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Mammalian target of rapamycin and glycogen synthase kinase 3 differentially
regulate lipopolysaccharide-induced interleukin-12 production in dendritic cells

Masashi Ohtani,'? Shigenori Nagai,'? Shuhel Kondo,' Shinta Mizuno,' Kozue Nakamura,' Masanobu Tanabe,®
Tsutomu Takeuchi,? Satoshi Matsuda,'? and Shigeo Koyasu'?

'Departmant of Microbiclogy and Immunclogy, Keio University School of Medicine, Tokyo; "Core Research for Evolubional Sclence and Technology, Japan Scence and
Technology Agency, Saitama, and *Department of Tropical Medicine and Pamsitology, Keio University Schoal of Medicine, Tokyo, Japan

Phosphoinositide 3-kinase (PI3K) nega-
tively regulates Toll-like receptor (TLR)-
mediated interleukin-12 (IL-12) expres-
slon in dendritic cells (DCs). We show
here that 2 signaling pathways down-
stream of PI3K, mammalian target of rapa-
mycin (mTOR) and glycogen synthase
kinase 3 (GSK3), differentially regulate
the expression of IL-12 in lipopolysaccha-
ride (LPS}-stimulated DCs. Rapamycin,

whereas the activation of mTOR by
lentivirus-mediated transduction of a con-
stitutively active form of Rheb suppressed
the production of IL-12. The inhibition of
protein secretion or deletion of IL-10 can-
celled the effect of rapamycin, indicating
that mTOR regulates IL-12 expression
through an autocrine action of IL-10.
In contrast, GSK3 positively regulates
IL-12 production through an IL-1

pared with untreated DCs. LiCl, an inhibi-
tor of GSK3, suppressed a Th1 response
on Leishmania major infection in vivo.
These results suggest that mTOR and
GSK3 pathways regulate the Th1/Th2 bal-
ance though the regulation of IL-12 ex-
pression in DCs. The signaling pathway
downstream of PI3K would be a good
target to modulate the Th1/Th2 balance in
immune responses in vivo. (Blood. 2008;

" tad

an inhibitor of mTOR, enhanced IL-12
production in LPS-stimulated ODCs,

independent path

Introduction

Rapamycin 112:635-643)

DCs enhanced Th1 induction in vitro com-

Dendritic cells (DCs) recognize pathogens via pattern-recognition
receptors, such as Toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors, and retinoic acid
inducible gene-1 (RIG-1)-like receptors, produce various cyto-
kines. including interleukin- 12 (1L-12), and thus activate the innate
immune system, which in turn leads to the induction of adaptive
immunity.'* Bioactive 1L-12 is composed of p40 and p35 subunits
and functions as a crucial inducer of Thi responses. IL-12 is
typically produced by antigen-presenting cells such as DCs and
monocytes-macrophages and plays an important role in infection
and tumor immunity.' Because the overproduction of 1L-12 gives
rise 1o strong cell-mediated immunity and organ-specific autoim-
mune diseases via exaggerated Thl cell differentiation, it is critical
that IL-12 levels be tightly controlled.®

Phosphomositide 3-kanases (PI3Ks) are lipid kinases playing impor-
tant roles in varous signal transduction pathways® PI3K family
members are classified into 4 subgroups according to their structure and
substrate specificity. Among them, class [A heterodimeric PI3Ks are
involved in receptor-mediated signaling pathways in the immune
system.®” Phosphatidylinositol-(3,4)bisphosphate and phosphatidylino
sitol(3.4.5)trsphosphate produced by class 1A PI3Ks recruit specific
signaling proteins containing a pleckstrin homology domain to the
plasma membrane. These proteins include Akt and phosphoinositide-
dependent kinase | and are mvolved i a wide range of cellular
responses, such as cell growth, survival, and cytokine production,®’
PI3K signaling pathways are counteracted by phosphatase and tensin
homologue deleted on chromosome 10 (PTEN), a 3-phosphoinositide
specific lipid phosphatase.®

We have previously demonstrated that PI3K negatively regu-
lates 1L-12 production in DCs stimulated with TLR ligands ** An
enhunced Thl response was observed on Leishmania major
infection,” and an impaired Th2 response was observed on Strongy-
loides venezuelensis infection' in mice deficient for p85a, a major
regulatory subunit of class IA PI3K. indicating that PI3K plays a
key role in the regulation of Th1/ Th2 balance in vivo, Although
several reports confirmed the negative feedback regulation of I1L-12
production by PI3K on TLR stimulation,'"'* the molecular mecha-
nism(s) remains controversial.

One downstream substrate of PI3K pathways is a Ser/Thr
protein kinase named “mammalian target of rapamycin” (mTOR),
which regulates cell growth and protein synthesis by activating p70
$6 kinase (p70S6K) and by inhibiting cukaryotic initiation factor
4E-binding protein | (4E-BP1)." There are 2 functionally distinct
mTOR complexes, mTORCI and mTORC2, and only mTORCI
acts downstream of the PI3IK-Akt-tuberous sclerosis complex
2 (TSC2)-Rheb signaling pathway to phosphorylate p70S6K and
4E-BP! in a rapamycin-sensitive fashion'* (Figure 1A). Although
the mTOR pathway is activated in response (o not only growth
factors but also environmental siresses such as hypoxia,'* the
TLR-tnggered mTOR function is poorly understood. In the present
study, we show that mTOR negatively regulates IL-12 production
through the production of IL-10 in DCs. We further demonstrate
that glycogen synthase kinase 3 (GSK3), another downstream
target of PI3K pathways. is also involved in the PI3K-mediated
regulation of 1L-12 production in a manner distinct from that of
mTOR. We also provide evidence that the inhibition of mTOR and
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Figure 1. LPS-induced IL-12 production is suppressed in PTEN-'- BMDCs
(A) Tha overview of PI3K signaling pathway. PI4.5)P; indicates phos-
hatidyl S)bisphosp PI(3,4,5)P,, phosphatidylinositol-(3.4,5)iris-
phosprmls {B)BMDC.simmP"rEN " mice (n = 2) or their littermate controls (n = 2)
were stimulated with 1 pg/mlL LPS tor 24 hours and assayed for the production of
IL-12p70 and IL-10 by ELISA. Data are indicated as median plus or minus 50.
Essentially, the same results were obtai with 2 indepeand
(experiments 1 and 2). The expression lavels of PTEN and ERK2 in BMDCs wero
determined by Westem blotting (right panal)

GSK3 pathways in DCs results in the increase and decrease of Th
responses, respectively,
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Preparation of dendritic cells

To generate bone marrow (BM)-derived DCs (BMDCs), mouse BM cells
were cultured at 10%/mL in complete medium (RPMI 1640; Sigma-Aldrich,
10% fetal call serum, 55 uM 2-mercaptoethanol, 100 U/ml. penicillin,
100 pg/mlL streptomycin) supplemented with 10 ng/mL rmGM-CSF for
6 days. The culture medium was changed every 2 days. On day 6, BMDCs
were isolated using CDl1le mag beads (Milienyi Biotec,
Auburn, CA) with an AutoMACS (Miltenyi Biotec). Human peripheral
blood mononuclear cells from normal healthy volunteers were isolated by
centrifugation on a Ficoll-Metrizoate density gradient (Lymphoprep; Ny-
comed, Oslo, Norway). The protocol was approved by the local ethics
committee al Keio University School of Medicine, and informed consent
was obtained from donors in accordance with the Declaration of Helsinki.
Monocyles were then isolated using antihuman CDI4 magnetic beads
(Miltenyi Biotec) with an AutoMACS, followed by incubation at 10°
cells/mL in compl di nted with 100 ng/ml. rhGM-CSF
and 100 ng/mL rhiL-4 for 6 days, to obtain monocyte-derived
DCs (MDDCs).

