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Abstract

It was reported recently that histamine induced Toll-like receptor (TLR)2 and TLR4 expression in endothelial cells and enhanced their sensitiv
to Gram-positive and Gram-negative bacteria; and that TLRs were expressed in airway epithelial cells and that several inflammatory media
modulated their expression. However, little is known of potential influence of histamine on TLRs in pulmonary epithelial cells. In the presel
study, effects of histamine on expression of TLRs in both human A549 and NCI-H292 cell lines were examined by using real-time quantiti
RT-PCR analysis, flow cytometry and immunofluorescent staining. The results revealed that both cell types constitutively expressed mRNAs
TLR1-TLR10. Histamine up-regulated the expression of TLR3 mRNA by 12.3- and 11.6-fold, respectively in both cell types. The time cours
showed that histamine induced TLR3 mRNA expression was initiated at 30 min, nearly reached peak levels after 2h and was sustained at |
until 12 h. Histamine also induced TLR3 protein expression in A549 and NCI-H292 cells. Histamine and poly (I:C), a specific TLR3 liganc
stimulated interleukin (IL)-8 secretion from both cell types. Moreover, histamine enhanced poly (I:C)-induced IL-8 secretion and phosphorylatic
of NF-kappaB in the two cell types, and histamingrdceptor antagonists inhibited the action of histamine. In conclusion, histamine selectively
up-regulated expression of TLR3, and stimulated IL-8 secretion from the cells. Histamine also enhanced poly (I:C) induced IL-8 secretion a
phosphorylation of NF-kappaB. These observations suggest that histamine might play an important role in enhancing the innate immune respo
of airway to viral infection.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction (Takizawa et al., 1995; Rugolo et al., 1996; Li et al., 199%He
receptors for histamine discovered so far includettp, H3 and
Histamine is a well-known mediator of allergic inflamma- H4 (Hough, 2001; Morse et al., 20pWwhich are a group of G-
tion. In addition to its well-recognized function as a vasoactiveprotein-coupled receptors. A number of studies have shown that
substance, this mediator can also modulate the body defenseme histamine-induced inflammatory responses of human air-
reactions against infection through its regulatory effects orway epithelial cells are mediated throughteceptor Takizawa
the induction of inflammatory cell accumulatiorld et al., etal., 1995; Rugolo et al., 1996; Li et al., 1995
1997 and release of inflammatory cytokines from mono- The respiratory epithelium is an important interface between
cytes/macrophage®ileepan et al., 1993 eosinophilsRRaible  the body and the environmentand is constantly exposedto invad-
etal., 1992, T cells Ogden and Hill, 198)) neutrophilsBeeret  ing pathogens. In addition to providing a barrier against the entry
al., 1984, endothelium Delneste et al., 1994and epithelium  of foreign pathogens, epithelial cells have been shown to be able
to produce a variety of biologically active mediators, including
cytokines and chemokineBiamond et al., 2000n response to
— , __microorganisms. Recent studies have shown that airway epithe-
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al., 2004; Armstrong et al., 2004; Homma et al., 2004; Monickimmugenex Corp (Los Angeles, CA) and Serologicals Corp
etal., 2003. (Chemicon, Australia), respectively. Rabbit monoclonal anti-
TLRs play a central role in detecting microbes by initiat- bodies against phospho-N& p65 (Ser 536) and polyclonal
ing innate immune responses and linking innate and adaptiventibodies against NkB p65 were from Cell Signaling Tech-
immunity (Akira et al., 200). Since Medzhitov and Janeway nology (Beverly, MA). HRP-conjugated goat anti-rabbit sec-
(Medzhitov and Janeway, 19pdiscovered the first mammalian ondary antibody was from Pierce (Rockford, IL). RNasin and
TLR, 11 family members have been identified in mammalianmoloney murine leukemia virus reverse transcriptase were from
systems Akira, 2003; Zhang et al., 2004These type | trans- Promega (Madison, WI). SYBR Green | Stain was from Cam-
membrane proteins share significant similarities with the IL-brex (San Diego, CA). RNase-free DNase |, ProofStart DNA
1 receptor and all contain the highly homologous toll/IL-1 Polymerase and QuantiTét SYBR Green PCR Kit were from
receptor cytoplasmic domain. Many functions of TLRs are carQiagen (Valencia, CA). UraciV-Glycosylase was from MBI
ried out through a group of signaling molecules, includingFermentas (Hanover, MD). Most of other reagents such as salt
MyD88, IL-1 receptor-associated kinase, TNF receptor asscand buffer components were analytical grade and obtained from
ciated factor-6, mitogen-activated protein kinases andkBF- Sigma (St. Louis, MO).
(Shizuo, 2003 The homology present in the toll/IL-1R is con-
trasted with significant variation in the leucine-rich repeats of2.2. Cell culture
