 VSV Human IxBa C-terminal peptide Human/mouse/rat
IKK2 Human N145D mutant 87 VSV Human IKK1 full-length Human/mouse/rat
NEMO  Mouse  97-412 C-terminal 37 VSV Human IKK2 C-terminal peptide Human/canine
fragment Human NEMO full-length Human/mouse/rat
Akt Mouse  K179A, T308A, 69 - Human Aktl 345480 peptide Human/mouse/rat
S5473A mutant Human phospho-532 and Human/mouse

MW, molecular weight.

536-containing peptide
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FIG. 5. (A) Expressions of the
dominant negative and endogenous
IKK1, IKK2, NEMO, IxBe, and Akt.
COS cells were transfected with 1 pg
of the mutant expressing plasmids of
IKK1.DN, IKK2.DN, NEMO.DN,
superrepressor of IkB (IkB-SR), and
Akt.DN (refer to Table 1) in a six-
well plate, and the cell lysates were
prepared using 100 pL. Glo lysis buf-
fer (Promega) after 48h incubation.
HEK293T cells were also transfected
with the same plasmids, and pre-
pared for Western blot. The descrip-
tion of antibodies is shown in Table
1. The arrows indicate the described
proteins. N.D: not done. (B) COS,
COS-A717, and COS-A717-GP2 cells
were washed with PBS and incu-
bated with (10%) without FBS (0%)
for 24 h, and lysed with Glo lysis
buffer. The positions of total IxBa,

IkBa

o-IkBa,
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to suppress its endogenous protein.To evaluate the phos-
phorylation and degradation of IkBu in COS, COSA717,
and COSA717-GP2 cells by serum deprivation, we carried

out Western blotting analysis using their specific antibodies. .

There were no significant changes in the phosphorylation of
IxBa of COS, COSA717, and COSA717-Gf2 cells by serum
deprivation, using a phosphorylation-specific antibody
(right panel of Fig. 5B). We could not assess the degradation
of IxBe, because the anti-IkBo antibody was actually able to
detect the human IxBu protein, but not simian COS IxBa, or
because the IxBa expression in COS cell is too low to be
detected by this antibody (Fig. 5A and left panel of Fig. 5B).
The NF-kB activation by serum deprivation was dependent
on IKK1, IKK2, NEMO, and IkBa, and this unique charac-
teristic was not related to the IxBo phosphorylations at 532
and S36.

Because PI3K and Akt are upstream factors of IKKs in the
NE-xB activation pathway (Ozes et al., 1999; Romashkova
and Makarov, 1999; Xie et al., 2000), we examined whether
the GB2-induced NF-«B activation occurs through PI3K and
Akt activation. However, the PI3K inhibitor, Wortmannin,
and a dominant negative mutant of Akt did not affect the
Gp2-induced NE-xB activation in COS-A717 cells (Fig. 4E, F).
This result suggests that PI3K and Akt is not involved in the
Gp2-induced NF-xB activation.

Many cell stresses activate NF-kB. We have shown here
that serum starvation activates NF-kB signal, indicating that
serum contains unknown inhibitor(s) of NF-xB signal. Cell
stresses, such as radiation (Criswell et al., 2003), oxidation
(Marshall et al., 2000), and UV (Kato et al., 2003) positively
control the NF-kB signaling. Interestingly, serum negatively
regulates the NF-«xB signaling, and starvation stress induces
NE-kB activation by exclusion of the negative factor of serum.

Serum starvation activated NF-xB signaling in COS cells,
but not in COS-A717 cells. The transfection of COS-A717
cells with GB2 partially restored the serum starvation-
induced NF-«B activation. This result indicates that G2 is
required for the starvation-induced NF-xB activation, and
the serum inhibitor suppresses the Gp2-induced signaling
pathway (Fig. 6).

Serum starvation of cells is frequently used in many bio-
logical experiments, including cell cycle synchronization and
induction of apoptosis and autophagy. These biological
events induced by starvation unexpectedly include the acti-
vation of G2 and NF-xB signals. Therefore, these signaling
might affect the synchronization of the cell cycle and the
induction of apoptosis and authophagy by starvation, and
scientists should consider the effects of the GB2 and NF-«xB
signals in the biological experiments using serum starvation.
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FIG. 6. Signaling pathway of NF-xB activation by Gp2 or
serum starvation.

