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Introduction

Allergic asthma is a chronically relapsing inflammatory

Summary

Respiratory tract bacterial infection can amplify and sustain airway
inflammation. Intracytosolic nucleotide-binding oligomerization domain-
containing protein 2 (NOD2) is one member of the nucleotide binding and
oligomerization domain (NOD)-like receptor (NLR) family, which senses the
conserved structural peptidoglycan component muramyl dipeptide (MDP)
in almost all bacteria. In the present study, activation of the NOD2 ligand
MDP on primary human bronchial epithelial cells (HBE) co-cultured with
human basophils was investigated. Cytokines, NOD2, adhesion molecules
and intracellular signalling molecules were assayed by enzyme-linked immu-
nosorbent assay or flow cytometry. The protein expression of NOD2 was
confirmed in basophils/KU812 cells and HBE/human bronchial epithelial
cell line (BEAS-2B) cells. MDP was found to up-regulate significantly the cell
surface expression of intercellular adhesion molecule (ICAM)-1 and vascular
cell adhesion molecule (VCAM)-1 on basophils and HBE in the co-culture
system with or without basophil priming by interleukin (IL)-33 (all
P < 0-:05). MDP could further enhance the release of inflammatory cytokine
IL-6 and chemokine CXCLS8, and epithelium-derived anti-microbial peptide
B-defensin 2 in the co-culture. HBE cells were the major source for the
release of IL-6, CXCL8 and B-defensin2 upon stimulation by MDP in the
co-culture system. The expression of ICAM-1 and VCAM-1 and release of
IL-6 and CXCL8 were suppressed by various signalling molecule inhibitors,
implying that the interaction between basophils and primary human bron-
chial epithelial cells could be regulated differentially by the mitogen-
activated protein kinase pathways and nuclear transcription factors. The
results therefore provide a new insight into the functional role of basophils
in innate immunity, and the link between respiratory bacteria-mediated
innate immunity and subsequent amplification of allergic inflammation in
the airway.

Keywords: basophils, epithelial cells, infections, pattern recognition receptors,
signalling/signal transduction

[1]. The innate immune system can recognize bacteria
through pattern recognition receptors (PRRs), which detect
conserved microbial components called pathogen-

disease. Respiratory tract bacterial infection can cause aller-
gen sensitization and subsequently amplify and sustain
airway inflammation in allergic asthma [1]. Animal experi-
ments have shown that moderate pulmonary bacterial
infection such as Chlamydia pneumoniae can induce subse-
quent allergic inflammation upon the activation by inhaled
allergens through innate immunity-related dendritic cells

associated molecular patterns. One of the key intracytosolic
PRRs in inflammatory and immune responses is nucleotide
binding and oligomerization domain (NOD)-like receptors
(NLRs). Two well-characterized NLRs, NOD1 and NOD2,
sense the cytosolic presence of the peptidoglycan fragments
v-D-glutamyl-meso-diaminopimelic acid (iE-DAP) in all
Gram-negative and certain Gram-positive bacteria, and
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peptidoglycan constituent muramyl dipeptide (MDP) in
almost all bacteria, respectively [2,3]. The crucial roles of
NOD1,2 in immune responses have been proved from the
linkage of NOD1,2 polymorphisms with atopic dermatitis,
atopic eczema and allergic asthma [4,5]. In fact, NOD1-
mediated recognition of bacterial products in the skin or at
mucosal interfaces may regulate T helper type 2 (Th2)
polarization and immunoglobulin (Ig)E concentrations [4].
NOD?2 expression links to innate immune responses against
bacterial pathogens Streptococcus pneumoniae [6] and
Mycobacterium tuberculosis [7]. NOD2 mutations are asso-
ciated with chronic inflammatory bowel diseases, such as
Crohn’s disease [8]. Animal studies have shown that the
NOD2 ligand induces the expression of allergic
inflammation-related cytokine thymic stromal lymphopoi-
etin, interleukin (IL)-25 and OX40 ligand (OX40L) in lung,
resulting in subsequent susceptibility to asthmatic lung
inflammation [9]. A recent study showed that NOD?2 ligand
MDP could induce the secretion of CXCL8, regulate expres-
sion of CD11b and CD69 and enhance migration of eosi-
nophils, which were mediated via the nuclear factor
(NF)-xB signalling pathway [10].

Basophils are rare, circulating granulocytes, representing
<1% of the peripheral blood leucocytes. Circulating
basophils can be recruited to the inflammatory tissues in
allergic disorders including allergic asthma, atopic dermati-
tis and allergic rhinitis [11-13]. During asthma exacerba-
tion and in response to allergen inhalation challenge,
basophils infiltrate markedly into allergic inflammatory
sites [14-16]. Studies investigating allergic late-phase
responses have shown that basophils are a significant source
of Th2 cytokines IL-4 and IL-13, which are central
cytokines for the manifestations of allergic disease [17-19].