Western blotting

Western blotting was carried out us described.* To detect phospho-STAT3
and phospho-TSC2, i h (Can Get Signal, Toyobo,
Japan) was added to the reaction according to the manufacturer’s instruc-
tions. ERK2 was used as a loading control. A LAS-3000 imaging system
(Fuji) was used 10 produce digital images, Signal intensities (for phospho-
STAT3) and signal profiles (for p70S6K) were quantified with Image Gauge
software version 4.1 (Fuji).

ction

Enzyme-linked iImmunosorbent assay

Cytokine concentrations in the culture supernatants were quantified by
enzyme-linked immunosorbent assay (ELISA; Quantikine; R&D Systems,
Mi polis, MN),

Methods
Reagents

Lipopolysaccharide (LPS) from Escherichia coli 055:BS was purchased
from Sigma-Aldrich (St Louis, MO), Recombinant human (rh) GM-CSE,
thiL-4, rhIL-10, and recombinant mouse (rm) GM-CSF were purchased
from PeproTech (Rocky Hill, NJ). Wortmannin, rapamycin, SB216763,
cycloheximide, and brefeldin A (BFA) were purchased from Calbiochem
(San Diego, CA). Antibodies 1o ERK2, IkBa, p70S6K, Rheb, GSK3w/,
and STAT3 were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibody to Akt and phosphorylation-specific antibodies to Akt
(Serd73), GSK3a/B (Ser21/Ser9), TSC2 (Thr1462), p38 (Thri80/Tyr182).
ERK (Thr202/Tyr204), INK (Thr183/Tyr185), and STAT3 (Tyr705) were
purchased from Cell Signaling Technology (Danvers, MA).

Mice

C57BL/6 and BALB/c mice were purchased from Nihon SLC. 1L-10 "/
mice on a C57BL/6 background were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice deficient for p85« were reported
previously.'*1* Mice had been hackcrossed to the BALB/c background for
12 generations. STAT3 mutant (LysM-Cre x STAT3"™¥™%) mice!” on a
mixed (129 % C57BL/6) background were kindly provided by Dr K.
Takeda (Osaka University, Osaka, Japan), STAT3tums o LysM-Cre x
STATI™ mice were used ns controls. PTEN mutant (LysM-Cre x
PTEN"1%) mice!®1¥ on o CS7BL/6 background were kindly pravided by
Dr A, Suzuki (Akita University, Akita, Japan). PTEN™/M8 mice were used
as controls. LysM-Cre x STAT3™V%% and LysM-Cre x PTEN™ M mice
were referred Lo here as STAT3 ' and PTEN 7/~ mice, respectively. Mice
were maintained al Taconic Farms (Germantown, NY) or in our animal
facility under specific pathogen-free conditions. All experiments were
performed in accordance with our institutional guidelines.

Quantitative real-time polymerase chain reaction

Total RNA was prepared using NucleoSpin RNA 11 (Macherey-Nagel,
Ditren, Germany), and ¢cDNA was synthesized with Ready-To-Go T-Primed
First-Strand kit (GE Healtheare, Chalfont St Giles, United Kingdom),
Quantitative real-time polymerase chamn reaction (PCR) was performed hy
applying the real-time SYBR Green PCR technology using SYBR premix
Ex Taq (Takara, Otsu, Japan) with specific primers on an iCycler 1Q
(Bio-Rad. Hercules, CA). PCR cycling was as follows: 95°C for 10 seconds
for 1 cycle, 95°C for 5 seconds, 58"C for 20 seconds, 72°C for 15 seconds
for 40 cycles, and 70°C for 5 minutes. Amplification of cyclophilin A
mRNA wis done for each sample as an endogenous control. Primer pairs
specific for 1L-12p40 (forward, CAGAAGCTAACCATCTCCTGGTTTG:
reverse, CCGGAGTAATTTGGTGCTCCACAC), IL-12p35 (forward, TCA-
CATCTCATCTCCCCAAA; reverse, TCTGCTAACACATTGAGGGG),
IL-10 (forward, GGTTGCC-AAGCCTTATCGGA: reverse, ACCTGCTC-
CACTGCCTTGCT), interferon-f (IFN-B) (forward, CCATCCAAGAGAT-
GCTCCAG: reverse, GTGGAGAGCAGTTGAGGACA), suppressor of
cytokine signaling 3 (SOCS3) (forward, GGGGGAGGCAGGAGGTGAT

GGA; reverse, GGGCGGGCTGGAGGTGGATT) and cyclophilin A (for-
ward, ATGGCACTGGCGGCAGGTOC, reverse, TTGCCATTCCTGGAC

CCAAA) were used.

Preparation of lentiviral vectors

The following constructs were kindly provided by Dr H. Miyoshi (RIKEN,
Tsukuba, Japan): CSII-EF-MCS-IRES2-Venus, a self-inactivating lentiviral
construct; pCAG-HIVgp and pCMV-VSVG-RSV-Rev, packaging con-
struets.™ This lentiviral system is designed to express 4 desired gene under
the direction of the elongation factor-1 promoter along with internal
ribosomal entry site (IRES)-driven Venus, a derivative of YFP?! as a
marker for monitoring the infection efficiency. Mouse Rheb was amplified
by PCR using cDNA from the brain of C57B1/6 mice as a template (5°
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primer, ATGCCTCAGTCCAAGTCCCG: 3 primer, TCACATCACCGAG-
CACGAAG) and cloned into the pGEM-T Easy vector (Promega, Madison,
W1 After sequence verification, the construct was subjected o PCR
mutagenesis to obtain Rheb Q64L, a constitutively active form of Rheb,
Glu-64 replaced by Leu. The product was verified by DNA sequencing and
subcloned imo CSI-EF-MCS-IRES2-Venus. For the generation of lentivi-
ral vectors, 203T cells were transfected with CS11-EF-MCS-IRES2-Venus
with or without Rheb Q64L insen, pCAG-HIVgp, and pCMV-VSUG-RSV.
Rev using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 2 days.
culture supernatants were passed through a 0.45-pm filter, condensed to
0.5% volume, and used for gene transduction,

Generation of gene-transduced BMDCs

Mouse BM cells were incubated with phycoerythrin-conjugnied antibodies
against CD3e, CD4, CD8a, CDI1lb, Gr-1, B220, and TERII9 (BD
Bioscienves, San Jose, CA) along with anti-phycoerythrin microbeads
(Milienyi Biotec), followed by negative selection with an AutoMACS. The
remaining cells (0.5 x 10° cells/0.5 mL) were cultured with 10 ng/mL
mGM-CSF in a 24-well plate for 2 days, followed by spin infection
(1800 rpm, 2 hours) with 40 pl. of each viral vector along with 5 pg/mL
polybrene. After infection, each well was split into 2 wells (2 mL/well) and
cultured with 10 ng/ml. rmGM-CSF for another 4 days, The culture
medium was changed every 2 days. The cells were then harvested, washed,
and incubated with allophycocyanin-conjugated antimouse CD 1 1¢ monoclo-
nal antibody (mAb), and Venus-as well as CD1lc-positive cells were sorted
as gene-transduced BMDCs using a FACSAria (BD Biosciences). The
purity was estimated to be more than 85%.

CD4* T-cell priming

Human MDDCs (1 % 107 cells) were incubated in the presence or absence
of 10 pg/mL tuberculin purified protein derivative (PPD) for | hour, and
subsequently stimulated with or without | pg/mlL of LPS along with or
without 100 M of rapamycin. After 2 hours of stimulation, the cells were
harvested, washed, and cultured (3 x 10° cells) for a week with CD4”
T cells from the same donor (3 % 107 cells), which were isolated from
peripheral blood mononuclear cells using amtihuman CD4 magnetic beads
(Miltenyi Biotec) with an AutoMACS. CD4 " T cells were then restimulated
with antihuman CD3e (10 pg/mL) and antihuman CD28 (1 pg/mL) mAbs
for 48 hours.