the extracellular domains, which permits discrimination of a
variety of pathogen-associated molecular patterns. TLR2 and The human lung carcinoma cell line A549 and the human
TLR4 recognize endotoxin, lipoproteins and some extracellumucoepidermoid carcinoma cell line NCI-H292 were obtained
lar matrix molecules; TLR3 recognizes double-stranded RNAfrom the American Type Culture Collection (Manassas, VA).
TLR5 recognizes bacterial flagellin; The synthetic imidazo-A549 and NCI-H292 cells were maintained in DMEM supple-
quinolines activate immune cells via TLR7; TLR9 recognizesmented with 10% heat-inactivated FCS, 100 U/ml penicillin, and
CpG-containing DNA. Briefly, TLRs are capable of sensing100.g/ml streptomycin at 37C with 5% CQ in humidified air.
organisms ranging from protozoa to bacteria, fungi and viruseBor challenge experiments, cells were transferred into 12-well
(Beutler, 2003 plastic culture plates, cultured until the adherent cells reached
Respiratory infections are thought to be a leading cause 0£80% confluence. The cells were then cultured with the serum-
exacerbation of asthmalghnston et al., 1995; Nicholson et free basal medium for an additional 8 h before challenge.
al., 1993. In asthma, airway epithelial damage is commonly
observed and thus more sufficiently exposed to inflammatorg.3. Cell challenge
environment. Mast cells, frequently located in close proximity
to airway epithelium, not only provide a stable pool of histamine, Cells were challenged with various concentrations of his-
but also spontaneously release this mediator in response to stita&mine, diphenhydramine hydrochloride, terfenadine or poly
ulation by several cytokinesOh and Nakano, 1988A recent  (I:C) for different periods. After centrifugation, culture super-
study by Talreja et al. has shown that histamine can induce TLRBatants were collected and stored-a80°C until use, and
and TLR4 expression in endothelial cells and enhance their seeells were harvested for extracting total RNA. The cell prim-
sitivity to Gram-positive and Gram-negative bacteflial(ejaet  ing experiments were also performed for investigation of effect
al., 2009. Another study by Corne et al. has shown that peoplef histamine on poly (I:C)-induced IL-8 release. Briefly, cells
with atopic asthma suffer from more frequent lower respiratorywere preincubated with 1QOM of histamine (or for some exper-
tract infections and have more severe and longer-lasting lowements, 1QuM of diphenhydramine or terfenadine were added
respiratory tract symptomg£prne et al., 2002 to cells for 1 h before addition of histamine) for 12 h, and then
Based on the information above, we attempted to determineashed twice with the fresh medium before incubation with
whether histamine could regulate the expression of TLRs and5pu.g/ml of poly (I:C) or medium alone for 12 h.
IL-8 secretion from two pulmonary tumour cell lines in the
present study. 2.4. Reverse transcription polymerase chain reaction
(RT-PCR)
2. Materials and methods
Total RNA was isolated from confluent A549 cells and NCI-
2.1. Reagents and antibodies H292 cells, using TRIzol reagent and treated with RNase-free
DNase | to remove contaminated DNA according to the manu-
DMEM, antibiotics, glutamine and EDTA, TRIzol reagent, facturer’s protocol. After the first-strand cDNA was obtained by
dNTP were from Invitrogen (Carlsbad, CA). FCS was pur-incubating RNA with oligo (dT)g primers, 1ul of each cDNA
chased from Hyclone (Logan, UT). Polyinosinic-polycytidylic sample (corresponding to 100 ng total RNA) was used for stan-
acid [poly (I:C)], histamine and diphenhydramine hydrochlo-dard PCR and real-time PCR. The primer sequences and sizes
ride, terfenadine were obtained from Sigma Chemical Corpfamplicons for TLR1-TLR10 an@-actin are listed ifable 1
(Saint Louis, MO). FITC-conjugated mouse monoclonal anti-Standard PCR was performed in a Peltier thermal cycler appa-
body against human TLR3 (Clone: 40C1285) and isotype conratus (MJ Research, Watertown, MA) using the ProofStart DNA
trol (FITC-conjugated mouse 1gG Clone: Ci4) were from Polymerase. The thermocycling protocol was as follows:®5
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Table 1
Primers for RT-PCR and/or real-time RT-PCR
Target gene Locus Forward sequence-8j Reverse sequence'{8) Amplicon size (bp)
TLR1 NM_003263 gcccaaggaaaagagcaaac aaagcagcaatatcaacaggag 135
TLR2 NM_003264 tctcecatttecgtcttttt ggtcttggtgttcattatcttc 125
TLR3 NM_003265 taaactgaaccatgcactct tatgacgaaaggcacctatc 101
TLR4 NM_003266 ccgcttcctggtcttatcat tctgctgcaactcatttcat 141
TLR5 NM_003268 ttgctcaaacacctggacac ctgctcacaagacaaacgat 148
TLR6 NM_006068 cccaaggagaaaagcaaac ttcaccatcatccaagtaaat 156
TLR7 NM_016562 agcattttacttgtcccatc gccactcaaggacagaact 140
TLR8 NM_016610 caaccaaagcaagaaaacag tgcaaagccaagtaaaaag 87
TLR9 NM_017442 ggcaaagtgggcgagatgag agtggtggttgtccctggtc 483
TLR10O NM_030956 ctcccaactttgtccagaat tggtgggaatgcaatagaat 132
B-actin BC002409 gttgcgttacaccctttctt accttcaccgttccagttt 148

