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NOD-like receptors mediated activation of eosinophils
interacting with bronchial epithelial cells: a link between
innate immunity and allergic asthma

Chun Kwok Wong1’4, Shuiqing Hu"*, Karen Ming-Lam Leungl, Jie Dongl, Lan He?, Yi Jun Chu?,
Ida Miu-Ting Chu’, Huai-Na Qiu', Kelly Yan-Ping Liu' and Christopher Wai-Kei Lam"

Key intracytosolic pattern recognition receptors of innate immunity against bacterial infections are nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs). We elucidated the NOD1 and NOD2-mediated activation of human
eosinophils, the principal effector cells for allergic inflammation, upon interacting with human bronchial epithelial
BEAS-2B cells in allergic asthma. Eosinophils constitutively expressed NOD1,2 but exhibited nonsignificant responses
to release chemokines upon the stimulation by NOD1 ligand y-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and
NOD2 ligand muramyl dipeptide (MDP). However, iE-DAP and MDP could significantly upregulate cell surface
expression of CD18 and intercellular adhesion molecule (ICAM)-1 on eosinophils and ICAM-1 on BEAS-2B cells, as well
as induce chemokines CCL2 and CXCL8 release in the coculture system (all P<0.05). Both eosinophils and BEAS-2B
cells were the main source for CXCL8 and CCL2 release in the coculture system upon iE-DAP or MDP stimulation. Direct
interaction between eosinophils and BEAS-2B cells is responsible for CCL2 release, and soluble mediators are implicated
in CXCL8 release. ERK and NF-kB play regulatory roles for the expression of adhesion molecules and chemokines in
coculture. Treatment with NOD1,2 ligand could induce the subepithelial fibrosis and significantly enhance the serum
concentration of total IgE, chemokine CCL5 for eosinophils and T helper type 2 (Th2) cells and asthma Th2 cytokine
IL-13 in bronchoalveolar lavage fluid of ovalbumin-sensitized allergic asthmatic mice (all P<<0.05). This study provides
further evidence of bacterial infection-mediated activation of NOD1,2 in triggering allergic asthma via the activation of
eosinophils interacting with bronchial epithelial cells at inflammatory airway.
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INTRODUCTION

Eosinophils are the most important inflammatory effector
cells infiltrating and accumulating at the site of allergic
inflammation, e.g. the airway submucosa, through the adhe-
sion molecules." Activated eosinophils release cytotoxic and
inflammatory molecules such as major basic protein,
eosinophil peroxidase, eosinophilic cationic protein, super-
oxides, cysteinyl leukotrienes, cytokines and chemokines.'
These molecules together cause epithelial, epidermal
damage, bronchoconstriction and mucus secretion, and
eventually result in the manifestation of allergic asthma."?

Eosinophils are also capable of producing and releasing a
variety of proinflammatory cytokines, together with chemo-
kines including CXCL8 and CCL2, which exacerbate allergic
inflammation." We and other groups have found that the
interaction of eosinophils and epithelial cells at the inflam-
matory sites can result in the elevated induction of inflam-
matory cytokines, chemokines and eosinophilic cationic
protein release.”® Therefore, the contact of eosinophils with
bronchial epithelial cells exhibits significant implications in
the immunopathology of airway inflammatory diseases such
as asthma.”™®
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Moderate pulmonary bacterial infection, such as Chlamydia
pneumoniae, can provoke allergic inflammation upon the
activation of innate immunity-related dendritic cells by inhaled
allergen.””® The innate immune system recognizes microorgan-
isms through pattern recognition receptors (PRRs), including
Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) and RIG-I-like receptors
which detect conserved microbial components called pathogen-
associated molecular patterns. The most widely expressed and
well-characterized TLRs recognize microbes on the cell surface
and in endosomes; whereas NLRs and RIG-I-like receptors
detect bacterial and viral components in the cytosol.'” Among
these PRRs, members of the intracellular NLR family including
NOD1 and NOD2 have been identified as key mediators in
inflammatory and immune responses, by recognizing intracel-
lular microbes and commensal organisms.''™> NOD2 can also
function as a cytoplasmic viral PRR by producing of interferon-
B."* Regarding the antibacterial innate immunity, NODI and
NOD2, can sense the cytosolic presence of the peptidoglycan
fragment 7y-D-glutamyl-meso-diaminopimelic acid (iE-DAP)
in all Gram-negative and certain Gram-positive bacteria, and
muramyl dipeptide (MDP) in almost all bacteria, respect-
ively.'”'""> Bacterial sensor NOD2 can trigger a potent anti-
gen-specific immune response with a T helper type 2 (Th2)-
type polarization cytokine profile.'® The crucial pathological
roles of NOD1,2 in immune disorders have been proved from
the linkage of NOD1,2 polymorphisms with chronic inflammat-
ory Crohn’s disease, atopic dermatitis, atopic eczema and aller-
gic asthma.'””" In fact, NODI-mediated recognition of
bacterial products in the skin or at mucosal interfaces may
regulate Th2 polarization and IgE concentrations.'® NOD1,2-
mediated eosinophil activation has recently been reported.”
To further evaluate the cellular mechanisms of bacterial infec-
tion-induced innate immunity-mediated allergic asthma, we
further elucidate the in vitro and in vivo immunological effects
and the underlying intracellular regulatory mechanisms of
NOD1,2-mediated activation of eosinophils upon the inter-
action with bronchial epithelial cells.