We are trying to identify the serum inhibitor, and it will
provide great impacts into many biological research fields.
NF-kB is constitutively activated in several transformed cell
lines, suggesting that NF-xB signaling is involved in cellular
transformation. However, the mechanism has not been elu-
cidated yet. COS-A717 cells are mutant cells in which the
basal NF-«B activity is much lower compared with the pa-
rental COS cells. Here, we showed that COS-A717 cells ex-
pressed a lower level of GB2 than COS cells, and the
transfection of COS-A717 cells with G2 restored the basal
NF-kB activity, suggesting that the reduced expression level of
Gp2 is responsible for the defective NF-«B signaling in COS-
A717 cells. Furthermore, the knockdown of GB2 expression by
siRNA reduced the basal NF-«B activity not only in the COS
cells, but also in the HT1080 cells, another transformed cell
line with constitutively activated NE-«B signaling. These re-
sults indicate that GB2 is required for the constitutive activa-
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tion of NF-B in these transformed cells. This conclusion is
strongly supported by previous reports showing that certain
GPCR signals or the GB1y2 complex activate NF-kB signaling
(Xie et al., 2000; Grabiner et al., 2007; Sun et al., 2009). Fur-
thermore, the Tax oncoprotein of HTLV-1 activates NF-«xB
(Mori et al., 1999; Gohda et al., 2007) as well as the signals of
CXCR4, a GPCR, by binding to the G subunit (Twizere et al.,
2007), consistent with our conclusion. Although the Gy
complex activates NF-kB through PI3K (Stephens et al., 1994;
Xie et al., 2000), a PI3K inhibitor did not affect the Gp2-
induced NF-xB activation, suggesting that GB2 activates in-
dependently of PI3K in the NF-xB activation pathway (Fig. 6).

In summary, this study found that GB2-induced signaling .
activates NF-xB independently of PI3K and Akt in COS cells
(Fig. 6). Unknown factor(s) present in serum inhibit the Gp2-
induced signaling. Therefore, serum starvation activates NF-
kB by removing the serum inhibitor(s). The Gp2-induced
signaling is the target of the serum inhibitor, because ex-
clusion of the serum inhibitor by starvation elevates NF-xB
activity in Gp2-expressing COS cells, but does not affect in
Gp2-defective COS-A717 cells.

Acknowledgments

We thank Dr. S. Yamaoka (Tokyo Medical and Dental
University, Tokyo, Japan) for the plasmids expressing dom-
inant negative forms of IKK1 (IKK1.DN), IKK2 (IKK2.DN),
and NEMO (NEMO.DN), and Dr. V. Stambolic (Ontario
Cancer Institute, Toronto, Canada) for the Akt dominant
negative (Akt.DN) expression plasmid. This work was sup-
ported by Grants-in-Aid from the Ministry of Education,
Culture, Sports, Science and Technology of Japan (22659092),
and by the Global Center of Excellence Program at Nagasaki
University (www.tm.nagasaki-u.ac.jp/gcoe).

Disclosure Statement

No competing financial interests exist.

References

Albert, P.R,, and Robillard, L. (2002). G protein specificity: traffic
direction required. Cell Signal 14, 407-418.

Brown, K., Gerstberger, S., Carlson, L., Franzoso, G., and
Siebenlist, U. (1995). Control of IxBo proteolysis by site-
specific, signal-induced phosphorylation. Science 267, 1485~
1488.

Chen, Z., Hagler, J., Palombella, V.J., Melandri, E.,, Scherer, D.,
Ballard, D., and Maniatis, T. (1995). Signal-induced site-
specific phosphorylation targets IxBa to the ubiquitin—
proteasome pathway. Genes Dev 9, 1586-1597.

Criswell, T., Leskov, K., Miyamoto, S., Luo, G., and Boothman,
D.A. (2003). Transcription factors activated in mammalian
cells after clinically relevant doses of ionizing radiation. On-
cogene 22, 5813-5827.

Gohda, J., Irisawa, M., Tanaka, Y., Sato, S., Ohtani, K., Fujisawa,
J., and Inoue, J. (2007). HTLV-1 Tax-induced NF-kB activation
is independent of lys-63-linked type polyubiquitination. Bio-
chem Biophys Res Commun 357, 225-230.

Grabiner, B.C., Blonska, M., Lin, P., You, Y., Wang, D., Sun, J.,
Darnay, B.G., Dong, C., and Lin, X. (2007). CARMA3 defi-
ciency abrogates G protein-coupled receptor-induced NF-xB
activation. Genes Dev 21, 984-996.



1644

Grimm, S., Bauer, M.K,, Baeuerla, P.A., and Schulze-Osthoff, K.
(1996). Bcl-2 down-regulates the activity of transcription factor
NF-xB induced upon apoptosis. J Cell Biol 134, 13-23.

Hironaka, N., Mochida, K., Mori, N., Maeda, M., Yamamoto, N.,
and Yamaoka, S. (2004). Tax-independent constitutive Ikap-
paB kinase activation in adult T-cell leukemia cells. Neoplasia
6, 266-278. ,

Hirt, B. (1967). Selective extraction of polyoma DNA from in-
fected mouse cell cultures. ] Mol Biol 26, 365-369.

Jones, P.A., Laug, W.E., and Benedict, W.F. (1975). Fibrinolytic
activity in a human fibrosarcoma cell line and evidence for the
induction of plasminogen activator secretion during tumor
formation. Cell 6, 245-252.

Kato, T., Jr., Delhase, M., Hoffmann, A., and Karin, M. (2003).
CK2 Is a C-Terminal IkappaB Kinase Responsible for NF-
kappaB Activation during the UV Response. Mol Cell 12, 829~
839.

Kohno, T., Daa, T., Otani, H., Shimokawa, I., Yokoyama, S., and
Matsuyama, T. (2008). Aberrant expression of BAFF receptor,
a member of the tumor necrosis factor receptor family, in
malignant cells of nonhematopoietic origins. Genes Cells 13,
1061-1073.