Our previous study has shown that the T helper 17
(Th17) cytokine IL-17A cytokine can induce the release of
inflammatory cytokines and chemokines upon the interac-
tion of human basophils and bronchial epithelial cells
through the differential activation of mitogen-activated
protein kinase (MAPK) and NF-xB signalling pathways
[20]. In our study of the link between infections and the
exacerbation of allergic inflammation, we have demon-
strated that the induction of cytokines, chemokines, super-
oxides and eosinophilic cationic protein (ECP), and cell
migration by Toll-like receptor (TLR)-2, -5 and -7 ligands,
are regulated differentially by intracellular focal adhesion
kinase (FAK), NF-kB, extracellular signal-regulated kinase
(ERK), phosphatidylinositol 3-kinase (PI3K)-Akt and p38
MAPK in eosinophils [21,22]. However, the NLR-mediated
activation of basophils in allergic inflammation has not yet
been studied. Therefore, we hypothesized that NLR are
crucial PRRs in the process of airway inflammation, by
linking the innate immune response against respiratory
bacterial infection with the subsequent allergic inflamma-
tion through the activation of basophils interacting with
bronchial epithelial cells.

Materials and methods

Reagents

The MDP, MDP-negative control D-D isomer, iE-DAP and
iE-DAP-negative control y-D-Glu-Lys (iE-Lys) were pur-
chased from InvivoGen (San Diego, CA, USA). Recom-
binant human IL-33 was purchased from R&D Systems
(Minneapolis, MN, USA). IkBo. phosphorylation inhibitor
BAY11-7082, p38 MAPK inhibitor SB203580 and c-Jun
N-terminal protein kinase (JNK) inhibitor SP600125 were
purchased from Calbiochem Corporation (San Diego, CA,
USA). SB203580 was dissolved in water, while BAY11-7082
and SP600125 were dissolved in dimethylsulphoxide
(DMSO). In this study, the final concentration of DMSO
was 0:1% (v/v).

Purification of human peripheral blood basophils from
buffy coat and basophil culture

Purification of human basophils was performed according
to our previous publication [20]. Fresh human buffy coat
obtained from non-atopic healthy volunteers of the Hong
Kong Red Cross Blood Transfusion Service was diluted 1:1
with phosphate-buffered saline (PBS) at room temperature
and centrifuged using Ficoll-Paque Plus solution (GE
Healthcare Corp., Allendale, NJ, USA) for 30 min at 500 g.
The peripheral blood mononuclear cell (PBMC) fraction
was collected and washed twice with cold PBS containing
2% fetal bovine serum (FBS) (Invitrogen Corp., Carlsbad,
CA, USA). Basophils were purified from the PBMC fraction
using the basophil isolation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) by magnetic depletion of non-
basophils passing through an LS+ column (Miltenyi Biotec)
within a magnetic field. With this preparation, the drop-
through fraction contained purified basophils with a purity
of at least 99%, as assessed by Giemsa staining solution
(Sigma-Aldrich Corp., St Louis, MO, USA), and specific
basophil cell surface marker CD203c staining (Fig. S1). The
isolated basophils were cultured in RPMI-1640 medium
(Invitrogen) supplemented with 10% FBS (Invitrogen). The
above protocol, using human basophils purified from
human buffy coat, was approved by the Clinical Research
Ethics Committee of The Chinese University of Hong
Kong—New Territories East Cluster Hospitals with written
consent from all healthy volunteers of Hong Kong Red
Cross Blood Transfusion Service.

Co-culture of primary human bronchial epithelial
cells/human bronchial epithelial cell line (BEAS-2B)
cells and basophils/KU812 cells

Primary human bronchial epithelial cells were purchased
from ScienCell Research Laboratories (San Diego, CA,
USA) and maintained in bronchial epithelial cell medium
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(ScienCell). Primary human bronchial epithelial cells were
incubated at 37°C in a humidified 5% CO, atmosphere and
cultured for no more than three passages before analysis.
The human bronchial epithelial cell line (BEAS-2B) trans-
formed by adenovirus 12-SV40 virus hybrid (Ad12SV40)
was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), which has been used widely as
an in-vitro bronchial epithelial cell model [20]. BEAS-2B
cells were grown in Dulbecco’s modified Eagle’s medium
nutrient mixture F12 (Invitrogen) with 10% FBS at 37°C in
a humidified 5% CO, atmosphere until confluence to cell
monolayer. The human basophilic leukaemia cell line,
KU812 cells (ATCC), was maintained in RPMI-1640
medium (Invitrogen) with 10% FBS. In co-culture, the
medium of primary bronchial epithelial cells/BEAS-2B cells
was replaced by RPMI-1640 medium containing 10% FBS
(Invitrogen) with or without basophils/KU812 cells. For
inhibition experiments, primary human bronchial epithelial
cells and basophils were pretreated with signalling molecule
inhibitors for 1 h.

Co-culture of fixed primary human bronchial epithelial
cells and basophils

Confluent primary human bronchial epithelial cells or
basophils were pretreated with 1% paraformaldehyde in
PBS on ice for 1 h to prevent the release of mediators from
cells while preserving the cell membrane integrity to main-
tain intercellular interaction. After fixation, cells were
washed at least 10 times with PBS containing 2% FBS, and
fixed or unfixed primary bronchial epithelial cells and
basophils were co-cultured in RPMI-1640 medium supple-
mented with 10% FBS.

Quantitative measurement of cytokine release using
cytometric bead array (CBA)

Concentrations of inflammatory cytokine IL-6 and CXCL8
in culture supernatant were quantitated by a CBA reagent
kit from BD Pharmingen, Inc. (San Diego, CA, USA).