Leishmania major infection

L major infection was performed as described *= Two days after infection,
40 pLof 2 mM LiCl/phosphate-buffered saline (PBS) or PBS were injected
imto the infected left hind footpad subcutaneously

Results

Products of PI3K are involved in the regulation of IL-12
expression

To prove that the lipid kinase activity of PI3K regulates [1.-12
production, we examined the role of PTEN. which catalyzes a
reaction opposite to PI3K (Figure 1A). BMDCs lacking PTEN
produced lower amounts of 1L-12 than control BMDCs on LPS
stimulation (Figure 1B), indicating that the products of PD3Ks,
phosphatidylinositol(3,4,5)risphosphate in particular, are indeed
critical for the regulition of 11-12 expression,

Activation of mTOR and GSK3 pathways by LPS stimulation
of DCs

We examined the signaling components of PI3K-Akt pathway in
LPS-stimulated BMDCs (Figure 1A), As shown in Figure 2, LPS
stimulation induced the phosphorylation of TSC2 und GSK3,
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known targets of Akt. The activation of mTOR was evaluated by
the phosphorylation of p70S6K. Consistent with the fact thal
mTOR is activated by serum and nutrients, p70S6K was partially
phosphorylated even without LPS (Figure 2 lane 1). The hyperphos-
phorylation of p70S6K examined by electrophoretic mobility shifis
was induced within 10 minutes (Figure 2 lane 2) and became
clearer up to 60 minutes after LPS stimulation (Figure 2 and Figure
S1 lane 4, available on the Blood website; see the Supplemental
Materials link at the top of the online article; note that the
electrophoretic mobility of p70S6K shifts from 2 and b up to ¢ and
d bands). Rapum)cm completely blocked the phosphorylation of
p70S6K (Figures 2, §1, compare lanes 1-4 and 9-12). In contrast,
rapamycin had no effect on the LPS-induced phosphorylation of
Akt and TSC?2 (Figure 2 lanes 9-12), which is consistent with the
fact that Akt and TSC2 act upstream of mTOR (Figure 1A).
‘ortmannin, an inhibitor of PI3K, only partially blocked the
LPS-induced phosphorylation of p70S6K (Figures 2, SI, lanes
5-8), whereas the phosphorylation of Akt and TSC2 was com-
pletely inhibited (Figure 2 lanes 5-8). These data suggest thal
LPS-induced mTOR activation is mediated by both PI3K-
dependent and-independent pathways, the latier of which could
involve serum and/or nutrients
GSK3 activity is negatively regulated by Akt-mediated
phosphorylation.”* We found that GSK3B was predominantly
phosphorylated on LPS stimulation in BMDCs, whereas both
GSK3a and GSK3B were expressed (Figure 2 lanes 1-4). The
effect of wortmannin on GSK3§ phosphorylation was partial
{(Figure 2 lanes 5-8), indicating that the LPS-induced phosphor-
ylation of GSK3f was also mediated by both PI3K-dependent
and -independent pathways. As expected, rapamycin had no
effect on the LPS-induced phosphorylation of GSK3p
(Figure 2 lanes 9-12),
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We also examined the effects of rapamycin and wortmannin on
LPS-activated MAPK and NF-xB pathways. Rapamycin had little
effect on the phosphorylation status of MAPK family members or
the degradation of IkBa, a measure of NF-xB activation (Figure 2,
compare lanes 1-4 and lanes 9-12). In contrast, consistent with
previous reports, %45 wortmannin slightly but reproducibly en-
hanced the LPS-induced phosphorylation of p38 as well as JNK
(Figure 2, compare lanes 3 and 7), indicatung that a PI3K-
dependent but mTOR-independent pathway(s) negatively regulates
the activation of p38 and INK. Wortmannin had litle effect on
IkBa degradation, indicating that the NF-xB pathway is probably
not the target of PI3K pathway in BMDCs.

Rapamycin augments LPS-induced IL-12 production but
suppresses IL-10 production in an mTOR-dependent manner

We next examined the role of mTOR in the regulation of 11-12
expression. As shown in Figure 3A, the treatment of BMDCs with
rapamycin as well as wortmannin enhanced LPS-induced IL-12p70
production. In contrast, LPS-induced IL-10 production was sup-
pressed by rapamycin or wortmannin, and the effect of rapamycin
was more potent than wortmannin (Figure 3A). Rapamycin had the
same cffect on human MDDCs (Figure $2). On the other hand,
rapamycin and wortmannin had little effect on the production of
IL-6 and wmor necrosis factor-a (TNF-ae: Figure 3A). PTEN™"
BMDCs produced slightly more IL-10 compared with control
BMDCs (Figure 1B), but the effect of PTEN deficiency is more
pronounced on 1L-12 compared with IL-10 production,

A complex of rapamycin and FK506-binding protein 12
(FKBP12) binds to and inhibits mTOR. Because FK506 competes
with rapamycin for binding to FKBP12, the excess amounts of
FK506 cancel the biologic actions of the rapamycin-FKBP12
complex.* Indeed, FK506 prevented the rapamycin-induced aug-
mentation of IL-12p70 and 1L-12p40 production in a dose-
dependent manner (Figure 3B). The suppression of IL-10 produc-
tion by rapamycin was also canceled with excess FKS06 (Figures
3B, 53). Excess amounts of FK506 partially restored the hyperphos-
phorylation of p70S6K (Figure $3). These results confirm that the
effect of rapamycin on cytokine production is mediated by the
inhibition of mTOR function.

We further examined the effects of wortmannin and rapamy-
cin on LPS-induced cytokine mRNA expression. including
IL-12p40, IL-12p35, IL-10, and IFN-B by real-time RT-PCR
(Figure 3C). Consistent with these results, the expression of
both IL-12p40 and IL-12p35 mRNAs was enhanced by wortman-
nin and rapamycin. In contrast, [L-10 mRNA expression was
suppressed only by rapamycin. Interestingly, wortmannin but
not rapamyein enhanced LPS-induced IFN-B mRNA expres-
sion. These results collectively suggest that the PI3K regulates
the expression of distinct sets of cytokine genes expression in
mTOR-dependent and -independent pathways.

Constitutively active Rheb affects the regulation of cytokine
production

To further confirm the role of mTOR in cytokine gene regulation,
we used a lentiviral vector-mediated gene delivery system™ to
activate mTOR by expressing a constitutively active form of Rheb
(Rheb Q64L).*" The phosphorylation-induced electrophoretic mo-
bility shilt of p70S6K in untreated and LPS-stimulated DCs was
augmented in BMDCs expressing Rheb Q64L compared with
control BMDCs (Figure 4A and Figure S4 lanes 1 and 3, lanes 2
and 4), confirming the activity of Rheb Q64L. As shown in Figure
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Figure 3. The effect of rapamycin on LPS-Induced cytokine expression In
BMDCs. (A) BMDCs were stimulaled with 1 ug'ml LPS in the presence or absance
of sither 100 nM wortmannin or 10 ng/ml. rapamycin for 24 hours and assayed for the
production of IL-12p70, IL-10, IL-8, and TNF-a by ELISA. (B) BMDCs were stimulated
with 1 pg/mbl LPS with or without 10 ng/ml rapamycin along with the indicated
concenlralions of FK506 for 24 hours and assayed for the production of IL-12p70,
IL-12p40, and IL-10 by ELISA. (C) BMDCs wera protreated with ar withoul either
100 nM wortmannin or 10 ng/mL rapamycin for 20 minutes bolora stimulation with
! pg/mL LPS. After 4 hours, total ANA was lsolated, and IL-12p40, IL-12p3s, IL-10,
and IFN-fi mANA levals wera assessed by real-time PCR using cyclophilin A mANA
as a reference. All data are indicated as median plus or minus SD of duplicate
samples. Similar results were obtained with 2 1o 4 independent experiments.

