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Summary

Co-stimulatory molecules are important for regulating T cell activation and
Fukui, Fukui, Japan immune response. CD274 [programmed death ligand 1 (PD-L1), B7-H1] has
emerged as an important immune modulator that can block T cell receptor
signalling. We have investigated whether PD-L1 and other co-stimulatory
ligands could be expressed in human B cells stimulated by cytosine—
phosphate—guanosine (CpG)-DNA. CpG-DNA strongly induced the
co-inhibitory molecule ligand, PD-L1, of human B cells. Results show that
nuclear factor-kappa B (NF-kB) signalling is involved directly in CpG-DNA-
induced PD-L1 expression in human B cells. We sought to determine the effect
of CpG-DNA-treated B cells on T helper type 2 (Th2) cytokine production in
Cryj 1 (Japanese pollen antigen)-stimulated human CD4-positive cells from
patients with seasonal allergic rhinitis caused by Japanese cedar pollen. CpG-
DNA-treated B cells reduced Cry j 1-induced interleukin (IL)-5 and IL-13
production in CD4-positive cells. When the binding of PD-1 to PD-L1 was
inhibited by PD-1-immunoglobulin (Ig), this chimera molecule reversed the
previously described reductions in IL-5 and IL-13 production. In contrast, the
CpG B-treated B cells increased both interferon (IFN)-yand IL-12 production
in the presence of Cry j 1-stimulated CD4-positive cells. CpG-DNA simulta-
neously reduced the expression of B7RP-1 [also known as inducible
co-stimulator ligand (ICOSL), B7-H2] and the ligand of CD30 (CD30L). These
results indicate that CpG-DNA induces co-inhibitory molecule ligand PD-L1
expression in human B cells and PD-L1 can suppress Th2 cytokine production
in Cryj 1-stimulated CD4-positive cells, while CpG-DNA increased Th1 cytok-
ine production and reduced the expression of co-stimulatory molecule ligands
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that can promote Th2 inflammatory responses.
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. cell receptor signalling. PD-1 and PD-L1 interactions are
Introduction LS . .
necessary for maintaining peripheral immune tolerance and

Although the immunoglobulin (Ig) superfamily of for modulating T cell activation [2]. The expression levels of

co-stimulatory and co-inhibitory ligands could play critical
roles in modulating the immune responses of T helper type
2 (Th2) cells [1], it is unknown how these molecules are
expressed in human B cells and whether they affect the func-
tion of Th2 cells during allergic reactions. Programmed
death 1 (PD-1) belongs to the B7 family of co-inhibitory
proteins. Its ligand CD274 (also known as PD-L1 and
B7-H1) is expressed on immune cells and non-
haematopoietic cells. PD-L1, expressed on lymphocytes,
inhibits their cytolytic function by phosphorylating immu-
noreceptor tyrosine-based switch motifs and blockading T

© 2012 The Authors

PD-L1 in human primary bronchial epithelial cells are
increased by stimulation of the synthetic dsSRNA analogue
containing Toll-like receptor 3 (TLR-3) [3]. Monosphoryl
lipid A, which ligates TLR-4, up-regulates PD-L1 expression
in human Langerhans cells [4].

TLRs, which recognize pathogen-associated molecular
patterns, play a key role in innate immunity. It remains
unclear which TLR ligands induce or inhibit the ligands
of co-stimulatory or co-inhibitory molecule expression in
human B cells. DNA containing cytosine—phosphate—
guanosine (CpG) motifs (CpG-DNA) involving TLR-9 has
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immunomodulatory effects, including the suppression of
allergic responses mediated by Th2 cells. They directly
induce the expression of T-bet mRNA and inhibit I1gG, and
IgE switching in purified murine B cells [5]. In humans,
inhibition of IgE production is mediated by both interferon
(IEN)-y and interleukin (IL)-12 [6]. CpG-DNA increases
synergistically the activation of human B cells induced by
Epstein—Barr virus (EBV) [7] and an agonistic CD40 anti-
body [8], whereas CpG-DNA directly induces expression of
the beta-defensin-2 gene in human B cells [9]. Although the
ligands of co-stimulatory or co-inhibitory molecule expres-
sion in human B cells are important, because they are
involved in adaptive immune responses, the effects of CpG-
DNA stimulation on co-stimulatory or co-inhibitory ligands
in human B cells remain unclear.