Quantitative analysis of B-defensin 2 release using
enzyme-linked immunosorbent assay (ELISA)

Concentrations of human epithelium derived anti-
microbial peptide B-defensin 2 in culture supernatant were
quantitated by an ELISA reagent kit from Phoenix Pharma-
ceuticals, Inc. (Burlingame, CA, USA).

Activation profile of nuclear transcription factors
in basophils

Nuclear proteins were extracted from basophils upon MDP
stimulation for 2 h to study the activation profile of nuclear
transcription factors by assessing the DNA binding activity

Novel role of NLR in airway inflammation

of 40 nuclear transcription factors using Procarta Human
Transcription Factor Plex Assay (Panomics, Inc., Fremont,
CA, USA) with the Bio-plex 200 suspension array system
(Bio-Rad Corp., Hercules, CA, USA).

Immunofluorescence staining and flow
cytometric analysis

To determine the expression of CD203c, intercellular adhe-
sion molecule (ICAM)-1 and vascular cell adhesion mol-
ecule (VCAM)-1 on the cell surface, non-adherent
basophils were washed and resuspended with cold PBS.
Adherent bronchial epithelial cells were harvested using cell
dissociation solution. After blocking with 2% human
pooled serum for 20 min at 4°C and washing with PBS sup-
plemented with 0-5% bovine serum albumin, cells were
incubated with phycoerythrin (PE)-conjugated mouse anti-
human CD203c antibody or mouse 1gG1 isotype (BioLeg-
end, Inc., San Diego, CA, USA), fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human ICAM-1 antibody,
PE-conjugated mouse anti-human VCAM-1 antibody or
mouse IgG1x, mouse IgG2k isotype (BD Pharmingen) for
30 min at 4°C in the dark. After washing, cells were sub-
jected to flow cytometric analysis.

The intracellular expression of NOD1,2 and phosphor-
ylated signalling molecules was determined quantitatively
using a previously established intracellular staining method
with flow cytometry [20]. This quantitative flow cytometric
method for analysis of the activation of intracellular signal-
ling molecules by the intracellular staining of phosphor-
ylated signalling molecules is less tedious than Western blot
analysis, and the flow cytometric method requires fewer cell
numbers and less assay time. To determine the intracellular
expression of NOD1,2 and phosphorylated signalling mol-
ecules, cells were fixed with prewarmed BD Cytofix buffer
for 10 min at 37°C after previous treatments. After centrifu-
gation, cells were permeabilized in ice-cold methanol for
30 min and then stained with rabbit anti-human NODI1
(Abcam, Inc., Cambridge, MA, USA) or rabbit IgG (BD
Biosciences Corp., San Jose, CA, USA), mouse anti-human
NOD2 or mouse IgG2a antibodies (BioLegend, Inc., San
Diego, CA, USA), mouse anti-human phosphorylated
(p)INK, pp38 MAPK, pIkBo. or mouse IgG1 antibodies (BD
Pharmingen) for 60 min followed by allophycocyanin
(APC)-conjugated goat anti-rabbit secondary antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or
FITC-conjugated goat anti-mouse secondary antibody (Inv-
itrogen) for another 45 min at 4°C in the dark. Cells were
then washed, resuspended and subjected to analysis.

Expression of surface molecules, NOD1,2 and intracellu-
lar phosphorylated signalling molecules of 5000 viable cells
was analysed by flow cytometry [fluorescence activated cell
sorter (FACS)Calibur flow cytometer, BD Biosciences Corp.,
San Jose, CA, USA] and presented as mean fluorescence
intensity (MFI). For the differential analysis of intracellular
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MAPK and NF-xB activity of BEAS-2B cells and KU812
cells, non-adherent KU812 cells were separated from the
adherent BEAS-2B cells by washing with PBS after different
treatments. Adherent BEAS-2B cells were then harvested
using cell dissociation solution. For the flow cytometric
analysis of intracellular signalling molecules, we adopted
the gating of basophil marker CD203c as a differential cell
surface staining marker to ensure that the pure cell popula-
tion was without other cell contamination, as only KU812
but not BEAS-2B cells express CD203c.

Statistical analysis

The statistical significance of differences was determined by
one-way anaylsis of variance (ANova) or unpaired t-test.
The values were expressed as mean plus standard error of
the mean (s.e.m.) from three independent experiments. Any
differences with P-value < 0-05 were considered significant.
When anova indicated a significant difference, Bonferro-
ni’s post-hoc test was then used to assess the difference
between groups. All analyses were performed using spss sta-
tistical software for Windows (version 16:0; SPSS Inc.,
Chicago, IL, USA).

Results

Intracellular expression of NOD2 protein

As shown in Fig. 1a—d, the intracellular NOD2 protein was
expressed constitutively in basophils, primary human bron-
chial epithelial cells, KU812 and BEAS-2B cells. However,
these expression levels of NOD2 were much lower than that
in human peripheral monocytes (Fig. le). We also con-
firmed the gene expression of NOD2 in basophils and
KU812 using quantitative real-time polymerase chain reac-
tion (PCR) (data not shown). Therefore, the expression of
NOD?2 in basophils and bronchial epithelial cells indicates
that the NOD2 ligand can exert direct effects on basophils
and bronchial epithelial cells either alone or in co-culture.
The expression of functional NOD1,2 protein has been
reported in human bronchial epithelial cells and BEAS-2B
cells [23]. However, we could not detect any significant
protein expression of NOD1 in human basophils and
KU812 cells (Fig. 1f,g) using eosinophils as positive control
cells (Fig. 1h).