MATERIALS AND METHODS

Materials

NOD1 ligand iE-DAP or its inactive negative control peptide
iE-Lys and the NOD2 ligand N-acetylmuramyl-L-alanyl-D-iso-
glutamine (muramyl dipeptide/MDP) or its inactive negative
control MDP D-D isomer were from Invivogen Corp., San
Diego, CA, USA.

Endotoxin-free solutions

Cell culture medium was purchased from Life Technologies,
Carlsbad, CA, USA, free of detectable lipopolysaccharide
(<0.1 EU/ml). All other solutions were prepared using pyro-
gen-free water and sterile polypropylene plastic ware. No solu-
tion contained detectable lipopolysaccharide, as determined by
the Limulus amoebocyte lysate assay (sensitivity limit 12 pg/ml;
Biowhittaker Inc., Walkersville, MD, USA).
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Isolation of human blood eosinophils from buffy coat and
eosinophil culture

Fresh human bufty coat obtained from the healthy volunteers
of Hong Kong Red Cross Blood Transfusion Service was
diluted 1:2 with phosphate-buffered saline (PBS) at 4 °C and
centrifuged using an isotonic Percoll solution (density 1.082
g/ml; GE Healthcare, Piscataway, NJ, USA) for 30 min at 1000g.
The eosinophil-rich granulocyte fraction was collected and
washed twice with cold PBS containing 2% fetal bovine serum
(FBS) (Life Technologies). The cells were then incubated with
anti-CD16 magnetic beads (Miltenyi Biotec, Bergisch
Gladbach, Germany) at 4 °C for 45 min and CD16-positive
cells were depleted by passing through an LS+ column
(Miltenyi Biotec) within a magnetic field. With this prepara-
tion, the drop-through fraction contained eosinophils with a
purity of at least 99% as assessed by Hemacolor rapid blood
smear stain (E Merck Diagnostica, Darmstadt, Germany). The
isolated eosinophils were cultured in RPMI-1640 medium (Life
Technologies) supplemented with 10% FBS and 20 mM Hepes
(Life Technologies). The protocol using human eosinophils
purified from human bufty coat was approved by the Clinical
Research Ethics Committee of The Chinese University of Hong
Kong-New Territories East Cluster Hospitals with written con-
sent from all healthy volunteers of Hong Kong Red Cross Blood
Transfusion Service.

Coculture of eosinophils and bronchial epithelial BEAS-2B
cells

The human bronchial epithelial cell line (BEAS-2B) trans-
formed by adenovirus 12-SV40 virus hybrid (Ad125V40) was
obtained from the American Type Culture Collection. BEAS-
2B cells were grown in Dulbecco’s modified Eagle’s medium
nutrient mixture F12 (DMEM/F12; Life Technologies) with
10% FBS in 6- or 24-well cell culture plates at 37 °C with 5%
C0O,-95% humidified air until confluence to cell monolayer,
and the medium was replaced with RPMI-1640 medium con-
taining 10% FBS (Life Technologies) with or without eosino-
phils. BEAS-2B cells maintain the characteristics of primary
human bronchial epithelial cells including the expression of
intercellular adhesion molecule (ICAM)-1 and chemokine
CXCL8.>'"**

Real-time quantitative PCR of NOD1 and NOD2 of
eosinophils

Briefly, total RNA of eosinophils (1X10°) was extracted using
TRI-Reagent (Molecular Research Center Inc., Cincinnati,
OH, USA) and treated with DNase I to exclude genomic
DNA contamination (Ambion Inc., Austin, TX, USA).
Extracted RNA was then reversely transcribed into first-strand
complementary DNA using first-strand cDNA synthesis kit
(Applied Biosystems, Foster City, CA, USA). The quantitative
expression of human NOD1 and NOD2 of eosinophils was
performed using FastStart Universal SYBR Green Master
(ROX) (Roche Applied Science, Indianapolis, IN, USA) with
reversed transcribed product, AmpliTaq Gold DNA polymer-
ase (Applied Biosystems) and primers of NODI1, forward



5'-TTCCCTGCTCACTCAGAGCAAAG-3’, and reverse 5'-
TAGCACAGCACGAACTTGGAGTCA-3', NOD2, forward
5'-CGAGGCATCTGCAAGCTCATTGAA-3', and reverse
5'-GTGCACAGCCGTCAGTCAATTTGT-3' and GAPDH, forward
5'-ATGGGGAAGGTGAAGGTCG-3', and reverse 5'- GGG-
GTCATTGATGGCAACAATA-3'. The relative gene expression
was calculated using 2~ A¢" (€t NER-CL GAPDH)

Coculture of fixed eosinophils and BEAS-2B cells

Confluent BEAS-2B cells or eosinophils were treated with 1%
paraformaldehyde in PBS in ice for 1 h to prevent the release of
mediators from cells while preserving the cell membrane integ-
rity to maintain intercellular interaction. After fixation, cells
were washed at least 10 times with PBS containing 2% FBS, and
fixed or unfixed eosinophils and BEAS-2B cells were cocultured
in RPMI-1640 supplemented with 10% FBS.*™°

Coculture of eosinophils and BEAS-2B cells in the presence
of transwell inserts

To prevent direct interaction between eosinophils and BEAS-2B
cells in the coculture, transwell inserts (pore size: 0.4 uM) (BD
Biosciences Corp., San Jose, CA, USA) were used to separate
these two cells into two compartments. Confluent BEAS-2B cells
and eosinophils were cultured together in the presence of trans-
well inserts, in which eosinophils and BEAS-2B cells were placed
in the upper and lower compartment, respectively.*°

