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Flagellin/Toll-like receptor 5 response was specifically attenuated by
keratan sulfate disaccharide via decreased EGFR phosphorylation in
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Bacterial or viral infection of the airway plays a critical role in the pathogenesis and exacerbation of
chronic obstructive pulmonary disease (COPD) which is expected to be the 3rd leading cause of death
by 2020. The induction of inflammatory responses in immune cells as well as airway epithelial cells is
observed in the disease process. There is thus a pressing need for the development of new therapeutics.
Keratan sulfate (KS) is the major glycosaminoglycans (GAGs) of airway secretions, and is synthesized by
epithelial cells on the airway surface. Here we report that a KS disaccharide, [SO-

3 � 6]Galb1–
4[SO-

3 � 6]GlcNAc, designated as L4, suppressed the production of Interleukin-8 (IL-8) stimulated by
flagellin, a Toll-like receptor (TLR) 5 agonist, in normal human bronchial epithelial (NHBE) cells. Such
suppressions were not observed by other L4 analogues, N-acetyllactosamine or chondroitin-6-sulfate
disaccharide. Moreover, treatment of NHBE cells with L4 inhibited the flagellin-stimulated phosphoryla-
tion of epidermal growth factor receptor (EGFR), the down stream signaling pathway of TLRs in NHBE
cells. These results suggest that L4 specifically blocks the interaction of flagellin with TLR5 and subse-
quently suppresses IL-8 production in NHBE cells. Taken together, L4 represents a potential molecule
for prevention and treatment of airway inflammatory responses to bacteria infections, which play a crit-
ical role in exacerbation of COPD.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction COPD partly via the induction of host inflammatory responses
#COPD, which is predicted to be the third leading cause of death
by 2020 [1], is associated with specific inflammatory responses
around small airways [2]. COPD exacerbation occurs in some pa-
tients mostly due to bacterial or viral infections of the lung and
air pollution [3,4]. In fact, highly significant levels of bacteria are
observed in the airway of exacerbated COPD as compared to those
in healthy adults [5]. The most commonly isolated bacteria are
Haemophilus influenzae, Streptococcus pneumoniae and Moraxella
catarrhalis, while there is growing evidence that Pseudomonas aeru-
ginosa is particularly involved in advanced COPD [6,7]. Bacterial
infection is associated with the pathogenesis and exacerbation of
[4]. Thus, it can be a potent therapeutic target for COPD to suppress
airway inflammatory responses triggered by bacterial infection.

Airway inflammatory responses are mediated by immune cells,
such as macrophages, neutrophils and lymphocytes, as well as by
airway epithelial cells [8]. Airway epithelial cells actively promote
airway inflammatory responses by releasing various inflammatory
mediators, including a neutrophil chemo attractant, IL-8 [9,10]. In-
deed, increased levels of neutrophils, their degradation products,
such as myeloperoxidase, elastase, and IL-8 are detected in sputum
or bronchoalveolar lavage fluid from COPD patients with bacterial
infection, as compared to patients without infections [11–14]. The
production of IL-8 in airway epithelial cells is initiated by the rec-
ognition of bacterial pathogens through TLRs, as is the case with
immune cells [15,16]. However, in airway epithelial cells, TLRs-
stimulated IL-8 production is mediated by the activation of EGFR
[17,18].

Oligosaccharides are well known for their function in the
progress of diseases. Recently, we reported that reduction of a1,6
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fucosylation resulted in an elevated sensitivity to cigarette-smoke
induced emphysema of mice [19] that is related to the frequency of
exacerbation and the decline of lung function among COPD
patients [20]. Moreover, the extracellular GAGs, important matrix
components, are considered to be essential for normal lung
function and the response to injury by regulating such signal trans-
duction events [21–23]. GAGs are linear unbranched polysaccha-
rides, composed of repeating disaccharide unit, and classified
into four groups: hyaluronan, chondroitin sulfate/dermatan
sulfate, keratan sulfate and heparan sulfate/heparin. GAGs are
identified to be endogenously expressed in the airways [23].
Among these GAGs, KS is present at the apical border of NHBE cells
and on the apical surface of ciliated cells in human trachea tissue
sections [24]. KS inhibits the expression and activation of MMP-2
in corneal and skin explant cultures [25]. In addition, KS disaccha-
ride L4 suppresses IL-12 production in macrophages stimulated
with LPS [26].

In order to better understand the role of KS in COPD exacerba-
tion and airway inflammation, we investigated their effects on
TLRs-stimulated inflammatory responses of airway epithelial cells
using L4, the key-disaccharide-unit of KS. Namely, we examined
the effects of L4 on the production of IL-8 and the phosphorylation
of EGFR in NHBE cells stimulated with a variety of TLR agonists.
2. Materials and methods

2.1. Cells and culture conditions

NHBE cells were purchased from Takara Bio (Shiga, Japan), and
cultured in bronchial epithelial basal medium (Takara Bio) supple-
mented with defined growth factors and antibiotics. The cultures
were maintained at 37 �C in a humidified incubator containing
5% CO2 in the air.