Cell surface expression of adhesion molecules on
basophils and primary human bronchial epithelial cells
activated by MDP

As shown in Fig.2b,d, compared with MDP-negative
control D-D isomer, MDP (10 pg/ml) could augment the
cell surface expression of ICAM-1 and VCAM-1 on
basophils, and such up-regulation was enhanced signifi-
cantly when basophils were co-cultured with bronchial epi-

thelial cells (all P<0-05). Upon NOD2 ligand MDP
stimulation, the cell surface expression of ICAM-1 and
VCAM-1 on bronchial epithelial cells was enhanced signifi-
cantly only when they were co-cultured with basophils (all
P<0-05, Fig.2fh). In concordance with the negative
expression of NOD1 in basophils in Fig. 1, NODI ligand
iE-DAP did not exhibit any significant effect on the expres-
sion of ICAM-1 or VCAM-1 on basophils alone or
basophils in co-culture (all P> 0-05, Fig. 2b,d). As IL-33 has
been shown to activate basophils [24], IL-33 was used to
prime the basophil for up-regulating adhesion molecule
expression. Compared with groups without IL-33 pretreat-
ment, the expressions of ICAM-1 and VCAM-1 on
basophils were enhanced significantly by IL-33 priming (all
P < 0-05, Fig. 2b,d). However, IL-33 did not exhibit any sig-
nificant effect on the expression of ICAM-1 or VCAM-1 on
primary human bronchial epithelial cells (all P> 0-05,
Fig. 2fh).

Induction of cytokine, chemokine and -defensin 2
upon the interaction of basophils and bronchial
epithelial cells stimulated by MDP

As shown in Fig. 3a,b, MDP (10 pg/ml) could promote the
release of inflammatory cytokine IL-6 and chemokine
CXCL8 from basophils. Upon co-culture, the induction of
IL-6, CXCL8 and B-defensin 2 by MDP was found to be sig-
nificantly higher than those of basophils alone or bronchial
epithelial cells alone, in which IL-6 exhibited the most
potent synergistic induction (all P<0-05, Fig.3a—c).
However, NOD1 ligand iE-DAP did not affect significantly
the release of IL-6 or CXCLS in the co-culture (all P > 0-05,
Fig. 3a,b). MDP negative control D-D isomer did not show
any significant effect on the induction of IL-6, CXCL8 and
B-defensin 2 (all P> 0-05), thereby indicating the specific
inducing activity of NOD2 ligand MDP.

Bronchial epithelial cells were the main source for the
release of IL-6, CXCL8 and B-defensin 2 in co-culture

As shown in Fig. 4, in the co-culture of paraformaldehyde-
fixed basophils and unfixed bronchial epithelial cells, the
induction of IL-6, CXCL8 and -defensin 2 with or without
MDP stimulation was preserved. However, fixation of bron-
chial epithelial cells could greatly reduce the secretion of
IL-6, CXCLS8 or B-defensin 2 in co-culture with or without
MDP stimulation. These results indicate that primary bron-
chial epithelial cells were the main source for releasing IL-6,
CXCL8 and B-defensin 2 in co-culture upon interacting
with basophils with MDP stimulation.

Effects of signalling inhibitors on MDP-induced
cytokines and adhesion molecules

Different signalling molecule inhibitors were applied to
investigate the activation of relevant intracellular signalling
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Fig. 1. Protein expression of nucleotide-binding oligomerization domain-containing protein (NOD)1,2 in basophils, KU812 cells, primary human

bronchial epithelial cells (HBE) and human bronchial epithelial cell line (BEAS)-2B cells. Representative histograms of intracellular expression of
NOD?2 in (a) basophils, (b) KU812, (c) HBE and (d) BEAS-2B cells were determined by flow cytometry from triplicate experiments with essentially
identical results. (e) Quantitative results of flow cytometric analysis of intracellular expression of NOD2 in basophils, KU812 cells, HBE, BEAS-2B

cells and human monocytes (positive control cells) are presented with arithmetic mean plus standard error of the mean of mean fluorescence

intensity (MFI) of three independent experiments in the bar chart. Results were normalized by subtracting appropriate isotypic control.
Representative histograms of intracellular expression of NOD1 in (f) basophils, (g) KU812 cells and (h) eosinophils (positive control cells) were

determined by flow cytometry from triplicate experiments with essentially identical results.