Lilienbaum, A., and Israél, A. (2003). From calcium to NF-kappa
B signaling pathways in neurons. Mol Cell Biol 23, 2680-2698.

Lind, D.S., Hochwald, S.N., Malaty, J., Rekkas, S., Hebig, P.,
Mishra, G., Moldawer, L.L., Copeland, E.M. 3rd., and Mackay,
S. (2001). Nuclear factor-kappa B is upregulated in colorectal
cancer. Surgery 130, 363-369.

Marshall, H.E., Merchant, K., and Stamler, J.S. (2000). Nitrosa-
tion and oxidation in the regulation of gene expression. FASEB
J 14, 1889-900.

Mori, N., Fujii, M., Ikeda, S., Yamada, Y., Tomonaga, M., Bal-
lard, D.W., Yamamoto, N: (1999). Constitutive activation of
NF-kappa B in primary adult T-cell leukemia cells. Blood 93,
2360-2368.

Ozes, O.N., Mayo, L.D., Gustin, J.A., Pfeffer, SR., Pfeffer, LM.,
and Donner, D.B. (1999). NF-kappaB activation by tumor ne-
crosis factor requires the Akt serine-threonine kinase. Nature

401, 82-85.

Pagliari, LJ., Perlman, H., Liu, H., and Pope, RM. (2000).
Macrophages require constitutive NF-kappaB activation to
maintain Al expression and mitochondrial homeostasis. Mol
Cell Biol 20, 8855-8865.

Romashkova, J.A., and Makarov, S.S. (1999). NF-kappaB is a
target of AKT in anti-apoptotic PDGF signaling. Nature 401,
86-90.

Ryter, SSW., and Gomer, CJ. (1993). Nuclear factor kappa
B-binding activity in mouse L1210 cells following photofrin
TI-mediated photosensitization. Photochem Photobiol 58, 753—
756.

KOHNO ET AL.

Stephens, L., Smrcka, A., Cooke, E.T., Jackson, T.R., Sternweis,
P.C., and Hawkins, P.T. (1994). A novel phosphoinositide 3
kinase activity in myeloid-derived cells is activated by G
protein By subunits. Cell 77, 83-93.

Sugita, S., Kohno, T., Yamamoto, K., Imaizumi, Y., Nakajima, H.,
Ishimaru, T., and Matsuyama, T. (2002). Induction of macro-
phage-inflammatory protein-3alpha gene expression by TINF-
dependent NF-kappaB activation. ] Immunol 168, 5621-5628.

Sun, W.,, Li, H., Yu, Y., Fan, Y., Grabiner, B.C., Mao, R., Ge, N,,
Zhang, H., Fu, S, Lin, X,, and Yang, J. (2009). MEKKS is re-
quired for lysophosphatidic acid-induced NF-kB activation.
Cell Signal 21, 1488-1494.

Twizere, J.C., Springael, J.Y., Boxus, M., Burny, A., Dequiedt, F.,
Dewulf, ].F., Duchateau, J., Portetelle, D., Urbain, P., Van Lint, C.,
Green, P.L., Mahieux, R., Parmentier, M.,Willems, L., and Kett-
mann, R. (2007). Human T-cell leukemia virus type-1 Tax on-
coprotein regulates G-protein signaling. Blood 109, 1051-1060.

Wu, H.C,, Huang, PH,, Chiu, CY,, and Lin, C.T. (2001). G
protein beta2 subunit antisense oligonucleotides inhibit cell
proliferation and disorganize microtubule and mitotic spindle
organization. J Cell Biochem 83, 136-146.

Xie, P., Browning, D.D., Hay, N., Mackman, N., and Ye, R.D.
(2000). Activation of NK-xB by bradykinin through a Gag-
and GPy-dependent pathway that involves phosphoinositide
3-kinase and Akt. J Biol Chem 275, 24907-24914.

Yamada, Y. (1996). Features of the cytokines secreated by adult
T-cell Jeukemia (ATL) cells. Leuk Lymphoma 21, 443-447.
Yamaoka, S., Courtois, G., Bessia, C., Whiteside, S.T., Weil, R.,
Agou, F, Kirk, HE., Kay, RJ., and Israel, A. (1998). Com-
plementation cloning of NEMO, a component of the IkappaB
kinase complex essential for NF-kappaB activation. Cell 93,

1231-1240.

Zandi, E., Rothwarf, D.M., Delhase, M., Hayakawa, M., and
Karin, M. (1997). The IxB kinase complex (IKK) contains two
kinase subunits, IKKa and IKKB, necessary for IxB phos-
phorylation and NF-xB activation. Cell 91, 243-252.

Address correspondence to:

Hideki Hayashi, M.D., Ph.D.

‘Division of Cytokine Signaling

Department of Molecular Microbiology and Immunology
Graduate School of Biomedical Sciences

Nagasaki University

Nagasaki 852-8523

Japan

E-mail: hhayashi@nagasaki-u.ac.jp

Received for publication February 22, 2012; received in
revised form July 6, 2012; accepted July 16, 2012.