2.2. TLR agonists

NHBE cells were plated at approximately 3.0 � 104 cells/cm2 in
culture dishes, grown to reach complete confluence, and then cul-
tured without any growth factors for 24 h. Growth factors-starved
cells were stimulated with TLR1/2 agonist Pam3CSK4 (1 lg/ml),
TLR2 agonist heat-killed Listeria monocytogenes (HKLM) (108 -
cells/ml), TLR3 agonist Poly(I:C) (10 lg/ml), TLR4 agonist LPS
(10 lg/ml), TLR5 agonist flagellin (50 ng/ml), TLR6/2 agonist FSL1
(1 lg/ml), TLR7 agonist Imiquimod (10 lg/ml), TLR8 agonist
ssRNA40 (10 lg/ml) or TLR9 agonist ODN2006 (5 lM) contained
in Human TLR1-9 Agonist kit (InvivoGen, San Diego, CA) for the
indicated times.

2.3. L4 and other disaccharides

LacNAc, lactose, chondroitin-6-sulfate and L4 were supplied by
Seikagaku Corp. (Tokyo, Japan). L4 was isolated from the keratan-
ase II digest of shark fin KS, by sequential steps of anion-exchange
and gel-permeation chromatography. The structure has been
identified by mass spectrometry [27]. When the effects of disac-
charides on TLR agonists-stimulated inflammatory responses were
examined, growth factors-starved cells were first treated with
disaccharides (1 mg/ml) for 1 h, and then TLR agonists were added
to the cultures. Structures of each disaccharide used in this study
are shown in Supplementary Fig. 1.

2.4. Measurement of IL-8 production in NHBE cells

After 24 h from the onset of stimulation with TLR agonists with
or without L4, culture media were collected, and IL-8 concentrations
in the media were measured using OptEIA Human IL-8 ELISA Set (BD
Biosciences, NJ, USA).
2.5. Reverse-transcriptase-polymerase chain reaction (PCR)

Total cellular RNA was extracted and purified from NHBE cells
by the acid guanidinium phenol chloroform method using RNAiso
Plus (Takara Bio). One lg aliquot of total RNA was converted to sin-
gle-stranded cDNA using Transcriptor First Strand cDNA Synthesis
Kit (Roche Applied Science, Indianapolis, IN). The cDNA (1 ll) was
subjected to PCR using ExTaq DNA polymerase (Takara Bio), and
amplified in the following condition: denaturing at 94 �C for 30 s;
annealing at 55 �C for 30 s; and extension at 72 �C for 30 s. The
PCR products were electrophoresed in 1.5% agarose gel containing
1 lg/ml ethidium bromide. The primers used in this study are
listed in Supplementary Table 1.
2.6. Western blotting

At the end of flagellin and/or disaccharide treatment, NHBE cells
were collected and the cell lysates were analyzed by 10% SDS–
polyacrylamide gel electrophoresis. Gels were blotted onto PVDF
membranes, and the membranes were incubated with the primary
antibodies against EGFR (Cell Signaling Technology, Danvers, MA)
and against phospho-EGFR (Cell Signaling Technology) overnight
at 4 �C. Following washing and exposing to HRP-conjugated second
antibodies (Jackson Immuno Research Laboratories, PA, USA) for
30 min at room temperature, membrane was detected with en-
hanced chemiluminescent reagent (GE Healthcare, Buckingham-
shire, UK).
2.7. Statistical analysis

Experimental data are presented as means ± standard error of
the mean (SEM). Equivalence of group means was tested by one-
way analysis of variance (ANOVA). Post hoc comparisons to signif-
icant differences among three groups and over were performed by
the Bonferroni test. Differences were considered significant when
P < 0.05.
3. Results

3.1. L4 suppressed IL-8 production in NHBE cells stimulated with
flagellin

We first confirmed the reactivity of NHBE cells to a variety of
TLR agonists. NHBE cells produced IL-8 in response to Pam3CSK4
(TLR1/2 agonist), Poly(I:C) (TLR3 agonist), flagellin (TLR5 agonist),
FSL1 (TLR6/2 agonist) and ODN2006 (TLR9 agonist). Poly I:C and
flagellin induced the highest production of IL-8 (Supplementary
Fig. 2). And after 24-h-stimulation of flagellin, the changes on both
the mRNA and protein expression level of IL-8 could be detected
easily (Supplementary Fig. 3).