Primers were designed according to cDNA sequences from the NCBI database.

for 5min, 40 cycles of denaturation at 95 for 15 s, annealing incubating them with a solution containing 2% paraformalde-
at 58°C for 155, and extension at 7€ for 30s. Amplifica- hyde and 0.2% Tween 20 in PBS onice for 60 min. For each anal-
tion products containing SYBR Green | Stain were resolved in gsis, cells were washed twice with PBS containing 0.2% BSA
1.5% agarose gel. Gels were recorded with an Ultra-Lum systemnd incubated with 5Ql of FITC-conjugated anti-TLR3 anti-
(Ultra-Lum, Claremont, CA). body (40C1285, 10Q.g/ml) or FITC-conjugated isotype control
(mouse IgG1, fg/ml) in the dark for 30 min at 4C. Fluores-
cence analysis was performed using a FACScan Flow Cytometer
(BD Biosciences, San Diego, CA). Results were expressed as the
mean fluorescence intensity (MFI), comparing the stimulated
ells with the unstimulated cells.

2.5. Real-time PCR

Real-time PCR was performed in an ABI PRISM 7700
Sequence Detection System Thermal Cycler (PE Applieé:
Biosystems, Foster City, CA) to quantify TLR1-TLR10 gid
actin mRNAs with QuantiTéM SYBR Green PCR Kit. In a 2.7. Immunofluorescent staining
0.2ml PCR tube (Bio-Rad, Hercules, CA), 1.0of cDNA was
diluted 1 in 9in water and @l of it were added toa PCRreaction ~ A549 and NCI-H292 cells in Lab-TékI chamber slides
mixture containing 12.5l of 2x QuantiTel™ SYBR Green Were incubated with 10@M histamine for 2, 12 and 24 h. For
PCR Master Mix, 0.3.M of each sense and antisense primers Some experiments, cells were preincubated with¥0diphen-
and 0.5 U of UracilvV-Glycosylase, which gave a total volume of hydramine hydrochloride for 1 h before addition of 30@
25pl. Cycle parameters were 5Q for 2 min to activate UNG, histamine for 12h. Cells were fixed in 2% paraformalde-
95°C for 15 min to activate HotStarTaq DNA Polymerase, fol- hyde for 15min, permeabilized with 0.1% Triton X-100 for
lowed by 40 cycles of denaturation at 95 for 15 s, annealing 60 min, then stained with FITC-conjugated anti-TLR3 antibody
at 58°C for 155, and extension at 7€ for 30s. Specifici- (40C1285, 10@.g/ml). In control experiments, cells were incu-
ties of the amplification products were controlled by meltingbated with FITC-conjugated mouse Ig@ ng/ml) as isotype
curve analysis. No amplification of non-specific products wagontrol. The cells were washed and viewed under a confocal
observed for any of the primer sets used. The gene specififiicroscope.
threshold cycle () for each sample (TLR1-TLR10) was cor-