4B, LPS-induced [L-12p70 production was decreased in Rheb
Q64L-expressing BMDCs compared with mock-infected BMDCs.
In contrast, LPS-induced IL-10 production was increased in Rheb
Q64L-expressing BMDCs. No difference in [L-6 production was
observed (data not shown). These results indicate that mTOR is
indeed involved in the regulation of 1L-12 and IL-10 production in
LPS-stimulated BMDCs,

The effect of rapamycin on IL-12 expression involves IL-10 in
an autocrine manner

Because mTOR is involved in diverse biologic processes, including
protein synthesis and gene expression,'® it is possible that mTOR
regulates [L-12 gene expression through new protein synthesis.
When BMDCs were treated with eycloheximide to inhibit de novo
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protein synthesis, the effect of rapamycin was reduced (data not
shown). BFA, which blocks protein secretion, abrogated the effect
of rapamycin on LPS-induced 1L-12p40 and IL-12p35 mRNA
expression (Figure 5A). These results strongly suggest that rapamy-
cin controls LPS-induced 11.-12 expression through a newly
synthesized autocrine mediator(s).

IL-10 is an anti-inflammatory cytokine capable of inhibiting the
LPS-induced production of proinflammatory cytokines, including
IL-12 in DCs.*® When we examined the Kinetics of LPS-induced
1L-12 and 1L-10 expression. rapamycin augmented L-12p40 and
IL-12p35 mRNA expression at 4 hours but not 2 hours after LPS
stimulation {Figure 5B), On the other hand, the rapamycin-induced
suppression of IL-10 mRNA expression was already observed at
2 hours after LPS stimulation (Figure 5B). Consistent with these
results, LPS-induced IL-10 production evaluated by ELISA was
significantly reduced by rapamycin at 4 hours after LPS stimulu-
tion, whereas 1L-12p40 production was linle affected (data not
shown). These results suggest that the suppression of [L-10
expression by rapamycin subsequently augments [L-12 expression.

To test this hypothesis further. we examined whether rapamycin
attenuates the 1L-10 signaling pathway in LPS-stimulated DCs, For
this purpose, we analyzed the phosphorylation status of STAT3 at
Tyr705 as a measure of 1L-10 signaling. We found that the tyrosine
phosphorylation of STAT3 was markedly induced at 2 hours after
LPS stimulation. which was inhibited by rapamycin (Figure 5C).
Similar results were obtained in human MDDCs (Figure 85). To
rule out the possibility that rapamycin directly inhibits the STAT3
signaling pathway, we examined the effect of rapamycin on the
IL-10-induced expression of SOCS3, a well-known target of the
STAT3 signaling pathway.”® As shown in Figure 5D, SOCS3
mRNA expression induced by IL-10 simulation was unaffected by
rapamycin. Collectively, these results indicate that rapamycin
directly suppresses LPS-induced [L-10 expression but not the
STAT3 signaling pathway.

To confirm that rapamycin works through the 1L-10-STAT3
pathway to down-regulate 1L-12 expression, we used IL-10°" and
STAT3 '~ DCs. As shown in Figure SE, the effect of rapamycin
was virtwally absent in [L-10"" BMDCs (1.2 = 0.03-fold in
crease) compared with WT BMDCs (3.8 = 0.1-fold increase).
Essentially the same result was obtained with STAT3 ™'~ BMDCs
(Figure 5F, 3.3 = 0.2-fold increase in control BMDCs vs 1.2+ 0.1-
fold increase in STAT3"/~ BMDCs). The production of IL-12p70
from IL-10""" DCs was strongly suppressed by the addition of
exogenous 1L-10, and such inhibition was rapamycin-independent
(Figure §6). These results clearly indicate that rapamyein enhances
IL-12 production through the inhibition of autocrine [L-10 action
in LPS-stimulated BMDCs

mTORAND GSK3 IN IL-12 INDUCTION 639

mTOR and GSK3 cooperatively regulate LPS-induced IL-12
production

As wonmannin had only a marginal effect on LPS-induced
phosphorylation of p70S6K (Figure 2) as well as [L- 10 expression
(Figure 3A.C), we examined pathways other than mTOR that lic
downstream of PI3K. Indeed, GSK3 has been reported to regulate
the TLR-mediated production of cytokines, such as 11L-12p40 and
IL-10 in human monocytes and DCs. ! We therefore examined
whether GSK3 regulates LPS-induced cytokine production in
mouse BMDCs using SB216763, a specific GSK3 inhibitor.
SB216763 auenuated IL-12p70 production but enhanced IL-10
production by LPS-stimulated DCs (Figure 6A, lanc 5). We
obtained similar results with another GSK3 inhibitor LiCl (data not
shown). These data indicate that PI3K regulates IL- 12 production
through both mTOR and GSK3 pathways and that GSK3 positively
regulates LPS-induced IL-12p70 and negatively regulates IL-10
production in BMDCs,

Given that the PI3K-Akt pathway negatively regulutes GSK3
(Figure 1A), the treatment of cells with wortmannin should activate
GSK3. Interestingly, wortmannin sugmented the effect of rapamy-
cin on LPS-induced IL-12p70 production (Figure 6A lanes 2-4 and
6). On the other hand, consistent with the marginal effect of
wortmannin alone (Figure 6A lane 3), wonmannin failed to
augment the suppressive effect of rapamycin on LPS-induced
IL-10 production (Figure 6A lanes 2-4 and 6), suggesting that
mTOR and GSK3 differentially regulate 1L-12 production. Wort
mannin had little effect on LPS-induced 1L-12p70 and IL-10
production in the presence of SB216763 (Figure 6A lanes 5 and 7).
It is probable that the contribution of GSK3 is similar to or greater
than that of mTOR for the regulation of IL-12 production in DCs
Consistent with those observations, LPS-induced IL-12p70 produc-
tion was decreased in the presence of SB216763 in IL-107"
BMDCs (Figure 6B). These results collectively indicate that GSK3
directly regulates LPS-induced [L-12 production independent of
IL-10 (Figure 6C).

Attenuation ol mTOR and GSK3 affects Th1/Th2 balance

Because 11-12 is critical for triggering Th1 responses, our results
raise an interesting possibility that blocking mTOR and GSK3 may
enhance and diminish Th1 responses, respectively. Human periph-
eral CD4* T cells stimulated with MDDCs pretreated with LPS
plus PPD in the presence of rapamycin produced more TFN-y an
restimulation with anti-CD3 plus anti-CD28 antibodies than CD4’
T cells stimulated with DCs pretreated in the absence of rapamycin
(Figure TA). It is thus probable that weatment of DCs with
rapamycin results in the augmentation of a Thl response presum-
ahly through enhanced IL-12 production and reduced IL-10
production. We next examined the effect of GSK3 inhibition in an
in vive infection model with L major, in which adequate Thl
development is required for disease control.” We have previously
shown that Th2 prone BALB/c mice can elicit a reasonable Th
response on L major infection in the absence of p85a (Fukao et al®
and Figure 7B, compare open triangles and open circles). Because
GSK3 is expected 1o have an increased activity in the absence of
p8Sa, we administered a GSK3 inhibitor, LiCl, into footpad of
pBSa~’" mice on a BALB/c background when infected with
L major. As shown in Figure 7B, whereas pRSa’™ BALB/c mice
were resistant to infection, the administration of LiCl to p85a—’

BALB/c mice resulted in increased footpad swelling and animals
were no longer able to control the infection. These results
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collectively indicate that the attenuation of mTOR and GSK3 by
inhibitors affects the balance between Thi and Th2 responses.