In this study, we investigated whether CpG-DNA affects
the expression of co-stimulatory or co-inhibitory ligands in
human B cells. We sought to determine the effects of CpG-
DNA-treated B cells on IL-5,1L-13, IFN-yand IL-12 produc-
tion in Cry j 1-stimulated human CD4-positive cells from
patients with seasonal allergic rhinitis (SAR) caused by Japa-
nese cedar (JC). We also examined whether PD-LI is
involved in IL-5, IL-13, IFN-y and IL-12 production from
CD4-positive cells with CpG-B-treated B cells using PD-1-
Ig, a chimera molecule that inhibits the binding of PD-1 to
PD-L1. Furthermore, to demonstrate the intracellular path-
ways involved in PD-L1 expression, we used specific inhibi-
tors of nuclear factor (NF)-xB, p38 mitogen-activated
protein kinase (p38 MAPK), c-Jun N-terminal kinase (JNK)
and extracellular signal-related kinase (ERK) signalling in
these events.

Materials and methods

Reagents

The following reagents were used: SP600125 (Biomol
Research Laboratories Inc., Plymouth Meeting, PA, USA) as
a specific inhibitor of JNK, SB203580 (Promega Corp.,
Madison, WI, USA) as a specific inhibitor of p38 MAPK,
U0126 (Promega) as a specific inhibitor of MEK-1, Bay
117082 (Calbiochem, Darmstadt, Germany) and NEMO-
binding domain (NBD) peptide (Enzo Life Sciences, Farm-
ingdale, NY, USA) as specific inhibitors of NF-kB signalling,
the Japanese cedar pollen allergen Cry j 1 (Hayashibara Bio-
chemical Laboratories, Okayama, Japan) or recombinant
human PD-1/Fc chimera (R&D Systems, Inc., Minneapolis,
MN, USA).

Oligodeoxynucleotides (ODN)

The following ODN were synthesized at Hokkaido
System Science Co., Ltd (Sapporo, Japan) (small letters:
phosphorothioate linkage; capital letters: phosphodiester
linkage): ODN 2216 (A type CpG-DNA) 5-ggGGGACGA

TCGTCgggggG-3’, ODN 2243 (GpC control to CpG 2216)
5-geGGGAGCATGCTCggggeG-3, ODN 2006 (B type CpG-
DNA) 5-tcgtcgttttgtcgttttgtcgtt-3° and ODN 2137 (GpC
control for ODN 2006) 5-tgctgcttttgtgcttttgtgctt-3 [10].

Cells, cell lines and cell culture

Peripheral blood mononuclear cells (PBMC) were isolated
from the peripheral blood of healthy volunteers or patients
with SAR caused by JC, who were diagnosed on the basis of
an elevated score on the capsulated hydrophobic carrier
polymer-radioallergosorbent test against major JC allergen
Cryj 1 [11]. All patients had a JC-specific CAP-RAST score
of 2 or more. A low-density fraction was separated from the
PBMC using Lymphoprep™ (Axis-Shield, Oslo, Norway).
The cell suspension was centrifuged and PBMC were
obtained. T cells and B cells were isolated from PBMC by
magnetic affinity cell sorting (MACS) separation (Miltenyi
Biotec, Gladbach, Germany). CD19 MicroBeads were used
for B cell separation and CD4 MicroBeads were used for T
cell separation. The PBMC were then resuspended in buffer,
and CD19 or CD4 MicroBeads were added and incubated for
15 min at 6-12°C. The cells were then washed and centri-
fuged; the resultant cell pellet was resuspended in buffer and
the cells were separated magnetically using autoMACS. Mag-
netically labelled cells were collected and centrifuged. The
cells were then resuspended and cultured in RPMI-1640
medium (Nissui Pharmaceutical, Tokyo, Japan), supple-
mented with 10% heat-inactivated fetal calf serum (FCS)
(GiBco, Grand Island, NY, USA), 0-29 mg/ml glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in
5% CO, and humidified air. The human B lymphoma cell
line Ramos 2G6 (American Type Culture Collection, Rock-
ville, MD, USA) was maintained and cultured in complete
RPMI-1640.

Real-time reverse transcription—polymerase chain
reaction (RT-PCR)