rected by subtracting th€; for the housekeeping geffieactin 2.8, Determination of IL-8 levels in culture supernatants
(ACy). Untreated controls were chosen as the reference sam-

ples, and the\ C; for all experimental samples were subtracted |L-8 concentrations were determined using a human IL-8
by the AC for the control samplesXACt). The magnitude ELISA kit (Pierce, Rockford, IL).
change of test gene MRNA was expressed d$*9t (Sha et al.,

2004 2.9. Western blot analysis

2.6. Flow cytometry After confluent, A549 and NCI-H292 cells were plated in
75 mm culture dishes and incubated for 12 h with {80 his-
A549 cells grown in six-well culture plates were incubatedtamine or medium alone. For some experiments, cells were
in the presence or absence of 3104 histamine for 2, 12 and preincubated with 1M diphenhydramine for 1h before
24 h. For some experiments, cells were preincubated wijiMl0  addition of 10QuM histamine for 12 h. The cells were then
diphenhydramine hydrochloride, a histamingrelceptor antag-  stimulated with 25.g/ml poly (I:C) (or medium alone) for
onist for 1 h before addition of 1M histamine for 12h. 30min before being lysed in a buffer containing 20 mM
Cells were then harvested for immunocytochemical analysisTris—HCI (pH 7.4), 137 mM NaCl, 10% glycerol, 1% Triton X-
For intracellular staining, cells were fixed and permeabilized byl00, 2 mM EDTA, 25 mMB-glycerolphosphate, 2 mM sodium
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pyrophosphate, 1% protease inhibitor cocktail and 0.5mM= 10 ; e
dithiothreitol. Cell debris was removed by centrifugation of the

lysate at 13,00& g for 10 min. The supernatants were mixed
with equal volumes of 8 sodium dodecyl sulphate sample
buffer and heated to 10@ for 5min. An equal volume of
sample was fractionated by SDS-PAGE on a 10% acrylamidex

gel and transferred onto a polyvinylidene difluoride membraneg
—

with a Bio-Rad semidry transfer system, according to the man-= E Eﬁ m m | “mil W m m
ufacturer’s instructions. After blocking non-specific binging TLRY TLR2: TLRS STLR4: JLRs: ILRe TLRZ “TLRS TLR9! “TLE10

sites with 5% r_]on'fat. milk in TBS/Tween for 1h, membraneSFig. 2. Analysis of histamine induced expression of TLR mRNAs in A549 and
were probed with anti-NkB or anti-phospho-NRB antibod-  NCI-H292 cells using real-time PCR. Total cellular RNA was isolated, reverse
ies overnight followed by incubated with HRP-conjugated secranscribed to cDNA, and the cDNA was used for real-time PCR. The ratio of
ondary antibodies. Immunoreactive bands were visualized uSil.gtamine induced TLR1-TLR10 mRNA expression to the basal expression of

NA (fold contro

O—=MNWhsbo oo~ OO

enhanced chemiluminescence reagents (Pierce Rockford. II" R1-TLR10 mRNAs in A549 and H292 cells was shown. Cells were treated
g ! ’ th 100p.M of histamine at 37C for 2h. The data were normalized to the

acgording tothe man UfaCFureWS prOFOCOL De_nSitometry analysigousekeeping geng{actin gene) and were expressed as me&aE.M. fold of
of immunoblots was carried out using a Scionlmage softwaresontrol for four separate experiments performed in dupliéate 0.05 compared
The relative levels of phospho-NEB were expressed as the with the baseline control.