Discussion

We have previously shown that PI3K negatively regulates TLR-
induced pro-inflammatory cytokine production by DCs and gut
epithelial cells. **** Because LPS-induced L-12 production was
decreased in PTEN ' BMDCs (Figure 1B). the PI3K-Akt path-
way triggered by the lipid product of PI3K is indeed important for
the suppression of LPS-induced I1.- 12 production.

Furthermore, our results show that the PI3K-Akt pathway
positively regulates 1L-10 production. IL-10 is produced by various
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Figure 5. The effect of rapamycin on LPS
IL-12 production depends on the IL-10-STAT3 signal-
ing pathway. (A} BMDCs ware pretreated with or withoul
10 ng/mL rapamycin along with or without 5 wg/'ml. BFA
far 20 minutes before stimulation with 1 ug/ml LPS. After
4 hours, total RNA was isolaled, and IL-12p40 and
IL-12p35 mANA lavals wero assessed by real-time PCR
using cyclophilin A mANA as a raferance. (B) BMDCs
were pretreated with or without 10 ng/mL rapamycin tor
20 minutes and then stimulated with 1 ug/mL LPS for tha
Indicated times. Total RMNA was isolated, and IL-12p40,
IL-12p35, and IL-10 mANA levels ware assessed by
raal-time PCR using cyclophiiin A mANA as a reference
(C) BMDCs weare pretreated with or without 100 ng/mL
rapamycin for 20 and then with
1 ug/mL LPS for tha indicaled times. The cell lysates
were analyzad for phospho-STAT3, STAT3, p70S6K, and
ERK2 by Westem blotting. The whita lines indicate that
intérvening lanes have been removed The right panel

di relative | ities of tyrosine-phosphorylated
STAT3 normallzed by STAT3 signals. (D) BMDCs were
pratreated with of without 100 ng/ml rapamycin for
20 minutes belore stimulation with 10 ng/mL IL-10. Ahar
1 hour, total RNA was isolated, and SOCS3 mANA levals
were assessed by real-tma PCR using cyclophilin A
mANA as a relerence. In panels A, B, and D, data are
Indicated as mean plus or minus SD of duplicate samples.
Data are representative ol 2 (B,C) or 3 [A.D) independent
expenments with similar results. (E) BMDCs from WT or
IL-10"" mice were stmulated with 1 ug/mL LPS in the
¥ o aby of 10 ng/ml. ycin for 24 hours
and assayed for the production of IL-12p70 by ELISA,
Absolute IL-12p70 levels in the stimulation of LPS alone:
WT, 24.1 plus or minus 3.6 pg/mL; IL-10"", 1120 plus or
minus 230 pg/mL. Data are indicated as median plus or
minus SD of 3 independent experiments *P < 05 by
Mann-y U test comparing WT with IL-10' groups.
(F) BMDCs from STAT3 ' mice or litermate controls
were stimulated with 0.1 pg/mL LPS in the presence or
absance of 100 ng/mL rapamycin for 24 hours. Cytokine
production was evaluated as in panel E Absolule
IL=12p70 levels in the stimulation of LPS alone: control,
1.8 plus or minus 37 pg/ml; STAT3 ", 289 plus or
minus 67 pg/ml. P < 05 by Mann-Whitnay U test
comparing control with STAT3 ' groups. Indicated be-
low are the expression levels of STAT3 and ERK2 in
BMDCs determined by Westemn blatting

2 4
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Control STAT3-/-

cell types and plays anti-inflammatory roles in many immune
responses. In particular, it has been shown that DC-derived
IL-10 is involved in a variety of responses, such as infectious
discases," the induction of tolerance,” and cytotoxic
T-lymphocyte-mediated antitumor activity.” Considering that
IL-10 plays a pivotal role in immune regulation. the clucidation
of the molecular mechanism underlying PI3K-mediated 1L-10
regulation would shed new light on therapeutic approaches
toward cancer as well as autoimmune diseases.

Indeed, signaling molecules involved in the PI3K path-
way (ie, mTOR and GSK3) seem reasonable targets for appropri-
ately modulating the Th1/Th2 balance. As shown here, the
treatment of DCs with rapamycin augments a Thl response
(Figure 7TA). Because rapamycin does not alter antigen uptake
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LPS-ind

and presentation,™ or the expression level of costimulatory

molecules such as CDR0 and CDB6 in DCs, ' the enhancement
of a Thl response by rapamycin is probably the result of the
augmentation of IL-12 production. In addition, the inhibition of
GSK3 by LiCl suppressed a Thl-mediated ymmune response
against L major in vivo (Figure 7B). These results raise the
possibility that the attenuation of these signaling pathways may
provide new therapeutic approaches for human discases.

Based on our present studies as well as other reports, we
propose that signal trunsduction pathways downstream of Akt
regulating 1L-12 production are composed of at least 3 compo-
nents: mTOR, GSK3, and MAPK (Figure 6C). First, the mTOR
pathway negatively regulates [L-12 production through the induc-
tion of IL-10 gene expression. Wortmannin did not completely
inhibit the LPS-induced phosphorylation of p70S6K (Figure 2).
and a combination of wortmunnin and rapamycin further enhanced
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Figure 7. The attenuation of mTOR and GSK3 affects Th1/Th2 balance.
{A) Human MDODCs were pretreated with PPD and LPS with or without rapamycin
CD4' Tcells from the same donor were cultured with those MDDCs in the absence of
rapamycin. Atter 1 week of incubation, CD4" T cells were stimulated with anti-CD3«
and anti-CD28 mAbs for 48 hours and assayed lor the production of IFN-y by ELISA
Data are indicated as median plus or minus S0 of duplicate samples. (B) The footpad
swalling of L major-infected BALB/c-p85a ' mice treated with LICI (n = 8) or with
PBS (n = 6) was monitored on & waakly bagis. BALB/C-pBSa™" mice (n = 5) or
CS7BL/6-WT mice (n = 2) were used as positive and negative controls for L major
infaction, respectively. Data are indicated as median plus or minus SD. *P < .05,
P« 01 by Mann-Whitney U test compared with PBS-treated BALB/c-p85a
mice. There was no sigr ce In footp LiCHtreated
BALB/c-pBSa * mice and untreated BALB/c-pB5a ' mica

LPS-induced IL-12 production (Figure 6A), suggesting that the
LPS-induced mTOR activation depends only partially on the PI3K
puathway. It should be noted that phosphatidic acid produced by
LPS stimulation in macrophages activates mTOR in a PI3K-
independent manner'” (Figure 6C).

Second, the GSK3 pathway positively regulates IL-12 produc-
tion in a more direct manner. Using human monocytes, Martin et
al* showed that GSK3 positively regulates LPS-induced [L-12p40
production. GSK3 augments the binding of NF-xB p65 o a
coactivator “cAMP response element-binding protein™ (CREB)
binding protein by competitively inhibiting the binding of CREB to
CREB-binding protein.™® Rodionova et al'' have also shown that
GSK3 cenhances IL-12p70 and IL-12p40 production by human
Excherichia coli-activated MDDCs. Considering that the GSK3-
mediated regulation of 1L-12 production was independent of 1L-10
(Figure 6B), it 1s probable that GSK3 controls LPS-induced 11L-12
production by a mechanism distinct from mTOR,