Total RNA was extracted using a total RNA isolation kit
(NucleoSpin™ RNA II; Machery-Nagel, Diiren, Germany).
Reverse transcription reaction was performed with
TagMan® RT Reagents (Applied Biosystems Japan, Tokyo,
Japan) using random hexamer primers. Amplification of
TLR and B, microglobulin cDNA was performed in a Micro-
Amp optical 96-well reaction plate (Applied Biosystems). All
TagMan® probe/primer combinations used for this study
were TugMan® Gene Expression Assay products purchased
from Applied Biosystems. B,-microglobulin was chosen as
the reference housekeeping gene because it is convenient to
assay and is highly expressed. Furthermore, to select the
housekeeping gene we evaluated it using a TagMan® human
endogenous control plate, which was the most suitable.
TagMan® PCR was performed in a 20-pl volume using
TagMan® Universal PCR master mix (Applied Biosystems).
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The reaction was performed (ABI PRISM 7000 Sequence
Detection System; Applied Biosystems), and the reaction
mixtures were pre-incubated for 2 min at 50°C. The PCR
programme involved 10 min of Taq Gold activation at 95°C
with 40 subsequent cycles of 15 s at 95°C and 1 min at 60°C
(maximum ramping speed between temperatures). Human
cDNA equivalent to 50 ng of total RNA from each sample
was assayed in each tube. The threshold cycle number (Ct)
was determined with Sequence Detector Software (version
1-1; Applied Biosystems) and transformed using compara-
tive Ct methods as described by the manufacturer, with
[3,-microglobulin used as the calibrator gene.

Flow cytometry

Human B cells were Fc-blocked with human IgG (R&D
Systems, Inc., Minneapolis, MN, USA) for 15 min at room
temperature. After blocking, B cells were stained for 30 min
at room temperature in staining buffer (0-1% FCS and
0-:01% sodium azide) and unbound antibody was removed
by washing the cells in staining buffer. PD-L1 expression was
analysed on a FACSCaliber (FACSCanto2; Becton Dickin-
son, Franklin Lakes, NJ, USA). Allophycocyanin (APC) anti-
human CD274 (PD-L1) antibody and APC mouse IgG2b
(% isotype control) (Biolegend, San Diego, CA, USA) were
used for staining.

Enzyme-linked immunosorbent assay (ELISA)

The cytokine concentrations of cell-free culture super-
natants were measured using ELISA kits (Biosource
International, Inc., Camarillo, CA, USA) according to the
manufacturer’s instructions.

Western blot

Whole cell lysates were electrophoresed on 10% sodium
dodecyl sulphate (SDS)-polyacrylamide gels and trans-
ferred to polyvinylidene fluoride membranes (Millipore
Corp., Bedford, MA, USA). The transblotted membranes
were blocked with skimmed milk and stained with goat
polyclonal antibody against PD-L1 (R&D Systems, Inc.) or
anti-phosphorylated-inhibitor-kappa Bo. (phospho-IxBo)
monoclonal antibody (Cell Signaling, Beverly, MA, USA),
before being stained with anti-goat or anti-mouse IgG-
horseradish peroxidase (HRP) antibody (R&D Systems,
Inc.). Signals were detected using the enhanced chemilumi-
nescence (ECL) Plus Western Blotting Detection System
(Amersham, Buckinghamshire, UK) and scanned using a
FluoroChem Digital Imaging System (Alpha Innotech Corp.,
San Leonardo, CA, USA).

Data and statistical analysis

Statistical analysis was performed using the Wilcoxon
signed-rank test to assess the significance of results.
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Results

CpG-DNA induces PD-L1 expression in human B cells

To determine whether co-inhibitory molecules are expressed
in human B cells, we screened the stimulated human B cells
from healthy volunteers and human B cell line Ramos 2G6
cells for their expression using real-time RT-PCR. Figure 1la
shows that mRNA expression of PD-L1 in human B cells was
induced markedly in the presence of B type CpG-DNA
(CpG-B) to a level 10 times higher than that observed in the
absence of CpG-DNA (P<0-05). CpG-B also induced
PD-L1 expression in Ramos 2G6 cells (Fig. 1a). The expo-
sure of B cells to CpG-B triggered rapid expression of
PD-L1-mRNA at 6 h, which decreased thereafter. PD-LI
expression was increased eightfold at 24 h and by twofold
(P <0-05) at 48 h (data not shown). In contrast, although
10-fold induction of PD-L1 expression was detected
(P<0:05) in human B cells after treatment with 1 uM of
CpG-B, fivefold induction of PD-L1 expression was detected
after treatment with 1 uM of A type CpG-DNA (CpG-A).
No induction was detected in Ramos 2G6 cells, even after
treatment with 1 uM of CpG-A.

Similar to other co-stimulatory members, PD-L1 is gen-
erally expressed as a transmembrane protein. In order to
detect the surface levels of PD-L1 on human B cells, we
assessed the effect of CpG-B on PD-L1 surface expression of
human B cells by flow cytometry using APC anti-PD-L1-
specific antibody. Figure 1b shows that the surface expres-
sion of PD-L1 in human B cells was induced markedly in the
presence of CpG-B to 18 times higher than that observed in
the absence of CpG-DNA. The protein expression of PD-L1
was also examined using Western blotting. Figure 1c shows
that the CpG-B-induced form of PD-L1-protein in human B
cells weighs 39 kDa. Furthermore, we have also confirmed
that CpG-B induces PD-L1 expression on human B
cells using confocal laser scanning microscopy (data not
shown).