ratio to NF«B. . ) )
(Table ). These sizes of the amplicons were matched well with

their corresponding predicted sizes. RT-PCR analygisadtin

2.10. Statistical analysis : : ; ‘
expression confirmed the quality of allMRNA preparations used

Data are expressed as meiaB8.E.M. Statistical significance for RT-PCR.
of differences was determined with a one-way ANOVA and a . . . .
post hoc test using the SPSS version 11. Differences were co-2- Effect of histamine on expression of TLRs mRNA in

sidered statistically significant at 0.05. airway epithelial cells

3. Results The ratio of histamine induced TLR1-TLR10 mRNA expres-
sion to the basal expression of TLR1-TLR10 mRNAs in A549

3.1. Expression of TLRI-TLR10 mRNAs in airway and H292 cells is shown iAig. 2 Histamine at 10Q.M induced

up-regulation of expression of TLR3 mRNA by 8.7- and 8.9-
fold, respectively, but had no effect on expression of the other

TLR1-TLR10 mRNAs were constitutively expressed in both TLR MRNAs in A549 and NCI-H292 cells.
A549 and NCI-H292 epithelial cell§{g. 1). The sizes of ampli-
cons for TLR1-TLR10 were between 101 and 156 bp, except fof-3. Up-regulation of expression of TLR3 mRNA by
TLR8 and TLR9, which had sizes of 87 and 483 bp, respectivelyiistamine in airway epithelial cells

epithelial cells

bp M 1 2 3 4 5 6 7 8 9 10 Peuctn Histamine at concentrations of 1, 10 and 100 stimulated
a dose-dependent increase in expression of TLR3 mRNA in
1000 both A549 and NCI-H292 cells following 2 h incubation period.
- As little as 1uM (0.11p.g/ml) of histamine was able to induce
%‘d‘d approximately 7.8- and 5.8-fold increase in expression of TLR3
;2(1;((; mMRNA in NCI-H292 and A549 cells, respectively. The max-
imum increased expression of TLR3 mRNA was 12.3- and
(A) 11.6-fold over basal expression in A549 and NCI-H292 cells,
bp M I 2 3 4 5 6 7 8 9 o P-actn respectively induced by 1Q0OM of histamine Fig. 3A). The
time courses for both A549 and NCI-H292 cells showed that
100M histamine induced TLR3 mRNA expression was initi-
ated at 30 min, peaked around 2 h and was sustained until at least
12 h before declining at 24 lr{g. 3B).

1000

500
400
300
200
100

3.4. Inhibition of histamine-induced expression of TLR3
mRNA by anti-histamines

(B)

Fig. 1. RT-PCR analysis of the expression of mRNAs for TLR1-TLR10 in

(A) A549 cells and (B) NCI-H292 cells. Total cellular RNA was extracted and Histamine H receptor antagonist diphenhydramine at con-

subjected to RT-PCR using specific primers to human TLR1-TLR1@awtin. . N . o o
Amplification products were resolved on a 1.5% agarose gel containing SYBF?entratlon of 1M inhibited apprOX|mater 85% and 83%

Green | Stain (image shown was a representative of three experiments). LanBéStamine induced up-regulation of TLR3 mRNA expres-
1-10 represented TLR1-TLR10, respectively. M = DNA marker; bp = base pairsion in A549 and NCI-H292 cells, respectively after a 2h
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(A) Concentration of histamine (uM) HIS DIP+HIS piP TEF+HIS TEF

Fig. 4. Effect of antihistamines on histamine induced up-regulation of expres-

14- —a—H262 B sion of TLR3 mRNA in A549 and NCI-H292 cells. Histamine, keceptor
= B " antagonists diphenhydramine and terfenadine were added to cells for 1 h before
£ addition of 10QuM histamine for 2 h. The data were calculated as described in
8 materials and method$.p <0.01 compared with the uninhibited gene expres-
"—g sion induced by histamine:€4). HIS = histamine; DIP =diphenhydramine;
:(-3 TEF =terfenadine.
rd
E
o TLR3 in A549 was blocked by diphenhydramine at i
g (Fig. 6A and B).
° o 1 ’ b * 36 E histamine and poly (I:C) on IL-8 '
.0. : - T