Next we examined if L4 suppressed the IL-8 production in NHBE
cells stimulated with those agonists. L4 did not affect the IL-8 pro-
duction in NHBE cells stimulated with Pam3CSK4, Poly(I:C), FSL1
and ODN2006 in both protein and mRNA levels (Fig. 1A and B).
However, L4 significantly suppressed flagellin-stimulated IL-8 pro-
duction in NHBE cells (Fig. 1C). In addition, similar results were ob-
served in IL-8 mRNA level (Fig. 1D). These results suggest that L4
specifically suppresses flagellin/TLR5-stimulated IL-8 production
in NHBE cells at the gene transcription level.
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Fig. 1. Effects of L4 on TLR agonists-stimulated IL-8 production in NHBE cells. (A) NHBE cells were treated with or without 1 mg/ml L4, and 1 h later, Pam3CSK4, Poly(I:C),
FSL1 or ODN2006 was added. After 24 h, the concentrations of IL-8 in the media were determined by ELISA. Values: means ± SEM (n = 3 for each data). (B) From the cells, total
RNA was prepared and converted to cDNA, subsequently the levels of IL-8 mRNA were analyzed by PCR. (C) NHBE cells were treated with or without 1 mg/ml L4, and flagellin
was added 1 h later. After 24 h, the concentrations of IL-8 in the media were measured by ELISA. Values: means ± SEM (n = 3 for each data). ⁄⁄P < 0.01. (D) From the cells, total
RNA was prepared and converted to cDNA, subsequently the levels of IL-8 mRNA were analyzed by PCR.
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3.2. The sulfation and conformation of L4 are essential for its
suppressive effect on flagellin-induced IL-8 production

To elucidate if the suppressive effect of L4 on flagellin-stimu-
lated IL-8 production is specific, NHBE cells were treated with Lac-
NAc, a disaccharide composed of galactose and GlcNAc, or lactose,
a disaccharide composed of galactose and glucose, instead of L4. As
shown in Fig. 2A, neither LacNAc nor lactose exhibited any effects
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Fig. 2. Effects of LacNAc, lactose and chondroitin-6-sulfate on flagellin-stimulated
IL-8 production in NHBE cells. (A) NHBE cells were treated with or without 1 mg/ml
LacNAc or lactose, and 1 h later, flagellin was added. After 24 h, the concentrations
of IL-8 in the media were measured by ELISA. Values: means ± SEM (n = 3 for each
data). ⁄⁄P < 0.01. (B) NHBE cells were treated with 1 mg/ml chondroitin-6-sulfate
(C6S), and 1 h later, flagellin was added. After 24 h, the concentrations of IL-8 in the
media were measured by ELISA. Values: means ± SEM (n = 3 for each data).
⁄⁄P < 0.01.
on flagellin-stimulated IL-8 production in NHBE cells. These results
suggest that sulfates in L4 structure are required to suppress the
flagellin-stimulated IL-8 production in NHBE cells. However, chon-
droitin-6-sulfate failed to show such inhibition (Fig. 2B). Thus, both
the sulfates and the conformational structure of L4 are essential to
elicit the anti-inflammatory effect.

3.3. L4 interacted directly with NHBE cells to suppress flagellin-
stimulated IL-8 production

The suppressive effect of L4 on flagellin-stimulated IL-8 produc-
tion in NHBE cells was gradually attenuated along with the reduc-
tion of L4 concentration (Fig. 3A). To evaluate that L4 directly acts
on NHBE cells, we examined if the pretreatment of NHBE cells with
L4 modulates the IL-8 production of cells stimulated with flagellin.
As shown in Fig. 3B, when NHBE cells were treated with L4 prior to
flagellin stimulation, IL-8 production was significantly suppressed
although the effect was moderate compared to the simultaneous
cell stimulation with L4 and flagellin. These results indicate that
L4 interacts with NHBE cells and modulates IL-8 production stim-
ulated with flagellin.

3.4. L4 inhibited EGFR phosphorylation in NHBE cells stimulated with
flagellin

Since TLR agonists-stimulated IL-8 production is revealed to be
mediated by EGFR phosphorylation [17], we examined if L4 inhib-
its flagellin-induced phosphorylation of EGFR. The level of EGFR
phosphorylation was transiently increased 1 h after stimulation,
and then gradually returned to the basal level without changing
the expression level of EGFR (Fig. 4A), whereas L4 did not affect
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Fig. 3. Effects of pretreatment with L4 on flagellin-stimulated IL-8 production in NHBE cells. (A) The dose response of the inhibitory effects of L4 on flagellin-stimulated IL-8
production was determined. NHBE cells were treated with or without 1, 0.5 or 0.25 mg/ml L4, and 1 h later, flagellin was added. After 24 h, the concentrations of IL-8 in the
media were measured by ELISA. Values: means ± SEM (n = 3 for each data). ⁄⁄P < 0.01. (B) NHBE cells were treated with 1 mg/ml L4 for 24 h, and then the cells were washed
twice with BEBM and stimulated with 50 ng/ml flagellin. After 24 h, the concentrations of IL-8 in the media were measured by ELISA. Values: means ± SEM (n = 3 for each
data). ⁄⁄P < 0.01.
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either expression or phosphorylation levels of EGFR (Fig. 4A).
When NHBE cells were co-treated with L4 and flagellin, the phos-
phorylation of EGFR was clearly suppressed (Fig. 4B). These results
suggest that L4 inhibits flagellin/TLR5 signal transduction.