CpG-DNA-treated human B cells suppress IL-5
production in Cry j 1-stimulated CD4-positive cells

CD4-positive cells acquire “Th2 cell identity’, the capability to
produce a large amount of Th2 cytokines selectively, and
play an important role in humoral immunity and allergic
reactions. Having shown that CpG-B induces PD-L1 expres-
sion strongly in human B cells, we investigated its effect on
IL-5 production in Cry j 1-stimulated human CD4-positive
cells using CpG-B-treated B cells from patients with seasonal
allergic rhinitis. After the CD4-positive cells had been treated
with Cry j 1 for 24 h, IL-5 protein production was detected
using ELISA. IL-5 production was induced by Cry j 1 in the
presence of non-treated B cells (P <0-05), and CpG-B-
treated B cells reduced Cry j 1-induced IL-5 production by
50% (P < 0-05) (Table 1). PD-1 is a cell surface molecule that
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Fig. 1. (a) Programmed death ligand 1 (PD-L1) expression induced by cytosine—phosphate—guanosine (CpG)-DNA in human B cells.

Human B cells from peripheral blood mononuclear cells (PBMC) and Ramos 2G6 cells were incubated in the presence or absence of 1 uM
oligodeoxynucleotide (ODN) 2216 (CpG-A) or ODN 2006 (CpG-B) for 6 h. The mRNA was reverse-transcribed to cDNA, which was then used for
real-time polymerase chain reaction (PCR). All reactions were performed in triplicate. The results were normalized to the levels of 3, microglobulin
mRNA. The data are presented as the mean = standard error of the mean fold increase relative to the control (n=6); *P < 0-05. (b) CpG-DNA
induces PD-L1 surface expression on human B cells. Human B cells from PBMC were incubated in the presence or absence of 1 pM ODN 2006
(CpG-B) for 48 h. Cells were harvested and the expression of PD-L1 was analysed using a fluorescence activated cell sorter (FACS)Caliber. The open
histogram indicates staining with isotype control, and the closed histogram indicates staining with allophycocyanin (APC)-anti-PD-L1 antibody.

(c) Human B cells from PBMC were cultured with medium in the presence or absence of 1 UM ODN 2216 (CpG-A) or ODN 2006 (CpG-B) for

24 h. After the cells had been harvested, the samples were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electroblotted. The presence of PD-L1 and B-actin was monitored by Western blot/enhanced chemiluminescence (ECL) reaction using
anti-PD-L1 antibody and anti-B-actin antibody. The positions of PD-L1 and B-actin are indicated by arrows.

regulates the adaptive immune response. The engagement of
PD-1 by its ligand PD-L1 transduces a signal that inhibits
cytokine production by T cells. We sought to determine
whether PD-1 is involved directly in IL-5 production by
CD4-positive cells using CpG-B-treated B cells; we then

tested the ability of PD-1-Ig, a chimera molecule that
inhibits the binding of PD-1 to PD-L1. Table 1 shows that
PD-1-Ig reversed its reduction of IL-5 production by 68%
(148-0 pg/ml) compared with reduction (218-2 pg/ml) by
the CpG-B-treated B cells without PD-1-Ig (P < 0-05).

© 2012 The Authors
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Table 1. Cytosine—phosphate—guanosine (CpG)-DNA-treated human
B cells suppressed interleukin (IL)-5 production in Cry j 1-stimulated
CD4-positive cells. B cells and CD4-positive cells were separated from
patients with seasonal allergic rhinitis. The B cells were pretreated with
or without 1 uM oligodeoxynucleotide (ODN) 2006 (CpG-B) for 12 h,
washed and co-incubated with CD4-positive cells. The resultant super-
natants were harvested 24 h after stimulation with Cry j 1 (10 pug/ml)
in the presence or absence of soluble programmed death ligand
1-immunoglobulin (PD-1-Ig) (1 ug/ml); the levels of IL-5 were then
determined using enzyme-linked immunosorbent assay. The results are
shown as the mean * standard error of the mean (n=6); *P < 0-05.