Third and finally, we and others have reported that the treatment
of monocytes or DCs with SB203580, a specific inhibitor of p38,
suppressed LPS-induced IL-12 production ®!'=* In addition. consis-
tent with the Fact that Akt negatively regulates p38,* the inhibition
of PI3K during LPS activation enhanced p38 phosphorylation and
activation®**** (Figure 2). Conversely. p38 phosphorylation on
LPS stimulation was decreased in macrophages derived from
PTEN '~ mice These observations suggest that the PI3K-
mediated suppression of p38 results in the atenuation of 1L-12
production as well. It has also been reported that the PI3K-Ak
pathway negatively regulates JNK activity.*! Indeed, the treatment
of BMDCs with wortmannin slightly enhanced LPS-induced INK
phosphorylation (Figure 2). Studies regarding the function of INK
in LPS-induced [1.- 12 production using human monocyte cell lines
are controversial. *** and the role of JNK in LPS-induced IL-12
production should be evaluated in primary cells, such as BMDCs
denved from JNK-deficient mice. Given that rapamycin (Figure 2)
and SB216763 (data not shown) had no effect on LPS-induced
phosphorylation of p38 and JNK, it seems improbable that mTOR
or GSK3 is involved in the PI3K-Akt pathway-mediated negative
regulation of p38 and INK activity. These results taken together
indicate that mTOR, GSK3, and MAPK cooperatively regulate
TLR-induced IL-12 production in DCs (Figure 6C)
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In contrast to IL-10, IFN-f enhances IL-12 production in an
autocrine manner.™ Because wortmannin augments the expression
of IFN-B in response to LPS (Figure 3C), it 1s possible that
wortmannin enhances IL-12 production through IFN-B. However,
whereas wortmannin enhances the expression of both [L-12p40
and IL-12p35, IFN-[3 enhances the expression of 1L-12p35 but not
IL-12p40.* suggesting that the effect of wortmannin is probably
not mediated by IFN-B. In contrast to wortmannin, rapamycin
affected only IL-10 but not [FN-B gene expression (Figure 3C).

Because IL-10 inhibits the LPS-induced production of a
diverse array of cytokines, such as IL-6 and TNF-a in addition
o IL-12.% rapamycin may influence the production of these
cytokines. However, we found that rapamycin had no effect on
LPS-induced IL-6 and TNF-a production (Figure 3A), consis-
tent with a previous observation that the LPS-induced mRNA
expression of [L-12p40, but not TNF-a, is decreased in BMDCs
expressing a constitutively active STAT3.*3 Although not shown,
rapamycin also augmented 1L-12p40 production and suppressed
IL-10 production in mouse BMDCs in response to other TLR
ligands, such as zymosan (for TLR2/6) and CpG-ODN (for
TLRY). whereas it had no effect on IL-6 production. It is
possible that the expression of those cylokines has different
sensitivities to the negative regulation by IL-10.

What is the molecular mechanism underlying the PI3K-
mediated regulation of LPS-induced IL-10 production? p70S6K,
one of the targets regulated by mTOR, is able to increase the
translation of a subset of mRNAs that contain a 5" tract of
oligopyrimidine.*® However, the 5" tract of oligopyrimidine was
not detected in mouse or human [L-10 mRNA. Another target
molecule, 4E-BPI, regulates elF-4E, which stimulates transla-
tional initiation but whose function is thought to be general and
not restricted to a subset of genes. mTOR is also involved in
gene transcription through the regulation of transcriptional
factors without a translational event."**"** This mechanism is
mare probable because our observations indicate that rapamycin
suppresses LPS-induced IL-10 production at a transcriptional
level (Figure 3C), rather than through translational regulators.
However, the DNA binding of transcriptional factor Spl to the
IL10 promoter in LPS-stimulated mice BMDCs was unaffected
in the presence of rapamycin (data not shown). The regulation
by transcription factors downstream of mTOR remains to be
clucidated in future studies. In addition to mTOR, GSK3 is
involved in a regulatory pathway for IL-10 production. Indeed,
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GSK3 negatively regulated LPS-induced IL-10 production
(Figure 6A), presumably by inactivation of CREB." which is
involved in the transeriptional activation of the 1L10 gene.

It should be noted that many previous studies on the regulation
of IL-10 or 1L-12 gene expression were performed using macro-
phage or DC cell lines. We have been aware that cell lines and
primary cells often showed different resulis. One obvious problem
is the fact that many cell lines have some defect or alteration in
PI3K-PTEN regulation, such that many immortalized cell lines
lack PTEN expression and show enhanced Akt activity. These cells
are obviously not suitable for studying PI3K pathways. Detaled
analysis with primary cells is important in future studies.
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Autoimmune diseases such as rheumartoid arthritis, multiple sclerosis, and autoimmune
diabetes are characterized by the production of awoantibodies that serve as useful diagnos-
tic markers, swrrogate markers. and prognostic factors. We devised an in vitro system 1o
derect these clinically pivoial autoamtibodies using a photoimmobilized autoantigen microar-
ray. Photoimmobilization was useful for preparing the autoantigen microarray, where auto-
antigens are covalently immobilized on a plate, because it does not require specific
functional groups of the autoantigens and any organic material can be immobilized by a
radical reaction induced by photoirradiation. Here. we prepared the microarray using a
very convenient method. Aqueous solutions of each awoantigen were mixed with a polymer
of poly(ethylene glycol) methacrylate and a photoreactive crosslinker, and the mixtures were
microspolted on a plate and dried in air. Finally, the plate was irradiated with an ultraviolet
lamp to obtain immobilization. In the assay, patient serum was added to the microarray
plate. Antigen-specific 1gG adsorbed on the microspotted autoamigen was detected by perox-
idase-conjugated anti-IgG antibody. The chemical luminescence intensities of the substrate
decomposed by the peroxidase were detecied with a sensitive CCD camera. All autoantigens
were immobilized stably by this method and used to screen antigen-specific IgG. In addition,
the plate was covered with a polydimethylsil sheet containing microchannels and auto-
mared measurement was carried out.

Keywords: antigen microarray, autoimmune disease diagnosis, chemiluminescence,
hotoil hilization, jon, microfluid

¥

Introduction presence of autoantibodies, and the pattem of anlibodieg

_ present 15 used to distinguish disorders in this group.

Aulmmmupc (Iiszseam affect an estimaled 3-_5% of the C on laboratory methods for detecting antibodies in se-
total population.™ Many of them are characterized by the rum include indirect immunofluorescence microscopy,
enzyme-linked immunosorbent assays (ELISA), and immu-

Correspondence conceming this amcle should be addressed to Y. lto noblot am)"-‘-‘ Indirect immunofluorescence microscopy
al y-ito@riken jp. traditionally uses carci cell lines in reactions with

© 2008 American Insttute of Chamal Engineers
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Figure 1. (a) Chemical structures and (b) illustration of the photoimmobilization.

Abbreviations: PPEGM, polymer carrying polycthylene glycol in the side chains; BIS, 4.4'-d

serum samples. A major drawback of this approach is that
it does not define the specific antigen and thus is unable to
provide information for the design of specific treatment
strategies. Advances in molecular biology have contributed
io the wdentificaton of auloanugens and allowed their pro-
duction, thus making assays for them [feasible. However,
uniil now, each autoantibody has been determined by a
separate assay and results from different assay systems are
not mterchangeable ?

ic acid disod sl

In recent years, biochip/microarray technology has become
a powerful tool for parallel analysis.® In addition to nucleic
acid-based arrays, various types of microarray systems have
been developed.”"' Among these systems, antigen and aller-
gen microarays have been reporied by several research-
ers.'?' In addition, autoantigen microarrays have been
investigated ®*° However, because the immobilization tech-
niques were based cither on physical adsorption of antigens

or covalent bonding of amino groups in the antigens, il was

_I')". -




possible that some antigens were not immobilized or not sta-
bly immobilized. Therefore, a new immobilization method
using photoirradiation has been devised and used in the prep-
aration of mcrodrrays by several researchers.*'™*  The
advantages of the photoimmobilization method are that il is
not limited by functional groups and that it can immobilize
any organic matenal in any organic subsirate. In addition, as
a result of the lack of a requirement for functional groups,
the orientation of the photoimmobilized macromolecules is
random, leaving vanous siles exposed for interaction with
polyclonal antibodies. This 1s also important for monoclonal
antibodies, where the necessary orentation is nol known or
controllable.