B) Time (h) Jffect of histamine and poly (I:C) on secretion

from airway epithelial cells

Fig. 3. Influence of histamine on expression of TLR3 mRNA in A549 and NCI-

H292 cells. (A) Dose dependent curves of histamine induced up-regulation of Hjstamine at a concentration of 1M stimulated a 2.3- and
expression of TLR3 mRNA in A549 and NCI-H292 cells. Cells were inCUbated2.6-fO|d increase in IL-8 secretion from A549 and NCI-H292

with various concentrations of histamine at°® for 2h. The data were cal- I ively followi 12hi bati iod. Similarl
culated as described in materials and meth6ds.0.05,™ p <0.01compared cells, respectively following a Incubation period. Similarly,

with the gene expression induced by histamine at the concentration@h.1 POl (I:C), a specific TLR3 ligand at 25g/ml provoked a 2.2-
(n=4). (B) Time course study of histamine induced up-regulation of expresand 2.4-fold increase in IL-8 secretion from A549 and NCI-

sion of TLR_3 mRNA in A549 and NCI-H292 _cells. Cells were incubated with H292 cells, respectively. Diphenhydramine atyld by itself

100uM of histamine at 37C for different periods. The data were calculated p 4 g jnfluence on IL-8 secretion, butitinhibited approximately

as described in materials and methogs< 0.05,” p <0.01 compared with the . L. .

gene expression induced by histamine for 0.544). 91% and 94% histamine induced IL-8 secretion from A549 and
NCI-H292 cells, respectivelyHg. 7A).

In order to determine if histamine had a priming effect on
incubation period. Similarly, another histaming leceptor A54_9 and NCI-H292 cells, cells were prei_ncubated with his-
antagonist terfenadine at a concentration ofibdreduced his- @miné (10QuM) for 12h, and washed twice before adding
tamine stimulated up-regulation of TLR3 mRNA expression2>1g/ml of poly (1:C) for 12 h. Histamine was able to enhance

by 89% and 88% in A549 and NCI-H292 cells, respectivelyth® response of A549 and NCI-H292 cells to poly (I:C) by
(Fig. 4). approximately 2.3- and 2.5-fold, respectively. The priming

action of histamine on cells was completely abolished when
diphenhydramine or terfenadine was preincubated with cells

3.5. Up-regulation of expression of TLR3 by histamine in before addition of histamind=(g. 7B).

airway epithelial cells

Immunofluorescent staining revealed that TLR3 protein was.7. Effect of histamine and poly (1:C) on phosphorylation
constitutively expressed in A549 and NCI-H292 cells. His-of NF-«B in A549 and NCI-H292 cells
tamine at a concentration of 10 was able to markedly
up-regulate the expression of TLR3 in A549 and NCI-H292 While histamine at a concentration of 1M had little
cells, which was particularly evident following 12 h incuba- effect on the phosphorylation of NkB after 12 h, poly (I:C)
tion period. Diphenhydramine at 1M clearly diminished at concentration of 2ag/ml induced 3.4- and 2.3-fold increase
histamine-induced expression of TLR3 in A549 and NCI-in phospho-NFR<B in A549 and NCI-H292 cells respectively
H292 cells Fig. A and B). Flow cytometry analysis showed after a 30 min incubation period. Preincubation of cells with
that histamine at 10@M significantly enhanced the expres- histamine for 12 h was able to enhance the poly (I:C) induced
sion of TLR3 in A549 cells Fig. 6A) with the mean fluo- phosphorylation of NReB in both cell types. Once again, pre-
rescence intensity being increased by approximately 3.5-foltreating the cells with 1M of diphenhydramine blocked the
(Fig. 8B). Histamine induced up-regulation of expression ofaction of histamine on celld={g. 8).
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Isotype control Histamine+DIP 12h