Quantitative analysis of cytokines and chemokines
Concentrations of human chemokines CXCL8 and CCL2 in
culture supernatant were quantitated with human chemokine
cytometric bead array (CBA) kit (BD Pharmingen Corp., San
Diego, CA, USA) using four-color FACSCalibur flow cytometer
(BD Biosciences Corp.). Murine CCL5 and IL-13 in broncho-
alveolar lavage fluid (BALF) was quantitated using mouse cyto-
kine Bio-Plex assay reagent with Bio-Plex 200 suspension array
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).6

Quantitative analysis of total IgE
Murine serum concentrations of total IgE were determined with
mouse IgE ELISA kit (BioLegend Corp., San Diego, CA, USA).

Immunofluorescence staining and flow cytometry
To determine the expression of adhesion molecules on the cell
surface, cells were washed and resuspended with cold PBS after
preceding treatments. After blocking with 2% human pooled
serum for 20 min at 4 °C and washing with cold PBS, cells were
incubated with mouse antihuman CD18-FITC conjugate (BD
Pharmingen Corp.), mouse antihuman ICAM-1/L-selectin
(CD62L)-FITC-conjugate (R & D Systems, Minneapolis,
MN, USA) or FITC-conjugated mouse IgG, isotypic control
antibody (BD Pharmingen Corp.) for 30 min at4 °Cin the dark.
After washing, cells were resuspended in 1% paraformaldehyde
as fixative and subjected to flow cytometric analysis.

To determine the intracellular expression of NOD1, NOD2
and phosphorylated signaling molecules, cells were fixed with
4% paraformaldehyde for 10 min at 37 °C after preceding

NOD1,2 in allergic asthma
CK Wong et al

treatments. After centrifugation, cells were permeabilized in
ice-cold methanol for 30 min and then stained with mouse
antihuman NOD1 antibody (Cell Signaling Technology Inc.,
Bervely, MA, USA) or mouse antihuman NOD?2 antibody
(BioLegend Corp.) together with FITC-conjugated goat anti-
mouse IgG (Life Technologies), or mouse FITC-conjugated
antiphosphorylated ERK1/2, mouse FITC-conjugated anti-
phosphorylated IxkB-a (Cell Signaling Technology Inc.) or cor-
responding mouse IgG; isotypic antibody (BD Pharmingen
Corp.) for 30 min at 4 °C in dark. Cells were then washed,
resuspended and subjected to analysis. Expression of intracel-
lular NOD1,2 and phosphorylated signaling molecules of 10
000 viable cells was analyzed by flow cytometry (FACSCalibur)
as arithmetic mean of mean fluorescence intensity (MFI) plus
standard deviation (s.d.) of three independent experiments
with the subtraction with appropriate isotypic control.®

Allergic asthmatic mice model

Inbred female BALB/c mice (8 weeks old and 25 g weight) were
bred under specific pathogen-free conditions and maintained
at laboratory animal services center, The Chinese University of
Hong Kong. Allergic airway inflammation was induced using a
widely used allergen ovalbumin sensitization and challenge
method.” Briefly, mice were sensitized with intraperitoneal
ovalbumin (20 pg) plus aluminum hydroxide powder [2 mg
Al (OH)3in 100 pl PBS] on days 0 and 14, and challenged twice
with intranasal 1% ovalbumin aerosol on days 28, 29 and 30.
Mice were treated with intravenous (iv) injection with PBS
solution or NODJ, 2 ligands (200 pg) on days 29 and 30 (1 h
before the first ovalbumin challenge). Mice were then sacrificed
on day 33 to collect BALF and serum. The concentration of
serum total IgE, and BALF CCL5 and IL-13 was analyzed using
mouse IgE ELISA kits and mouse cytokine Bio-Plex assay
reagent, respectively. Excised lungs were fixed 48 h at 4 °C with
fixative (10% formalin). Fixed lung samples were rinsed in PBS,
dehydrated and embedded in paraffin. Sections (4 pm) were
stained with periodic acid Schiff to evaluate the general mor-
phology and the presence of mucin-producing goblet cells. The
animal protocol was approved by the Animal Experimentation
Ethics Committee of The Chinese University of Hong Kong.

Statistical analysis

All data were expressed as mean=*s.d. from three independent
experiments. The statistical significance of differences was deter-
mined by one-way analysis of variance or unpaired #-test. Any
difference with P values <0.05 was considered significant. When
analysis of variance or unpaired #-test indicated a significant
difference, Bonferroni post hoc test was then used to assess the
difference between groups. All analysis was performed using the
Statistical Package for the Social Sciences (SPSS) statistical soft-
ware for Windows, version 16.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Expression of NOD1 and NOD?2 in eosinophils

BEAS-2B cells have previously been shown to express NOD1 and
NOD2 proteins either constitutively or by induction.”®* We
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confirmed the expressions of gene (Figure 1A) and protein
(Figure 1B and C) of NOD1,2 in eosinophils using real-time quant-
itative PCR and flow cytometry which are in concordance with
recent published results.** Human peripheral blood mononuclear
cells (PBMCs) were used as positive control of gene expression.