IL-5 production

CpG-B Cryjl PD-1-Ig in 24 h (pg/ml)

_ - - 133 + 89 B
*

- " - 4457 * 1623 .
*

+ + - 2275 * 972

+ + + 3755 = 1703 J*

CpG-DNA-treated human B cells suppress IL-13
production in Cry j 1-stimulated CD4-positive cells

We next investigated the effect of CpG-B on IL-13 produc-
tion in Cry j 1-stimulated human CD4-positive cells using
CpG-B-treated B cells from patients with seasonal allergic
rhinitis. IL-13 production was induced by Cry j 1 in the
presence of non-CpG-B-treated B cells (P < 0-05), and CpG-
B-treated B cells reduced Cry j 1-induced IL-13 production
by 66% (P < 0-05).

We also examined whether PD-1 is involved in IL-13 pro-
duction by CD4-positive cells using CpG-B-treated B cells
and PD-1-Ig, which inhibits PD-1-induced signalling.
Table 2 shows that PD-1-Ig reversed its reduction of IL-13
production by 89% (414-4 pg/ml), compared with reduction
(465-8 pg/ml) by the CpG-B-treated B cells without PD-1-Ig
(P <0-05).

CpG-B-treated B cells could not reduce Cry j 1-induced
IL-4 production significantly, although IL-4 production was
induced by Cry j 1 in the presence of non-CpG-B-treated B
cells (P < 0-05) (data not shown).

Table 2. Cytosine—phosphate—guanosine (CpG)-DNA-treated human
B cells suppress interleukin (IL)-13 production in Cry j 1-stimulated
CD4-positive cells. Samples were prepared as shown in Table 1. The
IL-13 levels were determined using enzyme-linked immunosorbent
assay. Results are shown as the mean = standard error of the mean
(1= 6); *P < 0-05.

IL-13 production

CpG-B Cryjl PD-1-Ig in 24 h (pg/ml)

N _ - 143 + 3.1 .
*

- + - 711-6i256~7j
*

+ + - 2458 = 1996

+ + + 6602 = 2697 J*

PD-I-Ig, programmed death ligand-1-immunoglobulin.
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Table 3. Interferon (IFN)-y and interleukin (IL)-12 production from
Cry j Il-stimulated CD4-positive cells with cytosine—phosphate—
guanosine (CpG)-DNA-treated human B cells. Samples were prepared
as shown in Table 1. The levels of IFN-y (a) and IL-12 (b) were deter-
mined using enzyme-linked immunosorbent assay. Results are shown as
the mean =+ standard error of the mean (n =6); *P < 0-05.

(a)

IFN-y production

CpG-B Cryjl PD-1-Ig in 24 h (pg/ml)
- - - 1645 + 119-4
- + - 2142 = 1306 e
+ + - 4526 + 257.5 "
+ + + 3546 = 1699
(b)

IL-12 production
CpG-B Cryjl PD-1-Ig in 24 h (pg/ml)
- - - 1645 + 119-5
- + - 2142 = 1306 ]
+ + - 4526 + 257.5 —°
+ + + 3546 = 169-4

PD-I-Ig, programmed death ligand-1-immunoglobulin.

IFN-y and IL-12 production from Cry j 1-stimulated
CD4-positive cells with CpG-DNA-treated human
B cells

CpG-DNA is a potent inducer of Th1 cytokines that also play
important roles in allergic reactions, and we investigated
IFN-y and IL-12 production from Cry j 1-stimulated CD4-
positive cells and CpG-DNA-treated human B cells from
patients with seasonal allergic rhinitis (Table 3). While IFN-y
production was induced by Cry j 1 (P < 0-05), we could not
detect a significant increase of IL-12 production from Cry j
1-stimulated CD4-positive cells. Conversely, the CpG-B-
treated B cells increased both IFN-y (P < 0-05) (Table 3a)
and IL-12 production (P < 0-05) (Table 3b) in the presence
of Cry j 1-stimulated CD4-positive cells. At the same time,
we examined whether PD-1 is involved in the production of
these cytokines using the chimera molecule, PD-1-Ig. Table 3
shows that PD-1-Ig could not reverse the increase of IFN-y
and IL-12 production compared with the situation without
PD-1-Ig.