pathways mediated by the interaction between basophils
and bronchial epithelial cells upon MDP stimulation. Based
on the results of cytotoxicity assay using MTT assay (data
not shown) and previous publications [20-22], we used the

optimal concentrations of IkBo inhibitor BAY11-7082
(1 uM), p38 MAPK inhibitor SB203580 (7-5 uM) and JNK
inhibitor SP600125 (5uM) with significant inhibitory
effects without any cell toxicity. In co-culture, BAY11-7082,
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Fig. 2. Effect of muramyl dipeptide (MDP) y-D-glutamyl-meso-diaminopimelic acid (iE-DAP) on the cell surface expression of intercellular
adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 on basophils (BAS) and primary human bronchial epithelial cells
(HBE), together with interleukin (IL)-33 or alone. Expressions of ICAM-1 and VCAM-1 on (a—d) basophils and (e-h) primary HBE cells in the
co-culture with or without MDP or iE-DAP stimulation are presented with representative histograms (a,c,e,g) and bar charts (b,d,,h). Basophils
were pretreated with or without IL-33 (50 ng/ml) for 4 h, then the basophils (3 X 10° cells) and confluent primary HBE (1 X 10° cells) were cultured
either together or separately with or without MDP (10 ug/ml) or iE-DAP (10 pg/ml) for a further 24 h. As shown in the bar charts, surface
expressions of ICAM-1 and VCAM-1 on 5000 basophils or primary HBE cells are expressed as the mean plus standard error of the mean of mean

fluorescence intensity (MFI) and normalized by subtracting appropriat

compared with corresponding cells alone without treatment. #P < 0-05;

cells without treatment. y-D-Glu-Lys (iE-Lys) and MDP D-D isomer w

e isotypic control of three independent experiments. *P < 0-05; **P < 0-01
##P < 0-01 compared with corresponding co-culture of basophils and HBE
ere negative controls of nucleotide-binding oligomerization

domain-containing protein (NOD)1 and NOD?2 ligand, respectively. Ctrl: medium control, Co-: co-culture.

a

|

SP600125 and SB203580 could suppress MDP-induced
release of IL-6, CXCL8 and B-defensin 2 (Fig.5) signifi-
cantly, while only BAY11-7082 and SB203580 could reduce
the MDP-induced expression of cell surface adhesion mol-
ecule ICAM-1 and VCAM-1 significantly on primary
human bronchial epithelial cells, but not on basophils
(Fig. 6). In order to study the activation profile of nuclear
transcription factors, we investigated the DNA binding
activity of 40 transcription factors in basophils upon MDP
stimulation. The DNA-binding activities of nine nuclear
transcription factors were up-regulated in basophils upon
MDP stimulation at 2 h, including NF-xB, octamer binding
proteins (OCT), peroxisome proliferator-activated receptor
(PPAR) and cAMP response element-binding protein

(CREB) (>1-4-fold, Table 1). However, the other 31 nuclear
transcription factors seemed not to be affected by MDP at
2 h (data not shown).

Differential activation of intracellular signalling
pathways involved in the interaction of KU812 and
BEAS-2B upon MDP stimulation

Because basophils represent 1% of peripheral blood leuco-
cytes and only 2:5 x 10° cells can be purified from 4 x 10°
PBMC, it is not feasible to obtain a large enough number of
basophils for the investigation of the activation of signalling
molecules. According to our previous experiments, we
found that the representative BEAS-2B bronchial epithelial

(a) — 5 (b)
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E 5000} % 50000 3
Fig. 3. Effect of muramyl dipeptide (MDP) or g g
v-D-glutamyl-meso-diaminopimelic acid g 2500k ;I(_<) 25000}
(iE-DAP) on the release of (a) interleukin - @)
(IL)-6, (b) CXCL8 and (c) B-defensin 2 in the 0 o
co-culture of basophils (BAS) and primary L IFRASL AR & RRR & QL QL QR & R RKL @
human bronchial epithelial cells (HBE). Q;?@O §@;§0°0 ><§§@°i(</9§/'o§</9§<"'d Q;?- 5, \:%": §00° Qo . :io‘;{"d
Confluent human bronchial epithelial cells (1 x &I OQ0¢ Q)V%Qg’ S &S 0 Qs((/
10° cells) and basophils (3 x 10° cells) were Oo,x O°‘X
cultured either together or separately with or
without MDP (10 pg/ml) or iE-DAP (10 pg/ml)
for 24 h. Release of IL-6 and CXCLS, and (© : = :
[-defensin 2 in culture supernatants was __75r
determined by cytometric bead array (CBA) E
and enzyme-linked immunosorbent assay g 50
(ELISA), respectively. Results are expressed as SV
the mean plus standard error of the mean of %
three independent experiments. *P < 0-05; .,é 25
**P<0-01; ***P < 0-001 when compared z

o

between the denoted groups. y-D-Glu-Lys
(iE-Lys) and MDP D-D isomer were negative
controls of nucleotide-binding oligomerization
domain-containing protein (NOD)1 and NOD2
ligand, respectively.
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Fig. 4. Source of the release of interleukin (IL)-6, CXCL8 and
fB-defensin 2 in co-culture of basophils (BAS) and bronchial epithelial
cells (HBE). Basophils (3 X 10° cells) and confluent primary HBE cells
(1 % 10° cells) were treated with or without 1% paraformaldehyde for
1 h in ice prior to being cultured together with or without muramyl
dipeptide (MDP) (10 pg/ml) for 24 h. Release of (a) IL-6 and (b)
CXCLS8, and (c) B-defensin 2 in culture supernatants was determined
by cytometric bead array (CBA) and enzyme-linked immunosorbent
assay (ELISA), respectively. Results are expressed as the mean plus
standard error of the mean of three independent experiments. HBEF:
fixed primary HBE; BASF: fixed basophils. *P < 0-05; **P < 0-01;