Effects of NOD1 and NOD2 ligands on the surface
expression of adhesion molecules and intracellular IL-4
receptor upon the interaction of human eosinophils and
BEAS-2B cells

NODI ligand iE-DAP or NOD2 ligand MDP (10 pg/ml) stimu-
lation had nonsignificant effects on the surface expression of
adhesion molecules on eosinophils or BEAS-2B cells alone
(Figure 2A-D), even with high dose up to 100 pg/ml (data
not shown). When cocultured together without ligand stimu-
lation, the expression of ICAM-1 on BEAS-2B cells was signifi-
cantly enhanced, while no significant changes of the expression
of CD18, ICAM-1 and L-selectin on eosinophils were observed
(Figure 2A-D). However, upon iE-DAP or MDP stimulation in
the coculture system, the expression of CD18 and ICAM-1 on
eosinophils was significantly upregulated, while L-selectin on
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eosinophils was significantly downregulated (Figure 2B-D).
Moreover, the expression of ICAM-1 on BEAS-2B cells was also
further augmented in the coculture system with iE-DAP or
MDP stimulation (Figure 2A). The NOD1 ligand iE-DAP-nega-
tive control iE-Lys and NOD2 ligand MDP-negative control
MDP (D-D isomer) showed no significant effects on the
expression of adhesion molecules upon coculture of eosinophils
and BEAS-2B cells (Figure 2A-D). In addition, iE-DAP but not
coculture could significantly upregulate the intracellular express-
ion of IL-4 receptor-a. (IL-4Ra) in eosinophils (Figure 2E). We
also observed that eosinophils exhibited strong cell surface
expression of CCR3 and weak expression of IL-4Ra but
NOD1,2 ligands and coculture with BEAS-2B cells did not
exhibit any significant effect on the cell surface expression of
CCR3 and IL-4Ra on eosinophils (all P>0.05) (data not shown).

Effects of NOD1 and NOD?2 ligands on the cytokine and
chemokine release upon the interaction of human
eosinophils and BEAS-2B cells

NOD1 ligand iE-DAP (10 pg/ml) alone could significantly
induce the release of CXCL8 from BEAS-2B cells at 24 h
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Figure 1 QPCR and flow cytometry of intracellular expression of NLR components NOD1 and NOD2 in EOS. (a) Equal amount of extracted total
RNA from eosinophils and PBMC (5x 10° cells) were used for gPCR. The relative gene expression of NOD1 and NOD2 was calculated using

27ACt (Ct, NLR-Ct, GAPDH) (b)

Intracellular expression of NOD1,2 in eosinophils (5x 10° cells) was determined by flow cytometry. Triplicate experi-

ments were performed and representative histograms are shown. (c) Quantitative results of flow cytometric analysis of intracellular expression of
NOD1,2 in eosinophils are presented with arithmetic mean plus s.d. of MFI subtracting appropriate isotypic control of triplicate experiments. EOS,
eosinophils; MFI, mean fluorescence intensity; NLR, NOD-like receptor; NOD, nucleotide-binding oligomerization domain; PBMC, peripheral
blood mononuclear cell; gPCR, quantitative PCR; s.d., standard deviation.
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Figure 2 Effect of NOD1 ligand iE-DAP and NOD2 ligand MDP on cell surface expression of adhesion molecules and intracellular expression of |L-
4Ra upon the interaction of human eosinophils and BEAS-2B cells. Eosinophils (5x10° cells) and confluent BEAS-2B cells (8 10% cells) were
cultured either together or separately with or without iE-DAP, MDP, negative control iE-Lys, MDP Ctrl (D-D isomer) (10 pg/ml) or positive control of
IL-4 (20 ng/ml) for 16 h. Surface expression of (a) ICAM-1 on BEAS-2B cells and (b) ICAM-1, (c) L-selectin, (d) CD18 on eosinophils and (e)
intracellular IL-4Ra in eosinophils was analyzed by flow cytometry and shown as MFI. MFls are normalized by subtracting appropriate isotypic
control and shown as arithmetic mean plus s.d. of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 when compared between
groups denoted by horizontal lines. Ctrl: control; BE: BEAS-2B cells; Eos: eosinophils; Co-: coculture of eosinophils and BEAS-2B cells. ICAM,
intercellular adhesion molecule; iE-DAP, y-D-glutamyl-meso-diaminopimelic acid; IL-4Ra, IL-4 receptor-o; MDP, muramyl dipeptide; MFI, mean
fluorescence intensity; NOD, nucleotide-binding oligomerization domain; s.d., standard deviation.

(Figure 3A), which was consistent with other report,28 while
NOD?2 ligand MDP (10 pg/ml) alone showed little effects on
CXCL8 induction from BEAS-2B cells (Figure 3A). In addition,
iE-DAP or MDP (10 pg/ml) alone exhibited no prominent
effects on CCL2 and CXCLS8 release from human eosinophils
(Figure 3A and B). Upon coculture, the levels of CCL2 and
CXCL8 were found to be markedly elevated than those of eosi-
nophils alone or BEAS-2B cells alone (Figure 3A and B).
Besides, concentrations of CCL2 and CXCL8 were found to
be significantly enhanced in the coculture of eosinophils and
BEAS-2B cells under the stimulation of iE-DAP or MDP (10 pg/
ml). The release of CCL2 and CXCL8 of 24 h culture was higher
than those of 16 h (Figure 3A and B). The NOD1 ligand-nega-
tive control iE-Lys and NOD?2 ligand-negative control MDP
(D-D isomer) showed nonsignificant effects on the expression

of CCL2 and CXCL8 upon coculture of eosinophils and BEAS-
2B cells (Figure 3A and B). We found that NOD1,2 ligands did
not exhibit any significant effect on the induction of other
chemokines such as CCL5, CXCL9 and CXCL10 from cocul-
ture (all P>0.05, data not shown); therefore, we further eluci-
dated the regulatory mechanisms on the induction of CCL2
and CXCLS8 in subsequent in vitro experiments, and applied
asthmatic mice experiment to evaluate the in vivo effects of
NOD1I,2 ligands on eosinophils.