Effect of CpG-DNA on co-stimulatory molecule ligands
in human B cells

While CpG-DNA strongly induced the co-inhibitory mol-
ecule ligand PD-L1, we also screened the effect of CpG-DNA
on co-stimulatory molecule ligands in human B cells by
real-time RT-PCR. As shown in Fig. 2a, the expression of
B7-related protein-1 (B7RP-1) in human B cells was sup-
pressed in the presence of CpG-B by 67%, and CpG-A sup-
pressed its expression by 49%. This ligand co-stimulatory
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Fig. 2. Effect of cytosine—phosphate—guanosine (CpG)-DNA

on expression levels of the ligand of co-stimulatory molecules;

(a) B7-related protein-1 (B7RP-1), (b) CD30L. Human B cells
from peripheral blood mononuclear cells (PBMC) were incubated
in the presence or absence of 1 UM oligodeoxynucleotide (ODN)
2216 (CpG-A) or ODN 2006 (CpG-B) for 6 h. The mRNA was
reverse-transcribed to cDNA, which was then used for real-time
polymerase chain reaction (PCR). All reactions were performed
in triplicate. The results were normalized to the levels of 3,
microglobulin mRNA. Data are presented as the mean = standard
error of the mean fold increase relative to the control (n=6);

*P < 0-05.

molecule, via the B7RP-1 (ICOSL)-ICOS pathway, is
involved in the development of airway allergic inflammation
[12]. At the same time, CpG-B suppressed the expression of
CD30L in human B cells by 70% (Fig. 2b). CD30L plays an
important role in allergic rhinitis. Symptoms of allergic
rhinitis, levels of antigen-specific IgE in the sera and the Th2
response in lymphoid tissues were diminished drastically
in antigen-sensitized CD30L knock-out mice following
intranasal challenge with antigen [13]. CpG-B not only
induced the expression of PD-L1 that inhibited Th2 cytok-
ines, but also reduced the expression of B7RP-1 and CD30L,
which could promote Th2 inflammatory responses.

The effect of CpG-DNA on NF-«B signalling related to
PD-L1 expression in human B cells

CpG-B induces PD-L1 expression, mainly through TLR-9
signalling. NF-xB and MAPKs participate in CpG-DNA-
related or TLR-9-related intracellular signalling [10]. To
determine whether NF-xB signalling or MAPK signalling is
involved directly in CpG-B-induced PD-L1 expression, we
tested the abilities of NBD peptide and Bay 11-7082 (NF-«xB
signalling inhibitors), SB203580 (a specific inhibitor of p38
MAPK signalling), SP600125 (JNK inhibitor) or U0126 (a
specific inhibitor of ERK signalling) to affect the PD-LI

expression of human B cells stimulated with CpG-B
(Fig. 3a).

Bay 11-7082 and NBD peptide decreased the expression of
PD-L1 markedly in CpG-B-stimulated cells, from 15-6-fold
to 2-6-fold (P < 0-05) and to 2-1-fold (P < 0-05), respectively.
The expression of PD-L1 was not affected significantly by the
JNK inhibitor SP600125, the specific inhibitor of ERK sig-
nalling U0126, the p38 MAPK inhibitor SB203580 and
control NBD peptide. No differences were found in cell
shape or viability among the cells treated with the five inhibi-
tors (data not shown).

In order to confirm the activation of NF-xB signalling
cascades in the CpG-DNA-treated human B cells from
patients with seasonal allergic rhinitis, the cell lysates were
then analysed using Western blotting for phosphorylation of
inhibitor kappa Ba (IkBo), which is required critically for
NE-kB activation. As shown in Fig. 3b, CpG-B increased
phosphorylation of IkBo. markedly. In contrast, Bay 11-7082
(selective inhibitor of IkBa phosphorylation) and NBD
peptide (IxB kinase inhibitor) decreased CpG-B-induced
phosphorylation of IkBo.

Discussion

This study demonstrated that CpG-DNA strongly induced
co-inhibitory molecule ligand PD-L1 expression in human B
cells. CpG-B-treated B cells reduced Cry j 1-induced IL-5
and IL-13 production in CD4-positive cells. When the
binding of PD-1 to PD-L1 was inhibited using PD-1-Ig, this
chimera molecule reversed the reductions in IL-5 and IL-13
production induced by CpG-B-treated B cells. In contrast,
the CpG-B-treated B cells increased both IFN-y and IL-12
production in the presence of Cry j 1-stimulated CD4-
positive cells. At the same time, CpG-DNA reduced the
expression of co-stimulatory molecule ligands B7RP-1 and
CD30L on human B cells. CpG-DNA-induced PD-L1
expression of human B cells has not been reported
previously. Its intracellular signalling mechanism also
remains unclear. Because CpG-B activated NF-kB signalling
in human B cells, and pre-incubation with NF-kB signalling
inhibitor reversed the CpG-DNA-induced expression of
PD-L1, NF-kB signalling is involved directly in CpG-
induced PD-L1 expression.