%P < 0-001 when compared between denoted groups.
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Fig. 5. Effect of signalling molecule inhibitors on the release of
interleukin (IL)-6, CXCL8 and B-defensin 2 from bronchial epithelial
cells (HBE) cells and co-culture of HBE cells and basophils with or
without treatment with muramyl dipeptide (MDP). Basophils (3 x 10°
cells) and confluent HBE cells (1 X 10° cells) cultured either separately
or together were pretreated with BAY11-7082 (BAY, 1 uM), SP600125
(SP, 5 uM) or SB203580 (SB, 7-5 uM) for 1 h, followed by incubation
with or without MDP (10 pg/ml) in the presence of inhibitors for
further 24 h. Release of IL-6 and CXCLS8, and -defensin 2 in culture
supernatants, were determined by cytometric bead array (CBA) and
enzyme-linked immunosorbent assay (ELISA), respectively. Results
are expressed as mean plus standard error of the mean of three
independent experiments. Ctrl: control; Co-: co-culture. Dimethyl
sulphoxide (DMSO, 0-1%) was used as the vehicle control. *P < 0-05;
**P < 0-01 when compared with MDP-activated co-culture DMSO
control. *P < 0-05 when compared with HBE control.
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Fig. 6. Effect of signalling molecule inhibitors on the cell surface expression of intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1 on (a) basophils (BAS) and (b) primary human bronchial epithelial (HBE) cells in the co-culture. Basophils (3 X 10° cells) and
confluent HBE cells (1 X 10° cells) cultured either separately or together were pretreated with BAY11-7082 (BAY, 1 uM), SP600125 (SP, 5 UM) or
SB203580 (SB, 7-5 uM) for 1 h, followed by incubation with or without muramyl dipeptide (MDP) (10 pg/ml) in the presence of inhibitors for
further 24 h. Cell surface expression of ICAM-1 on 5000 cells was analysed by flow cytometry as mean fluorescence intensity (MFI). Results are
expressed as mean plus standard error of the mean and normalized by subtracting appropriate isotypic control of three independent experiments in
bar charts. Ctrl: control; Co-: co-culture. Dimethyl sulphoxide (DMSO, 0-1%) was used as the vehicle control. *P < 0-05; **P < 0-01 when compared
with MDP activated co-culture DMSO control. #P < 0-05; ##P < 0-01 when compared with BAS or HBE control.

cells and KU812 basophilic cells showed similar results for
the expression of ICAM-1 and VCAM-1, and induction of
cytokines and B-defensin-2 in co-culture (data not shown).
Therefore, similar to our previous publication, we adopted
the representative BEAS-2B bronchial epithelial cells and

KU812 basophilic cells for the subsequent signalling mecha-
nistic study [20]. Figure 7 shows that JNK in KU812 cells
was phosphorylated significantly upon co-culture at
10 min. With treatment of MDP (10 pg/ml) for 10 min,
phosphorylation of JNK, p38 MAPK and IxBo in both

Table 1. Up-regulated activities of human nuclear transcription factors in basophils upon MDP stimulation.

NF-xB OCT NF-E2 E2F1 PPAR RUNX CREB STAT-1 NEFAT

++ ++ + + ++ + ++ + +

Basophils (3 x 10° cells) were cultured with or without muramyl dipeptide (MDP) (10 pg/ml) for 2 h. Activation profile of nuclear transcription
factors was analysed by assessing the DNA binding activity of 40 nuclear transcription factors using Procarta human Transcription Factor Plex Assay
(Panomics). + denotes the =<1-4-fold increase of mean fluorescence intensity (MFI) for MDP-treated cells compared with untreated cells; ++ denotes
the >1-4-fold increase of mean fluorescence intensity (MFI) for MDP-treated cells with untreated cells. CREB: cAMP response element-binding
protein; NFAT: nuclear factor of activated T cells; NF-E2: nuclear factor erythroid-derived 2; OCT: octamer binding proteins; PPAR: peroxisome
proliferator-activated receptor; RUNX: runt box; STAT: signal transducers and activators of transcription.
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Fig. 7. Activation of c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-xB in co-culture of
KU812 cells and human bronchial epithelial cell line (BEAS)-2B cells upon muramyl dipeptide (MDP) stimulation. KU812 cells (3 x 10° cells) and
confluent BEAS-2B cells (1 x 10° cells) were cultured either together or separately with or without MDP (10 pg/ml) stimulation for 10 min. The
intracellular expression of (a) phosphorylated (p)IxBa, (b) pJNK and (c) pp38 MAPK of permeabilized KU812 cells (white bars) and BEAS-2B cells
(black bars) were measured by intracellular immunofluorescence staining using flow cytometry. Results are shown as the mean plus standard error
of the mean of mean fluorescence intensity (MFI) and normalized by subtracting appropriate isotypic control of three independent experiments.
Representative histograms of intracellular expression of (a) pIxBo, (b) pJNK and (c) pp38 MAPK in KU812 and BEAS-2B cells are shown. K:
KU812 cells; B: BEAS-2B cells; coBEAS-2B: BEAS-2B cells in co-culture; coKU812: KU812 cells in co-culture. *P < 0-05; **P < 0-01 compared with
corresponding cells alone without treatment.
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BEAS-2B cells and KU812 cells was enhanced significantly
in the co-culture (Fig. 7).