Source of CCL2 and CXCLS8 in coculture of human
eosinophils and BEAS-2B cells upon NOD1 and NOD2
ligand stimulation

We have previously shown that both eosinophils and BEAS-2B
cells can produce CCL2 and CXCL8.*>* To further investigate the
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Figure 3 Effect of NOD1 ligand iE-DAP and NOD2 ligand MDP on the release of CXCL8 and CCL2 upon the interaction of human eosinophils and
BEAS-2B cells. Eosinophils (5% 10° cells) and confluent BEAS-2B (8 10% cells) were cultured either together or separately with or without iE-DAP
(10 pg/ml), MDP (10 pg/ml), and negative control iE-Lys (10 pg/ml) and MDP Ctrl (D-D isomer, 10 pg/ml) for 16 and 24 h. Cell-free culture
supernatant was collected, and CXCL8 and CCL2 released into the supernatant were measured using CBA. Results are expressed as arithmetic
mean plus s.d. of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 when compared between groups denoted by horizontal
lines. Ctrl: control; BE: BEAS-2B cells; Eos: eoisnophils; Co-: coculture of eosinophils and BEAS-2B cells. CBA, cytometric bead array; iE-DAP, y-D-
glutamyl-meso-diaminopimelic acid; MDP, muramyl dipeptide; NOD, nucleotide-binding oligomerization domain; s.d., standard deviation.

source(s) of chemokines CCL2 and CXCLS released in the cocul-
ture system, 1% paraformaldehyde was used to fix eosinophils or
BEAS-2B cells to prevent the secretion of cytokines and chemo-
kines, while preserving the cell membrane integrity to maintain the
direct intercellular interaction between eosinophils and BEAS-2B
cells via the surface adhesion molecules.”® We compared CCL2
and CXCLS8 release in the coculture of normal intact cells with the
cells fixed with 1% paraformaldehyde. As shown in Figure 4, the
coculture of fixed eosinophils and unfixed BEAS-2B cells, and
fixed BEAS-2B cells and unfixed eosinophils could almost abrogate
the release of chemokines CCL2 and CXCL8 in coculture system
with or without NOD1 ligand iE-DAP or NOD2 ligand MDP

Cellular & Molecular Immunology

stimulation. These results suggest that both eosinophils and
BEAS-2B cells are the sources of CCL2 and CXCLS8 in the cocul-
ture system.

Effects of transwell insert on the induction of CCL2 and
CXCLS8 release in coculture of human eosinophils and BEAS-
2B cells upon NOD1 and NOD2 ligand stimulation

To explore whether the direct interaction was essential for the
induction of CCL2 and CXCL8 release in the coculture of eosi-
nophils and BEAS-2B cells upon NOD1 and NOD?2 ligands
stimulation, transwell insert with pore size of 0.4 pm was
used to separate eosinophils and BEAS-2B cells into two
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Figure 4 Source of chemokine CCL2 and CXCLS8 in coculture of human eosinophils and BEAS-2B cells upon NOD1 and NOD2 ligand stimulation.
Eosinophils (5% 10° cells) and BEAS-2B (8 x 10% cells) were treated with or without 1% paraformaldehyde for 45 min on ice prior to treatment with
orwithout (a, b) iE-DAP (10 ug/ml) or (c, d) MDP (10 ug/ml) for 24 h. Cell-free culture supernatant was collected, and CCL2 and CXCL8 released into
the supernatant were quantified using CBA. Results are expressed as arithmetic mean plus s.d. of three independent experiments. Eos:
Eosinophils; Eo: Fixed eosinophils; BE: BEAS-2B cells; BE : Fixed BEAS-2B cells. ***P<0.001 when compared between groups denoted by
the horizontal lines. #P<0.05 and ###P<0.001 when compared with corresponding unfixed groups. CBA, cytometric bead array; iE-DAP, y-D-
glutamyl-meso-diaminopimelic acid; MDP, muramyl dipeptide; NOD, nucleotide-binding oligomerization domain; s.d., standard deviation.

compartments in the coculture system. Intercellular commun-  B). Upon iE-DAP or MDP treatment, CCL2 release from the
ication through soluble mediators, such as cytokines and che-  coculture system was also abrogated using the transwell insert
mokines, was allowed in this transwell coculture system. (Figure 5A and B). However, the release of CXCL8 in the

Without any stimulation, induction of CCL2 release in coculture of eosinophils and BEAS-2B cells with or without
coculture of eosinophils and BEAS-2B cells was totally abol- iE-DAP or MDP treatment could not be suppressed by the
ished in the presence of transwell insert, suggesting that CCL2  transwell inserts (Figure 5C and D), suggesting that soluble
release in the coculture system may depend on the direct inter- mediators may be used for intercellular communication and
action between eosinophils and BEAS-2B cells (Figure 5A and  induction of CXCLS8 release.