Ustimulated 2h Histamine 2h

Ustimulated 12h Histamine 12h

(A) Ustimulated 24h Histamine 24h

Fig. 5. Immunofluorescent staining of intracellular TLR3 protein in (A) A549 and (B) NCI-H292 cells. Cells were incubated with medium alonet{e®nstitu
expression) or histamine alone (10M) at 37°C for 2, 12, and 24 h before being stained with FITC-conjugated anti-TLR3 antibody. Cells were also incubated with
histamine (10Q.M) and diphenhydramine (340M) at 37°C for 12 h. FITC-conjugated mouse lg@as used as isotype control. The stained cells were viewed under

a confocal microscope.
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Isotype control Histamine+DIP 12 h

Ustimulated 2 h Histamine 2 h

Ustimulated 12h Histamine 12h

(B) Ustimulated 24h Histamine 24h

Fig. 5. (Continued).

4. Discussion expression of TLR3 in airway epithelial cells. This observation
suggests a novel connection between the major mast cell medi-
We have demonstrated for the first time that histamine, a kentor and innate immune responses. We have also shown that
mediator of allergic inflammation, is able to induce up-regulatechistamine is a potent stimulator of IL-8 release from A549 and
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Fig. 6. (A) Flow cytometry analysis of intracellular TLR3 protein in A549 cells. ISO=isotype control; CON=medium alone control; HIS =histamine;
DIP =diphenhydramine. (B) Mean fluorescence intensity data4) from FACS analysis were shown. Cells were incubated with medium alone (constitutive
expression) or histamine alone (3001) at 37°C for 2, 12, and 24 h before being stained with FITC-conjugated anti-TLR3 antibody. Cells were also incubated
with histamine (10@.M) and diphenhydramine (10M) at 37°C for 12 h. FITC-conjugated mouse lg@as used as isotype controh < 0.05 compared with the
constitutive baseline expressidp.< 0.05 compared with the uninhibited expression induced by histamine.

NCI-H292 cells, enhancing the cellular response to poly (I:C)only able to stimulate some 13.5-fold increase in TLR3 gene
a specific TLR3 ligand. expression in BEAS-2B cellsSha et al., 2004 Up-regulated

As little as 1uM (0.11p.g/ml) histamine was able to induce expression of TLR3 protein was also observed in the present
up-regulated expression of the TLR3 gene in A549 and NClstudy when histamine was incubated with A549 and NCI-H292
H292 cells by approximately 6.0- and 8.1-fold, which provedcells. While the influence of histamine on TLR3 expression does
that it was a potent stimulator of TLR3 gene expression. Undenot appear to have been studied previously, the report which
similar conditions, poly (I:C) at a concentration of2§/mlwas  found histamine up-regulated TLR2 and TLR4 expression in
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7- m A459 poly (I:C) induced IL-8 secretion. These observations suggest

6 WikiRen that histamine may play an important role in stimulation of body
= 51 defense mechanisms against viral infection. While lack of direct
% 4] evidence on histamine stimulating IL-8 secretion by itself and
% 3] - enhancing poly (I:C) induced IL-8 secretion from airway epithe-
Y m ﬂ lial cells, it is known that poly (I:C) can induce IL-8 secretion

1] from BEAS-2B cells Eha et al., 2004 Moreover, the reports

0 that INF« enhances poly (I:C) induced IL-28 and IL-29 gene

=2 HIS POL s DIP+HIS expression in A549 cell§(ssari et al., 200pand that histamine

(A) Treatment enhances LPS induced IL-6 relea3al(eja et al., 2004from

16 m A459 human umbilical vein endothelial cells may support our present
14 Ll findings.
E 124 In the present study, the histaming keceptor antagonists
2107 diphenhydramine and terfenadine at least partially inhibited
® 2j i histamine induced up-regulation of TLR3 gene and protein
t expression, histamine-stimulated IL-8 secretion and histamine-

. m ’—ﬂ m m ﬂ enhanced poly (I:C)-induced IL-8 secretion, indicating strongly

0 that the actions of histamine on A549 and NCI-H292 cells are

HiS BIP+HIS TECHHIS DI HIS+MED via Hy receptor. The similar observation that diphenhydramine

(B) Pretreatment inhibited histamine-induced up-regulation of TLR2 and TLR4

Fig. 7. Effect of histamine and poly (I:C) on IL-8 secretion from A549 cells and gene expression in endothelial Ce"-a(reja etal, 200)4|S con-