4. Discussion

In the lungs, GAGs are distributed in the interstice, sub-epithe-
lial tissue, bronchial walls, and airway secretions. It has been re-
ported that CS contributed to the insolubility of mucus, while HA
regulated tissue kallikrein catalytic activity, due to the diversity
of GAG structures. As for KS, although its polymers have been
shown to inhibit MMP-2 and activate MMP-9 in corneal and der-
mal explant cultures [25], the biological significance of KS present
in airway mucus has not been fully understood. In the present
study, we found that KS disaccharide, L4, inhibited the induction
of the neutrophil chemo attractant IL-8 in NHBE cells stimulated
with TLR5 agonist flagellin, by suppressing the phosphorylation
of EGFR. Moreover, this inhibition is largely dependent on the
structure conformation of L4.

There are many reports on HA to show the apparent discrep-
ancy between the length of sugar chains and their biological
functions [28]. Because HA and KS are both long unbranched poly-
saccharides with high degrees of heterogeneity, it is possible that
KS actions depend on its molecular size, the target cells or the
parameters being investigated. L4 is a disaccharide with similar
structure to lactosamine, 3Galb1-4GlcNAcb1, sulfated at the C6 of
both hexose moieties. And it is the most abundant repeating disac-
charide unit of KS [29]. Experimental studies using L4 suggest that
it can be a simple model to clarify the biological function of KS,
especially in lung. Our data also supported that different disaccha-
ride construction and sulfate had different effect on the IL-8 pro-
duction (Fig. 2). On the next step, we hope to clarify that how
and to what extent the KS oligosaccharide structure can affect its
biological function.

On the other hand, we demonstrated that L4 did not modulate
IL-8 production in NHBE cells stimulated with most of the TLR ago-
nists, except TLR5 agonist flagellin. TLR5 is localized on the cell sur-
face and recognize a variety of bacterial products [30,31],
suggesting that L4 associates with the molecules involved in the fla-
gellin-TLR5-IL-8 production pathway and the effect is TLR5 specific.

Previously, it is reported that L4 suppressed the production of a
pro-inflammatory cytokine IL-12 in macrophages stimulated with
LPS [26]. Since NHBE cells were insensitive to LPS, we were unable
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to reproduce such suppression. Our data suggest a possible interac-
tion between L4 and flagellin/TLR5 and the association of L4 to the
cell surface of NHBE cells subsequently prevents the interaction
between flagellin and TLR5. However the mechanism is quite
different from the case of macrophages, because the suppressed
IL-8 production by L4 is mediated by the attenuation of EGFR phos-
phorylation, which is consistent with previous reports [17].

Flagellins of some bacterial species are known to be glycosyl-
ated [32–35], and P. aeruginosa flagellin glycosylation was reported
to contribute to TLR5 recognition [33]. However, the flagellin used
in this study (from Salmonella typhimurium) is a simple protein and
thus the anti-inflammatory effect of L4 is unlikely to be mediated
by simple competition between L4 and flagellin glycans over the
common binding site on TLR5. Further study is required to eluci-
date the potential of L4 to interact with flagellin and/or TLR5.

There is little information on KS and its ligand proteins. Instead,
another highly sulfate GAG, heparan sulfate/heparin have been
studied extensively [36]. These studies showed that GAGs could
bind and regulate a number of distinct proteins, including chemo-
kines, cytokines, growth factors, and adhesion molecules [37–38].
The interaction with proteins involves van der Waals (VDW) forces,
hydrogen bonds, hydrophobic interactions with the carbohydrate
backbone, and also the strong ionic interactions. Using polymer
of L4 or carbohydrate cluster of L4 will make it easy to figure out
the interaction of L4 with the composition of flagellin-TLR5-
EGFR-IL8 pathway.

P. aeruginosa infection of the airway is particularly involved in
advanced COPD [6,7]. They stimulated the inflammatory responses
in the airway epithelial cells and macrophages through the interac-
tion between LPS and TLR4 or between flagellin and TLR5 [9].
Therefore, L4 may have the potential to attenuate airway inflam-
matory responses particularly in the advanced phase of COPD.
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