We have developed a new pholoimmobilization method
lmorfmranng 2 ponbiofouling polymer, elhylene gly-
col ' In panicular, a ]:Igﬂl)'ITBl' carr)?lgy p::ytlhylme
glycol in the side chains poly(polyethylene glycol methacry-
late) (PPEGM), which is a vinyl polymer containing polyeth-
ylene glycol (PEG) brush, has been employed in previous
studies, and it was demonstrated that PPEGM was more
effective for antibiofouling than the usual PEG.*'*' By this
method, nonspecific interaction was reduced, and vanous
types of molecules were easily immobilized in the microar-
ray by the same method. In addition, our photoimmobiliza-
tion method is very convenient because the system consists
only of a mixture of matrix polymer and photoreactive cross-
linker. In this investigation, we applied the method to immeo-
bilization of autoantigens and developed an automated assay
system using a microfluidic device.

Materials and Methods

Reagents and sera

Plates (polystyrene, 2.5 em x 7.6 cm x 0.5 mm) were
cleaned using ethanol, with sonication for 15 min at room
temperaiure. Washed polystyrene plales were dned and
stored. The autoantigens Ro/SS-A (52 kDa), Ro/SS-A (60
kDa), UlsnRNP (68 kDa), U-snRNA B/B’, Jo-1, dsDNA,
and CENP-B were purchased from Diarect (Freiburg, Ger-
many), $SS-B/La and Scl-70 were purchased from Fitzgerald
(Massachusetis), and SS-A and Sm were kindly provided by
Medical & Biological Laboratories (MBL, Nagoya, Japan).
The polyclonal affinity-purified horseradish peroxidase
(HRP)-labeled goal anti-human IgG antibody was purchased
from GE Healthcare (Oxford, UK) and HRP-labeled sheep
anti-human IgM antibody was purchased from Chemicon
(Victoria, Australia). The ECL Advance Kit for HRP was
purchased from Amersham Biosciences UK Lid. (Bucking-
hamshire, UK). 44'-Diazido-stylbene-2.2"-disulfonic scid di-
sodium salt (BIS), polyethylene glycol methacrylate (PEGM,
molecular weight 350 Da), and bovine serum albumin (BSA)
were purchased from Sigma—Aldrich Co (Milwaukee, W1),
Human Autoantibody positive sera were purchased from
Medical & Biological Laboratories (MBL, Nagoya, Japan).

Autoantibody-positive sera were purchased from MBL.
Sera from palients with autoimmune diseases were obtained
from the Keio University Hospital with informed consent.
Characienistics of autoantibodies were identified in Ouchterl-
ony immunodiffusion, ELISA, immunoblot, and immunopre-
cipilation assays.

Botechnol. Prog., 2008, Vol. 24, No. 6

PDMS microfluid chip

Autoantigen-immobilized chip

Figure 1. Photographs of a polystyrene chip where dye was
microspotted for visualization and m PDMS chip
with a microfiuid channel,

The two plates were superimposed during the asiay

Synthesis of polymerized PEGM (PPEGM)

The polymer matnx carrying polyethylene glycol in the
side chains (PPEGM) was prepared as follows. Polyethylene
glycol methacrylate (7.0 g) was dissolved in ethyl acelate
(80 mL) and bubbled with nitrogen gas for 30 s. Azobisiso-
butyronitrile (46.0 mg) was added to the solution, which was
then allowed to stand for 6 h at 60°C. The solution was con-
centrnied and added 1o diethyl ether. A viscous solid was
obtained after stiring. The precipitation procedure was
repeated four times and the final precipitate was dried
in vacuo. The yield was 1.57 g (22.4%).

Photoimmobilization of autoantigens

Photoimmobihization was performed as illustrated m Fig-
ure 1. An aqueous solution of BIS (2.5 mg/mL), PPEGM (50
mg/mL), and Tween 20 (5%) were mixed in phosphate-buf-
fered solution (PBS) and spin-coated on the plate. Autoanti-
gens (1 mg/mL) were dissolved in deionized water with BIS
(0.1 mg/mL), the aqueous solutions were microspotied onto
the plate (50 nl) with a microarray spotter (PixSis-4500,
Cartesian, Irvine, CA) and the droplets were dried. The
microamayed plate was irmadiated with an ultraviolel lamp
(300400 nm, Nippo Eleciric Co. Lid FLISBLB, 1.6 mW/
cm®) for 7 min. Finally, the autoantigen-immobilized plates
were rinsed with PBS containing 0.1% Tween-20 (the wash-
ing buffer) and stored at —20°C until use.

Microarray assay procedure

The serum was diluted 100-fold with PBS. The autoanti-
gen-immobilized plates were incubaled with the diluted se-
rum (100uL) in a chamber for 20 min at room (emperature,
with shaking. The plate was washed with 30 mL of the
washing buffer for 3 min in a chamber, HRP-conjugated
anti-human-lgG antibody (diluted 1:100 with BSA-saturaied
PBS) was loaded on the microarray plates, and the plales
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(a)

Figure 3. (a) Schematic diagram and (b) photographs of the d assay hi

I, personal computer; II, CCD camem; 1, cell for sheets described in Figure 2. IV-0 and [V-1, 6-way swilchiag valves; V, sample loop; V1, diluter;
a. system solution: b, PBS, ¢, PBS containing surfactant, d, sample serum; e. secondary sntibody, I, chemiluminescence resgent solution; g mnd h,
air, i and ), waste solutions

were incubated i a chamber for 1 h a1 room temperature, Conventional assay kits using ELISA were purchased from
with shaking. Finally, the substrate solutions (ECL Advance MBL and used according to the manufacturer’s protocol

Kit) were added to the plates and incubated for 3 min at

room lemperature. The chemical luminescence inlensity of

each microspol was measured for 30 s using a cooled CCD Setup of automated assay system
camera system (AE-6960 Light Capture, ATTO Co., Tokyo. For automated assays. a microfluid plate made of poly-
Japan) dimethyksilicone containing a channel (dimensions: width = | mm.,

129




1388

depth = 05 mm) was prepared and the transparent plaie
was supenmposed on the microspolied polysiyrene plaie as
shown in Figure 2. The selup of the aulomaied assay sys-
tem is shown in Figure 3. The system consisted of a per-
sonal computer. CCD camera (380.000 pixels), syringe
pump, and valves (siandard microprpetie manufactured) 1o
manipulate three processes for flow of samples, HRP-la-
beled IgG, and chemical luminescence reagents. The tubes
containing serum and aqueous solutions of regents were
siored in cool places. Afier the samples and auloantigen-
unmobilized plate had been placed into the sysiem, the
assay was started by swilching on the personal computer.
Data were awomatically collecied and displayed on the
momtor.

Results
Photoimmaobilization

We propose that BIS works as a photoreactive crosslinker
to immobilize the auwtoantigen within PPEGM and that pho-
toirradiation causes crosslinking reactions to occur between
autoantigen and PPEGM. autoantigen and the plate surface,
and PPEGM and the plate surface.

Autoantibodies adsorbed onto the microspotted autoanti-
gens and could be detected by the chemical luminescence
produced by secondary antibodies labeled with horseradish
peroxidase (HRP). We compared the effeci of photoimmobi-
lization with physical adsorption of autoantigens on an
unmodified plate. as shown in Figure 4. It was apparent that
the size of the microspotied autoantigens depended signifi-
cantly on the kind of autoantigen, and that the shapes of the
microspots were deformed (not the original circular shape)
and different from each other, These results demonstrated
that microspotting by physical adsorption cannot be per-
formed stably. In addition, nonspecific adsorption of serum
of some patients was observed on the plate and antibodies
against dsDNA were nol detected, because no immobiliza-

Adsorbed
2 343670

Photo immobil ized
I 2343867 HR 1§

- A 55-A55-8
,:3 E
£%
5 E i S
5%
<&
Antl daDN A
i lem
Figure 4. CCD-captured chemiluminescent images of photol
mobilized (left) and physically adsorbed (right) auto-
igens after tion with an ibody -paositive
serum.