The initial gene up-regulation corresponded to a period
when TLR-9 ligation stimulated genes that were functionally
associated with the generation of innate and adaptive
immune responses [14]. The ligation of TLR-9 to CpG-
DNA activates memory B cells, enhances EBV-mediated
transformation of naive B cells [7], augments CD40 cross-
linking-induced activation of B cells [8] and enhances
antigen-specific B cell proliferation and differentiation,
leading to the formation of extrafollicular plasma cells. CpG-
DNA enhances the kinetics, magnitude and longevity of the
vaccine-specific memory B cell pool [15]. Direct conjugation
of antigen and CpG-DNA reveals a mechanism that operates

© 2012 The Authors
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Fig. 3. The effect of cytosine-phosphate—guanosine (CpG)-DNA on
nuclear factor (NF)-kB signalling related to programmed death ligand
1 (PD-L1) expression in human B cells. (a) Effects of signal transduc-
tion inhibitors on CpG-DNA-induced PD-L1 expression. Human B
cells from peripheral blood mononuclear cells (PBMC) were pre-
incubated with 10% dimethylsulphoxide (DMSO) (a vehicle control),
10 pM SP600125 [a c-Jun N-terminal kinase (JNK) inhibitor], 10 uM
SB203580 [a p38 mitogen-activated protein kinase (MAPK) inhibitor],
10 pM U0126 [an extracellular signal-related kinase (ERK) inhibitor],
10 pM Bay 117082 (a NF-xB signalling inhibitor), 100 pM NEMO-
binding domain (NBD) peptide (an NF-xB signalling inhibitor) or
control NBD peptide for 30 min. The cells were then stimulated with

1 uM oligodeoxynucleotide (ODN) 2006 (CpG-B) for 6 h. The mRNA
was reverse-transcribed to cDNA, which was then used for real-time
polymerase chain reaction (PCR). All reactions were performed in trip-
licate. The results were normalized to the expression of 3, microglobu-
lin mRNA. Data are expressed as the mean * standard error of the
mean fold increase relative to the control (n = 6); *P < 0-05. (b) The
phosphorylation of inhibitor kappa B o/(IkBo) induced by CpG-DNA.
After pre-incubation with Bay 11-7082 (10 uM) or NBD peptide

(100 uM) NF-kB signalling inhibitors for 30 min, the human B cells
were stimulated with or without CpG-B (1 uM) for 30 min. Then the
cells were harvested, lysed, applied to each lane and blotted with anti-
phosphorylated IxkBo antibody. The position of phosphorylated IxBat
is indicated on the right by the arrow.
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during the initiation of primary immune responses, which is
useful as a strategy for the design of adjuvants suitable for
vaccinations [16].

However, CpG-DNA has immunomodulatory effects that
trigger anti-allergic immune responses by directly regulating
T-bet expression in mouse B cells via a signalling pathway
that is dependent upon TLR-9 and inhibiting the IgG, and
IgE switching induced by IL-4 and CD40 signalling [5]. The
ligation of CpG-DNA to an antigen elicits a lower IgE/IgG,,
ratio than that induced by the allergen alone [17]. In an
in-vitro explant model composed of sinonasal tissue, CpG-
DNA reduced the expression of the proinflammatory cytok-
ine IL-5, although no significant difference was found in the
expression levels of IL-12, IFN-y or TLR-9 [18]. We have
shown that CpG-DNA-treated B cells reduced Th2 cytokine
production in Cry j 1-stimulated CD4-positive cells. PD-L1
expressed on human ocular cells reportedly plays a role in
controlling ocular inflammation by inhibiting the produc-
tion of proinflammatory and Th2 cytokines by activated T
cells [19]. PD-1, an immunoreceptor belonging to the CD28/
cytotoxic T lymphocyte antigen (CTLA)-4 family, regulates
antigen receptor signalling negatively by recruiting a protein
tyrosine phosphatase, src homology 2 domain-containing
protein tyrosine phosphatase 2 (SHP-2), upon interacting
with its ligand PD-L1 [20]. We have shown that CpG-B
induces PD-L1 expression in human B cells by suppressing
Th2 cytokine production in Cry j 1-stimulated CD4-positive
cells, mainly through this negative signalling regulation.
Conversely, CpG-DNA provokes an abundance of Thl-
skewing cytokines, including IFN-y and IL-12 [21], and
in our system CpG-B also increased IFN-y and IL-12
production. This increase was not reversed by PD-1-Ig.

TLRs play key roles in innate immunity by recognizing
pathogen-associated molecular patterns. The exposure of
TLR-3 ligand dsRNA to BEAS2B and human primary bron-
chial epithelial cells caused increased levels of cell-surface
and mRNA expression of PD-L1 (B7-H1), but not of B7-H2
or B7-H3 [3]. Human oral Langerhans cells express TLR-4,
and its ligation to monosphoryl lipid A up-regulated the
expression of PD-L1 [4]. Here, we show that TLR-9 ligand
CpG-DNA induces PD-L1 expression in human B cells.