Discussion

Expression of functional NOD1,2 has been reported in dif-
ferent cells, including epithelial cells, eosinophils and neu-
trophils [10,23,25,26]. NOD in various epithelial cells are
functional receptors that mediate anti-bacterial responses
by producing anti-microbial peptides [25], while NOD2
ligand could induce the release of inflammatory chemokine
CXCL8 and granular toxic protein eosinophil-derived neu-
rotoxin from eosinophils [10]. However, the expression and
functional studies of NLR of airway basophils has not yet
been examined. In this study of the bacteria-mediated
innate immune response of basophils interacting with
bronchial epithelial cells, we found that basophils could
express intracytosolic NOD2 but not NOD1 (Fig. 1), and
NOD1 ligand iE-DAP up to 10 pug/ml could not exhibit any
significant effect on the expression of adhesion molecules
on basophils and the release of IL-6 or CXCL8 from the
co-culture of basophils and bronchial epithelial cells (Figs 2
and 3). These two well-characterized NLRs, NOD1 and
NOD?2, actually detect different bacterial cell wall compo-
nents, the peptidoglycan fragments iE-DAP in all Gram-
negative and certain Gram-positive bacteria, and MDP in
almost all Gram-positive and Gram-negative bacteria,
respectively [2,3]. Therefore, NOD1 has a more restricted
structural specificity in the recognition of bacteria.

In the present study, we found that basophils, primary
human bronchial epithelial cells, KU812 basophilic cells and
BEAS-2B epithelial cells expressed NOD2 protein constitu-
tively. Activation of NOD2 can provoke the induction of
inflammatory cytokines and other anti-microbial genes,
which contributes to host defence [27]. Co-culture of
basophils and primary human bronchial epithelial cells
could promote the release of IL-6, CXCL8 and B-defensin 2
significantly, related probably to the up-regulation and
interaction of cell surface adhesion molecules ICAM-1 and
VCAM-1 on basophils and epithelial cells (Figs 2 and 3),
which play an immunological role in cell attachment and
the subsequently activated intracellular signalling pathways
[28,29]. This up-regulation profile of adhesion molecule
expression is in concordance with our previous study of
IL-17A activation on basophils interacting with bronchial
epithelial cells [20]. In fact, ICAM-1 and VCAM-1 are two
crucial adhesion molecules for the cell adhesion, chemotac-
tic and transendothelial migration of leucocytes to local
inflammatory sites in allergic asthma [30,31]. ICAM-1 is
an adhesion molecule expressing on epithelial cells and
plays an essential role in cell adherence and migration by
interacting with the highest affinity to the integrin
family member, lymphocyte function-associated antigen-1
(CD11a/CD18), a hallmark of allergic inflammation [28].
Moreover, the expression of ICAM-1 and VCAM-1 was

Novel role of NLR in airway inflammation

found to be elevated in patients with allergic asthma,
showing a positive correlation with disease activity [32,33].
In our present study, MDP was found to up-regulate signifi-
cantly the cell surface expression of ICAM-1 and VCAM-1
on basophils and human bronchial epithelial cells in the
co-culture system with or without basophil priming by
IL-33 (Fig. 2, all P<0-05). Therefore, MDP plays crucial
roles for the intercellular interaction between basophils and
bronchial epithelial cells.

In the present study, synergistic induction of inflamma-
tory cytokine IL-6 from co-culture of basophils and bron-
chial epithelial cells may induce tissue remodelling and
fibrosis in pulmonary disease [34]. IL-6 also induces the
synthesis of acute-phase proteins, and mediates various
inflammatory responses such as airway inflammation [35].
Furthermore, IL-6 has been reported as a critical inducer
for the polarization of a novel subset of T helper lym-
phocytes, Th17, which has been suggested to play a patho-
genic role in allergic asthma [36]. CXCL8 is a potent
chemoattractant for neutrophils and basophils [37]. Over-
expression of epithelial CXCL8 can be induced by respira-
tory bacteria and viruses, resulting in the neutrophilic
infiltration of the airways [38,39]. MDP-induced release of
CXCL8 from bronchial epithelial cells, eosinophils and
basophils can therefore mediate the recruitment, infiltration
and activation of the above immune effector cells
at the microenvironment of the inflammatory airway,
thereby amplifying the inflammatory responses in allergic
asthma [7].

B-defensin 2, an arginine-rich cationic host defence
peptide secreted from leucocytes, keratinocytes and epithe-
lium, was first identified in psoriatic skin [40]. It plays an
important role in the defence against bacterial infection by
effective killing of Gram-negative bacteria, including
Escherichia coli and Pseudomonas aeruginosa [41], but
exhibiting relatively low bacteriostatic activity on Gram-
positive bacteria such as Staphylococcus aureus [41]. It indi-
cates that B-defensin 2 is effective in the defence against
Gram-negative bacteria [42,43]. Our present results show
that bronchial epithelial cells were the major source for the
release of IL-6, CXCL8 and B-defensin2 in co-culture upon
MDP stimulation. For innate immunity against microbial
infection, activated bronchial epithelial cells are potent
sources of a wide variety of proinflammatory cytokines and
chemokines, such as CXCL8 [44,45]. Apart from MDP,
Gram-negative bacterial cell wall component lipopolysac-
charide and human rhinovirus can also activate epithelial
cells to release anti-bacterial peptide B-defensin 2 [46,47].
Although epithelial cells are the main source for the release
of IL-6, CXCL8 and B-defensin 2 upon stimulation, the
direct interaction with circulating inflammatory granulo-
cytes, such as basophils, may optimize the production of
IL-6, CXCL8, B-defensin 2 from epithelial cells, leading to
more effective innate immunity against bacterial infection.
Our results therefore indicate that basophils play a novel
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role for mediating anti-bacterial innate immunity by induc-
ing epithelial-derived IL-6, CXCL8 and B-defensin 2.