Cellular & Molecular Immunology
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Figure 5 Effects of the transwell insert on the induction of (a, b) CCL2 and (¢, d) CXCL8 release in coculture of eosinophils and bronchial epithelial
cells upon NOD1 and NOD2 ligand stimulation. Eosinophils (5x 10° cells) and bronchial epithelial cells (8 10% cells) were cultured together with
(a, ) iE-DAP or (b, dD) MDP (10 pg/ml) for 24 h in the presence or absence of the transwell insert. Cell-free culture supernatant was collected and
chemokine released into the supernatant was quantified using CBA. Results are expressed as arithmetic mean plus s.d. of three independent
experiments. *P<0.05, **P<0.01, ***P<0.001 when compared between groups denoted by the horizontal lines. BE: BEAS-2B cells; Eos:
eoisnophils. CBA, cytometric bead array; iE-DAP, y-D-glutamyl-meso-diaminopimelic acid; MDP, muramyl dipeptide; NOD, nucleotide-binding

oligomerization domain; s.d., standard deviation.

Intracellular signaling pathways involved in the interaction
of eosinophils and BEAS-2B cells under NOD1,2 ligand
stimulation

To investigate the underlying signaling mechanisms, intracel-
lular staining by quantitative flow cytometry was employed.
After fixation and permeabilization, eosinophils and BEAS-
2B cells formed discrete populations and were gated on the
basis of their forward and side light scatter (Figure 6A). The
gated populations in R1 and R2 regions were found to be
CCR3-negative and CCR3-positive, respectively, thereby con-
firming that the R1 and R2 regions were BEAS-2B cells and
eosinophils, respectively (data not shown). Figure 6B and C
shows that intracellular ERK and IxB-o were differentially
phosphorylated in eosinophils and BEAS-2B cells (all
P<0.05) upon the stimulation by NOD1 ligand iE-DAP and
NOD?2 ligand MDP on individual cells alone or coculture.

In vivo effect of NOD1,2 ligands on IgE and chemokine
production in serum and BALF in allergic asthmatic mice
As shown in Figure 7, histological analysis of the lungs
revealed that the ovalbumin could initiate the thickness
and the fibrotic pattern of the bronchial tissue while iE-
DAP and MDP could further increase the number of
mucin-secreting goblet cells, the thickness and fibrosis
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of the bronchial subepithelial tissue (Figure 7). We also
observed the presence of eosinophil in BALF in asthmatic
mice treated with ovalbumin, iE-DAP and MDP but not
in control normal mice. As the number of eosinophils in
BALF was too little for cell counting, data were not
shown.

Ovalbumin sensitization could elevate serum total IgE in aller-
gic asthmatic mice (Figure 8A). Although NOD1 and NOD2
ligands alone could not exhibit any effect on IgE level, both
NOD1 and NOD2 ligands could further significantly enhance
the production of total IgE serum (Figure 8A). Figure 8B and
C shows that ovalbumin could significantly induce the produc-
tion of CCL5 and IL-13 in BALF, concomitantly, NOD1 ligand
iE-DAP and NOD2 ligand MDP could further elevate the BALF
CCL5 and IL-13 concentration in allergic asthmatic mice (all
P<0.05). Nevertheless, we observed that ovalbumin could sig-
nificantly elevate BALF concentrations of IL-5, tumor-necrosis
factor-o. and CCL11 but NODI,2 ligands did not trigger any
further enhancement of above cytokines/chemokine in allergic
asthmatic mice (data not shown). The discrepancy of cytokines/
chemokine production profile between in vitro and in vivo
experiments might be due to multiple in vivo immune effector
cells participated for the cytokine/chemokine production in mice
instead of only eosinophils and bronchial epithelial cells in in
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Figure 6 Activation of ERK and NF-«B in coculture of eosinophils and BEAS-2B cells upon NOD1 and NOD2 ligand stimulation. Eosinophils
(5x10° cells) and confluent BEAS-2B cells (8 10% cells) were cultured either together or separately with or without iE-DAP or MDP (10 pg/ml)
stimulation for 10 min. (a) After fixation and permeabilization, eosinophils and BEAS-2B cells formed very discrete populations and were gated
based on forward and side light scatter in dot plot using flow cytometry. The intracellular contents of (b) phosphorylated ERK and (c) phosphorylated
IxB in permeabilized eosinophils and BEAS-2B cells were measured by intracellular staining using flow cytometry. Results are shown in MFI
subtracting corresponding isotypic control and are expressed as the arithmetic mean plus s.d. of three independent experiments. *P<0.05,
**P<0.01, *** P<0.001 when compared with medium control of the same cell type. E: eosinophils only; coE: eosinophils in coculture; B: BEAS-2B
cells only; coB: BEAS-2B cells in coculture. iE-DAP, y-D-glutamyl-meso-diaminopimelic acid; MDP, muramyl dipeptide; MFI, mean fluorescence

intensity; NOD, nucleotide-binding oligomerization domain; s.d., standard deviation.

vitro coculture study and different sampling times for cytokines
and chemokine assay between in vitro and in vivo study.