CpG-DNA triggers anti-allergic immune responses in B
cells that are dependent upon TLR-9 [5]. In a previous study,
gene expression analysis showed an association between
CpG-DNA-stimulated genes and immune responses includ-
ing the NF-xB and B cell-receptor pathways [14]. In another
study, the suppression of myeloid differentiation primary
response gene 88 (MyD88) function and the inhibition of
NF-kB nuclear localization, or treatment with NF-xB
pathway inhibitors, blocked the cellular function of CpG-
DNA in a human B cell line [9]. Regulatory molecules of the
B7-H-family are important for immune homeostasis, but
their mechanism of regulation remains largely unknown. In
this study, we have shown that CpG-B markedly increased
phosphorylation of IkBo in human B cells from patients
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with seasonal allergic rhinitis. Bay 11-7082 and NBD peptide
decreased CpG-B-induced phosphorylation of IkBe, and
pre-incubation with these NF-xB signalling inhibitors
strongly suppressed CpG-DNA-induced PD-L1 expression.
The phosphorylation on IkBo leads inhibitor molecules to
be degraded by the proteasome. With the degradation of
IxBa, the NF-xB complex is then freed to enter the nucleus
and can turn on the expression of specific genes. PD-L1
expression is controlled by signal transducer and activator of
transcription-3 (STAT-3) on APCs or lymphoma cells
[22,23], as STAT-3 binds to the CD274 gene promoter. In
human B cells, CpG-B affected the phosphorylation of
STAT-3 and its effect was reversed by these NF-kB signalling
inhibitors (data not shown). STAT-3 might also participate
in CpG-B-induced PD-L1 expression on human B cells,
although further studies need to be performed.

CpG-DNA is currently used in clinical trials. After treating
allergic patients with CpG-DNA as an adjuvant for subcuta-
neous immunotherapy, together with a house dust mite
allergen extract, the symptoms of rhinitis and allergic
asthma decreased significantly [24,25]. In addition, when
CpG-DNA was used as a pro-Th1 adjuvant, it decreased the
risk of allergen sensitization and IgE induction and pre-
vented anaphylactic shock after allergen provocation in
a mouse model [17]. Although CpG-DNA provokes the
expression of an abundance of Thl-skewing cytokines,
including IL-12, IFN-o and IEN-y, the administration of
CpG-DNA to IFEN-y-deficient mice inhibited IgE production
and prevented antigen-induced anaphylaxis. CpG-DNA acts
directly on B cells via a T cell-independent mechanism [21].
PD-L1 participates in various disorders; its pathway is a can-
didate for novel therapeutic approaches to certain diseases.
Because PD-L1 suppresses host immunity in T cell lym-
phoproliferative disorders [20], interaction between PD-1
and PD-L1 regulates antigen receptor signalling negatively
and is involved in almost every aspect of immune responses,
including allergy-related and infectious immunity, suggest-
ing a promising future for the clinical application of PD-1
agonists and antagonists [26]. The superantigen Staphylococ-
cus aureus enterotoxin B causes an increase in IL-5 levels that
is dampened when CpG-ODN is added to an in-vitro explant
model composed of sinonasal tissue [18].

The typical Th2 cytokines are synthesized mainly by Th2
effector T cells and are essential in driving the allergic
inflammatory process. The various steps in which naive
CD4-positive T cells differentiate to allergen-specific, acti-
vated T cells of the Th2 type play a pivotal role in the patho-
genesis of chronic allergic airway disease. Aiming at a
concept for highly specific therapy of this disease, various T
cell co-stimulatory molecules and ligands expressed on acti-
vated Th2 effector T cells have been discussed as potential
targets for an antibody-based therapy [27]. The Th2-cell
co-stimulators and ligands that are expressed de novo are of
greater interest: the positive co-stimulators/ligands, ICOS/
B7RP-1 and CD30/CD30L, and the co-stimulator/ligand,

PD-1/PDI-1. Although the negative co-stimulator is unsuit-
able for blockade, CpG-B not only reduced the expression
of B7RP-1 and CD30L but also induced the expression of
PD-LI. It also inhibited IL-5 and IL-13 production and
increased IFN-y and IL-12 production. These results might
contribute to a better understanding of the therapeutic
effects of CpG-DNA in various human immune inflamma-
tory or allergic diseases.
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