Physical adsorption was performed without the cromlinker BIS
on the plate after coating with PPEGM and BIS

Biolechnol. Prog., 2008, Vol. 24, No. 6

Table 1. Corrdation Coeflicients Between Microarmy and
Conventional ELISA Assays

Correlation

Autoantigen Detected Coefticient
55-A Anti 55-A antibody 0.94
SS-BLa Ann 55-B amibody 0.92
UlsnRNP68KDa Anti UIRNP antibody 0.83
Sm Anti Sm antibody 092
Scl-70 Anti Scl-70 antibody 097
dsDNA(Plasmad) Anti dsDNA antibody 0.89
CENP-B Anti Centromere antibody 0.97
1gG from goal scrum IgM-RF .85

tion of dsDNA occurred on the plate. Although it was diffi-
cult 1o determine the degree of adsorption or immobilization
of the autoantigens in the commercially available ELISA ki,
the method was considered to be different from the simple
physical adsorption performed in this study. Otherwise, in
the case of ELISA, the amount of adsorbed or immobilized
autoantigens on the large area of the wells would be so high
that it would not affeci the assay.

On the other hand, the photoimmobilized spot was uni-
form and stable, and no nonspecific adsorption of serum was
observed on the plate, because polyethylene glycol was pho-
toimmobilized. In addition, autoantibodies against dsDNA
were delected on pholoimmobilized dsDNA because pholo-
immobilization caused covalent bonding without any require-
ment of functional groups.

Comparison with conventional assay

In this investigation, the highest intensity in the microspot
image was measured and the relationship between this inten-
sity and conventional ELISA results was investigated.
Results are shown in Table 1. Strong correlations between
conventional ELISA and microarray assays were obtained
for every autoantigen.

Specific tibodies are p in the most common
syslemic autoimmune diseases, including mixed connective
tissue disease, Sjogren syndrome (SS). system lupus ery-
thematosus, and systemic sclerosis. Figure 5 shows examples
of auoantibodies detected by ELISA and images of
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Figure 5. Autoantibody tests requesied most frequently for
each immune disease and the CCD-captured image
of a microarray assay.
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Figure 6. (a) Chemiluminescence image, and (b) comparison of
intensity of microarray assays after | day and after
3 months.

The cormlation coefficients are indicated by R

microarray assays. Because the two assays agreed well, the
microarray assay is useful for identifying these marker
autoantibodies.

Table 2. Flow Chart of Automated Microarray Assay

Menu Time
I Default 0
2 Supplying Ultrapure water 1 o0
3 Supplying PBS o s
4 Supplying Serum o 50" 1
5 Serum reaction {12 reactuon) Tas
6 Washing 1" 45"
7 Supplying Enzyme-labeled o S0
antibody (ke
] 2nd reaction 7 A '
9 Washing 1” 45*
10 Supplying chemilumigenic o 55"
reagent
11 Chemiluminescene reaction 7" 45" +
2 Washing 5 45"
13 Exit operation 15" 557

Stability of the microarray chip

The stability of the microarray chip was examined by
companng assay results afier | day and 3 months. No signif-
icant difference was observed, as shown in Figure 6, The
reactivity of photoimmobilized autoantigens remained stable
for at least 3 months at —20°C

Automated microarray assay

Table 2 shows the flow chart of an aulomated microarray
assay. After sample and reagent lubes were attached to hold-
ers and the microarray plate was attached to the cell holder,
the switch on the personal computer was tumed on. The re-
mainder of the process was performed automatically. Wash-
ing was performed by two-way movement of flow with both
ends capped by gas. The time for each process step was
adjusted to minimize the measurement time. In our sysiem, a
new serum sample can be assayed automatically about every
30 min.

Figure 7 shows the chemical luminescence image captured
by the CCD camera in the automated system. Signal spois
could be seen clearly. Figure 8 compares signal intensities
between manual and automatic assay methods. Although the
photoimmobilized autoantigen was distnbuted along the fluid
path, there was no significant difference along the path
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Figure 7. Chemiluminescence |
d in the

ges captured by the CCD
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Figure 8. Comparison of the chemilumi
image captured by manual and automated CCD!.
which were 12 and 8 bit, respectively.

The corelation coefficients ane indicated by R

length. It seems that the amount of fluid was sufficient that
no significant loss of sample or reagents occurred during
flow along the microfluid path.

Discussion

The photoimmobilization method has been used for immo-
bilization or crosslinking of biomolecules for many years,
Arylazides, diaziridines, b phenones, and nitrobenziles
which are activated by irradiation at wavelengths greater
than 350 nm (where most biomolecules are transparent),
have been used. It is known that arylazide i1s activated via
photolysis, resulting in reactive nitrene, which can insen
C—H bonds. However, nitrene intermediates undergo rapid
intramolecular ring expansion reactions leading to highly
clectrophilic cyclic compounds, which exhibit a relatively
slow insertion rale. The undesired ring expansion reaction
can be minimized by using perfluorophenylazides with fluo-
rine substituenis on aromatic rings, but nonfluorinated aryla-
zides work. The photoimmobilization method enables
immobilization of any organic matenal, independently of
functional groups or proteins. -3

In this study, 1o simplify the method, we used a commercially
available photocrosslinker, BIS. By this method, we could con-
veniently prepare mulliple microspols according to the same
method. Although dsDNA was not immobilized by physical
adsorption, the photoimmobilization method enabled stable
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immobilization. This is because photoimmobilization requires
no functional groups, but insiead produces covalent bonding.

The second advantage of the photoimmobilization is that
the onentation of immobilized molecules is random. This
property is suitable for the assay of polyclonal antibodies
because various sites of immobilized molecules are exposed
at the surface (Fig. 1). It is also this property thal makes il
possible to determine IgG in small areas with the same line-
arity as the standard ELISA.

The third advantage of photoimmobilization is reduction
of nonspecific adsorption of serum proteins that interrupl
the signals from autoantigen-specific IgGs. The polyethylene
glycol polymer used in this study efficiently reduced non-
specific adsorption, as reported previously. Proteins do
adsorb on the PEG surfaces in dynamic equilibrium. The
adsorption is more reversible than that on hydrophobic sur-
faces, which makes the desorption easicr upon washing, The
first stage of protein adsorption depends neither on surface
hydrophobicity nor electrical charge but on molecular diffu-
sion from the bulk phase (high protein concentration) lo the
surface (zero protein concentration). Affinity comes into
play only in the second stage. Our studies have demon-
strated that PPEGM was more effective for reduction of
nonspecific  adsorption  than  polyethylene  glycol *'#!
Although there are many methods that can be used in the
physical adsorption of proteins using nitrocellulose, epoxy,
or poly-L-lysine, in those cases it is very difficull 1o reduce
this nonspecific adsorption.

Using the microarray method, it is possible to perform
multiple assays at the same time, using a small amount of
serum. In the field of allergy diagnosis, 300 uL of serum is
usually required 1o analyze five different allergens in con-
ventional one-to-one assays. However, the microarray system
required one-tenth of that amount (30 ul) to analyze five
allergens. Integrating the microarray density will increase the
number of allergens that can be analyzed. Knecht et al®’
reported rapid, simullaneous, automated analysis of antibiot-
ics in milk within 5 min. Although our automation system
required more than 30 min for measurement of each sample,
the data were quantitatively and reproducibly obtained at the
level required for clinical diagnosis.

Our study demonstrates that this photoimmobilization
technique is useful for multiple simultancous detection of
autoarmgen specific lgG to help d of autor

The microfluid chip used in n the automated system
supporwd the use of very small amounts of sample serum.
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