DISCUSSION

Activation of NODI1 and NOD?2 is involved in Thl and Th17
cell-mediated diseases, such as Crohn’s disease and graft-vs.-
host disease.””* The polymorphisms of NOD1 and NOD2
have also been shown to be associated with Th2-mediated ato-
pic diseases such as allergic asthma.'®*>** In the present study,
we further confirmed that eosinophils constitutively expressed
NOD1 and NOD2. NOD2 ligand MDP exhibits no or weak
effects on Th2 cell chemokine CCL2 and neutrophil chemokine
CXCLS release from eosinophils or BEAS-2B cells (Figure 3).
NODI1 ligand iE-DAP also showed no effects on eosinophils
but significantly activated BEAS-2B cells to secrete chemokine
CXCL8. Coculture of eosinophils and BEAS-2B cells could
potently augment the secretion of allergic inflammation-
related chemokine CXCL8 and CCL2, which could be further
enhanced by iE-DAP or MDP treatment (Figure 3). Results of
fixation experiments further showed that both eosinophils and
BEAS-2B cells were the main source for CXCL8 and CCL2
release in the coculture system upon iE-DAP or MDP stimu-
lation (Figure 4). Moreover, in the presence of transwell insert,
the induction of CCL2 release was almost totally abolished
while similar amount of CXCL8 was produced upon iE-DAP
or MDP treatment in coculture of eosinophils and BEAS-2B
cells, thereby suggesting the distinct mechanisms involved in
CCL2 and CXCLS8 release (Figure 5). The direct intercellular
interaction between eosinophils and BEAS-2B cells is therefore

partially responsible for CCL2 release and soluble mediators
are implicated in CXCLS8 release. The above results indicated
that bacterial infection could provoke the allergic inflam-
mation via the interaction of eosinophils and bronchial
epithelia cells in local inflammatory sites by inducing allergic
inflammation-related chemokines. Nevertheless, eosinophils
treated with NOD1,2 ligands and cocultured with BEAS-2B
cells did not have any effect on the release of eosinophil che-
mokine CCL11 (all P>0.05) (data not shown). Actually, pre-
vious studies only reported that influenza virus A and
rhinovirus infection but not bacterial infection could upregu-
late CCL11 expression in bronchial epithelial cells.*>°

The immunoglobulin gene superfamily member ICAM-1 is
constitutively expressed at relatively low levels on airway epi-
thelial cells,””® while integrin CD18 is constitutively expressed
at moderate levels on eosinophils,3 ° and the role of ICAM-1
and CD18 in airway inflammation has been well studied.*’
Upon iE-DAP or MDP stimulation in the coculture system,
the expression of CD18 and ICAM-1 on eosinophils was sig-
nificantly upregulated, while L-selectin on eosinophils was
markedly downregulated (Figure 2). Moreover, ICAM-1
expression on BEAS-2B cells was elevated in coculture system
and further augmented upon iE-DAP or MDP stimulation in
the coculture system. Cell surface expression of CD18 on eosi-
nophils could be induced by eosinophil chemokine CCL5.*!
The direct interaction of ICAM-1 and CD18 are implicated
in mediating eosinophil adhesion to bronchial epithelial cells.**
The downregulated L-selectin expression by NOD ligands
also contributes to allergic response because L-selectin is

Cellular & Molecular Immunology
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Figure 7 Effect of NOD1 and NOD2 ligands on the morphology of
bronchial tissues in allergic asthmatic mice. Fixed lung tissue sections
were stained with PAS to evaluate the mucin-producing goblet cells and
general morphology of lung tissues from mice with different treatments
and representative staining figures were shown. Arrows in digital photo-
micrographs (X 10 magnification) denote mucin-producing goblet cells
stained with bright purple. PBS: PBS control; OVA: ovalbumin. NOD,
nucleotide-binding oligomerization domain; PAS, periodic acid Schiff;
PBS, phosphate-buffered saline.

responsible for the initial attachment of eosinophils to the
endothelial cells before their firm adhesion and diapedesis at
sites of inflammation.*"*> Therefore, the modulation of cell
surface adhesion molecules upon the interaction between
NOD ligand-activated eosinophils and bronchial epithelial
cells should play important roles on the bacterial infection-
inducing allergic inflammation in asthma. Since previous stud-
ies indicated that CCL11 could elicit rapid vesicular transport-
mediated release of preformed IL-4 from eosinophils via the
intracellular granule-associated IL-4 receptors,***> our present
result of NOD1-mediated upregulation of IL-4Ra in eosino-
phils indicated that bacterial infection may provoke the Th2
response in allergic asthma via the activation of eoisnophils
(Figure 2E). We found that NODI1 ligand iE-DAP shows less
activity to induce the ICAM-1 expression on eosinophils
cultured alone or in coculture while comparing with that of
NOD?2 ligand MDP (Figure 2). In addition, iE-DAP also exhi-
bits less induction of CCL2 in coculture comparing with MDP
(Figure 3). This may be due to the less expression of NOD1
than NOD?2 in eosinophils (Figure 1C).

NOD1 and NOD2, sharing their structural homology to the
apoptosis regulator apoptotic protease activating factor 1, have
been reported to regulate apoptosis. Overexpression of NOD1
or NOD2 could promote apoptosis and caspase activation.'”*®
On the other hand, NOD1 and NOD2 proteins could also
mediate NF-xB and MAPK activation to further induce the
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Figure 8 Effect of NOD1 and NOD?2 ligands on the production of IgE,
CCL5 and IL-13 in allergic asthmatic mice. (a) Serum was collected
from allergic asthmatic mice with different treatments (n=4) for the
determination of the fold increase for the production of serum total
IgE using ELISA comparing with control mice. (b, ¢) Concentrations of
CCL5 and IL-13 in BALF from allergic asthmatic mice with different
treatments (n=4) were determined using mouse cytokine Bio-Plex
assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
*P<0.05, ***P<0.001 when compared with medium control,
#P<0.05 when compared with ovalbumin treatment only. Ctrl: PBS
control; OVA: ovalbumin; NOD1: NOD1 ligand iE-DAP; NOD2: NOD2
ligand MDP. BALF, bronchoalveolar lavage fluid; iE-DAP, y-D-glutamyl-
meso-diaminopimelic acid; MDP, muramy! dipeptide; NOD, nucleo-
tide-binding oligomerization domain.



expression of antiapoptotic factors, such as Al, c-IAPs and
¢-FLIP, and proinflammatory factors.*’~* Since we could not
observe any significant effect of NODI1,2 ligands on the
apoptosis of eosinophils or BEAS-2B cells cultured alone (all
P>0.05, data not shown), it might imply the in vitro balance
between the NOD-mediated antiapoptosis and the NOD-
mediated activation of proapoptotic signaling pathways.