In the present study of intracellular signal transduction,
we adopted the representative cell lines KUS821 and
BEAS-2B cells. Our previous study has shown consistency
between BEAS-2B and primary human bronchial epithelial
cells, as well as KU812 and basophils, in terms of the expres-
sion of cell surface adhesion molecules and the release of
inflammatory cytokines and chemokines upon IL-17A
stimulation [20]. In our recent study of the link between the
infections and the exacerbation of allergic inflammation, we
demonstrated that the induction of IL-6 and CCL2 upon
the interaction of basophils and bronchial epithelial cells
under IL-17A stimulation was regulated differentially by
ERK, JNK, p38 MAPK and NF-kB pathways [20]. In the
present study, to investigate the signalling pathways
involved in the interaction of basophils and human bron-
chial epithelial cells, several signalling molecule inhibitors
were used to block the pathways. IxBow inhibitor BAY11-
7082, JNK inhibitor SP600125 and p38 MAPK inhibitor
SB203580 could suppress significantly MDP-induced release
of IL-6, CXCL8 and B-defensin 2, while only BAY11-7082
and SB203580 could reduce significantly the MDP-induced
expression of cell surface adhesion molecules ICAM-1 and
VCAM-1 on bronchial epithelial cells, but not on basophils
(Figs 5 and 6). Together with the results in Fig. 7, regarding
the MDP-mediated activation of JNK, p38 MAPK and IxBo
in both BEAS-2B cells and KU812 cells in co-culture, the
results therefore indicate that the release of cytokines and
B-defensin 2 and expression of adhesion molecules in
MDP-activated co-culture were regulated differentially by
NF-xB, JNK and p38 MAPK, and NF-«kB and p38 MAPK,
respectively. These results are actually in concordance with
our previously published results, that the cytokines/
chemokines and adhesion molecules expression in
co-culture of basophils and bronchial epithelial cells are
regulated differentially by distinct activation profiles of sig-
nalling molecules [20]. Many previous studies have indi-
cated that different signalling molecules play differential
regulatory roles for the expression of various cytokines and
adhesion molecules [48].

NOD2 can initiate signals through intracellular MAPK
and NF-xB for the production of inflammatory cytokines
tumour necrosis factor (TNF)-o, and IL-6 [26,49,50]. The
adaptor protein caspase recruitment domain-containing
protein 9 (CARD9) is important for the activation of p38
and JNK downstream of NOD2, but it is dispensable for
NF-xB activation [51]. NOD2 promotes the membrane
recruitment of receptor interacting protein kinase 2 (RIP2),
the serine—threonine kinase involved in NF-kB activation
downstream of NOD2 [52], and the NOD2-RIP2 complex
also stimulates JNK and p38 MAPK pathways [53]. MDP-
mediated activation of the NOD2-RIP2 complex can
modulate both innate and adaptive immune responses by
inducing the release of cytokines and chemokines [53]. We

also found that a panel of nuclear transcription factors
including NF-kB, CREB and OCT may be involved in the
regulation gene transcription of basophils stimulated by
MDP (Table 1). The detailed gene transcription regulatory
mechanism, including microRNA machinery, therefore
requires further investigation.

In summary, upon bacterial peptidoglycan MDP stimula-
tion, the expression of adhesion molecules and the release
of inflammatory cytokines were up-regulated only moder-
ately by basophils. However, as the main source of the
release of cytokines and anti-bacterial peptides, bronchial
epithelial cells could be provoked significantly for the pro-
duction of inflammatory cytokines and anti-bacterial pep-
tides upon interacting with basophils under MDP
stimulation. Our present results indicate that basophils
alone may not act as major immune effector cells for host
defence against bacterial infection, but airway basophils
could facilitate and optimize the innate immunity of bron-
chial epithelial cells against bacterial infection. Our results
therefore provide a novel pathophysiological mechanism by
which bacterial infection can provoke inflammatory cas-
cades in the airway, and new insights into the crucial role of
innate immunity played by granulocyte basophils via dis-
tinct intracellular signalling pathways. The results therefore
provide a biochemical basis for the development of a novel
treatment for basophil-mediated allergic pulmonary
diseases.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Cell surface expression of CD203c on basophils.
Representative histograms of cell surface expression of
basophil surface marker CD203c on cell population (A)
before and (B) after purification using magnetic cell sorting
were determined by flow cytometry from triplicate experi-
ments with essentially identical results.
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Fig. S1. Cell surface expression of CD203c on basophils. Representative histograms
of cell surface expression of basophil surface marker CD203c on cell population (A)
before and (B) after purification using magnetic cell sorting were determined by flow
cytometry from triplicate experiments with essentially identical results.
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