Signal transduction mechanisms on the activation of NOD1
and NOD2 have been well characterized in intestinal epithelial
cells and macrophages.**~' NOD1 and NOD2-induced activa-
tion in eosinophils has recently been shown to be dependent on
the NF-kB pathway.”® We further demonstrated that iE-DAP
stimulation could activate intracellular ERK and NF-«B path-
ways in eosinophils, while MDP stimulation could activate
ERK in both eosinophils and BEAS-2B cells (Figure 6). The
iE-DAP and MDP-activated ERK and NF-«xB were further
enhanced in coculture (Figure 6). The coculture effects on
iE-DAP and MDP-induced activation of signaling pathways
showed consistency with that of iE-DAP and MDP-induced
release of CCL2 and CXCL8 (at least fivefold increase) from
eosinophils and BEAS-2B cells (Figure 3). Results therefore
implied that intercellular interaction between eosinophils and
BEAS-2B cells plays important role in enhancing the signaling
pathway activation, either directly through interaction by
adhesion molecules on these two cells or indirectly through
mediators released from these two cells, and such enhancement
could be the result from intracellular signaling cross-talk.>* iE-
DAP and MDP can synergize with IL-32 for the release of IL-1§3
and IL-6 from PBMC.”> MDP also acted synergistically with
TLR4 ligand lipopolysaccharide to stimulate the production of
inflammatory cytokines in human monocytes and dendritic
cells.”® Thus, intercellular interaction of eosinophils and
BEAS-2B cells can therefore synergy with iE-DAP and MDP
activation via ERK and NF-kB pathways. We also observed that
both ERK inhibitor U0126 and NF-xB inhibitor BAY11-7082
showed significant suppression on the iE-DAP and MDP-
induced release of chemokines and counteracted the effects
of iE-DAP and MDP on the expression of adhesion molecules
on eosinophils and BEAS-2B cells in coculture (all P<0.05).
However, there were no significant activations of p38MAPK
and JNK upon NODI,2 ligand stimulation (both P>0.05)
(data not shown). The above results therefore complementarily
proved the involvement of these ERK and NF-xB signaling
pathways upon iE-DAP and MDP stimulation.

Our in vivo animal model using ovalbumin-sensitized allergic
asthmatic mice shows that both NOD1 and NOD ligands could
increase the number of mucin-secreting goblet cells, bronchial
subepithelial fibrosis and the in vivo production of total IgE. It
suggests that the bacterial infection may enhance the sensitiza-
tion to inhaled allergen and the subsequent development of
allergic asthma. Intravenous injection of NOD ligands was
adopted because it is a more standardized, effective and widely
used optimal procedure with known applied amount of NOD
ligands.> In parallel with elevated IgE induction, NOD ligand
could further enhance the bronchial subepithelial fibrosis, the
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production of Th2 cells and eosinophils chemokine CCL5 and
asthma Th2 cytokine IL-13, probably at the inflammatory air-
way. The measured levels of murine CCL5 in BALF (up to 23 pg/
ml) and IL-13 (about 100—400 pg/ml) were actually comparable
to the previously studies.”>® In view of the induced serum IgE,
BALF CCL5 and IL-13 production, NOD ligand treatment could
establish the in vivo Th2-mediated chronic allergic inflammation
(Figure 8). In conjunction with the above in vitro coculture
results, bacterial infection could therefore exacerbate the allergic
inflammation in asthma via NLR-mediated activation and sub-
sequent recruitment of eosinophils, neutrophils, Th2 cells and
basophils, and IgE production at inflammatory airway. To fur-
ther confirm the effects of NOD ligands on other chemokine
induction in allergic asthmatic mice, in vitro coculture experi-
ments using other immune effector cells such as basophils, mast
cells, Th17 cells and dendritic cells and longitudinal animal
studies using eosinophil-deficient mice require further investi-
gations.

In conclusion, this study demonstrated the immunological
mechanisms by which NOD1 and NOD?2 regulate the inter-
action between human eosinophils and bronchial epithelial cells
in allergic asthma, with both in vitro and in vivo study focusing
on the modulation of surface adhesion molecule expression,
intracellular IL-4Ra and the stimulation of allergic inflam-
mation-related chemokine and cytokine release. Taken together
with previous studies on the potential participation of NOD1
and NOD? activation in Th2-responses and the polymorphisms
of NOD1 and NOD2 with asthma, this mechanistic study pro-
vides further evidences of how bacterial infections could be
involved in the pathogenesis of asthma. Our results of intracel-
lular signaling mechanisms and in vivo animal study upon NOD
ligand stimulation may shed light on the development of novel
treatment approaches for eosinophil-associated allergic diseases.
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