NCI-H292 cells. (A) Cells were incubated with 100 of histamine (with or  Sistent with our current findings.
without 10u.M of diphenhydramine), 2gg/ml of poly (I:C) or 10uM of diphen- While poly (I:C) at concentration of 2bg/ml induced 3.4-

hydramine alone at 37 for 12 h. (B) Cells were preincubated with 1,00 of and 2.3-foldincreasein phospho-hHB.in A549 and NCI-H292
histamine (or for some experiments,;l_of diph_enhy(_iramine or t_erfenadine cells, respectively after a 30 min incubation period, histamine at
were added to cells for 1 h before addition of histamine)wlDof diphenhy- . . .
dramine or 1GuM of terfenadine for 12 h, and then washed twice with the fresh a concentration of 10@M had I|ttle_ eﬁeCtlon_ ph.osphorylat|on
medium before incubation with 38g/ml of poly (I:C) or medium alone for ~ Of NF-kB at 12 h following incubation. This finding seems con-
12 h. Data were presented as the megBiE.M. of four separate experiments. Sistent with a very recent report on the relationship between
*p<0.05 compared with controlp <0.05 compared with the response to his- poly (I:C) and NFxB, showing that poly (I:C) up-regulated
tamine alone. MED = medium alone; HIS = histamine; DIP = d|phenhydram|neexpreSSIon of TLR3 was prlmarlly regulated by MB- and
TEF =terfenadine; POL =poly (I:C). .
subsequently caused up-regulation of IL-8 gene expression in
HT29 human intestinal epithelial cell lin&s¢hneeman et al.,
2005. Although histamine by itself failed to induce phospho-
human umbilical vein endothelial cellglreja et al., 200dmay  rylation of NF«B in both cell types after 12 h incubation it
support our current findings. did enhance the poly (I:C) induced phosphorylation of RB--
Although it is difficult to rule out the possible differences in Hence, histamine primed poly (I:C)-induced IL-8 secretion was
TLR function, cell signaling and secretion properties betweeralso likely through phosphorylation of NkB. The observation
normal bronchial epithelial cells and tumour-derived epithelialthat histamine had little effect on phosphorylation of NB-
cell lines, we found that, like primary bronchial epithelial cells at 12 h following incubation may be because this time point
(Shaetal., 2004 both A549 and NCI-H292 cells constitutively is not the best for investigation of the phosphorylation events
express TLR1-TLR10 genes, providing us with a solid founda{Schneeman et al., 20p5
tion to study TLR expression and function with these cells. A very recent report revealed that increased TLR2, 3 and 4
Up-regulated expression of TLR3 mRNA induced by his-protein expression was found in nasal mucosa of patients with
tamine in both A549 and NCI-H292 cells was initiated at 30 min,allergic rhinitis following allergen challenge, but only increase
nearly reached peak values after 2 h and was sustained at le@stTLR3 mRNA expression was observed during pollen sea-
until 12 h before decline at 24 h. To our knowledge, this is the firsson, suggesting the importance of TLR3 in allergic airway
time course study on TLR3 gene expression in vitro in humannflammation Fransson et al., 2005The other evidence for
epithelial cells (including cell lines), which indicates that his- the importance of TLR3 in allergic airway inflammation is that
tamine induced TLR3 gene expression is a relatively fast evenfLR3 is a major receptor of viral infectionMogensen and
and lasts for a quite long time. However, the maximum expresPaludan, 2005 rhinovirus replication increased the expression
sion of TLR3 protein in both A549 and NCI-H292 cells induced of TLR3 on BEAS-2B cells [flewson et al., 2005and res-
by histamine occurs at 12 h. This 10-h time difference betweepiratory viral infections are strongly associated with asthma
the maximum TLR3 gene and protein expression may represesiacerbation Battemore, 2003 Our findings that histamine
the time that is required for generation of TLR3 protein frominduces up-regulation of TLR3 gene and protein expression and
TLR3 mRNA. enhances poly (I:C)-induced IL-8 secretion imply further that
Moreover, histamine was found to be a potent secretagoguhis mast cell mediator play a crucial role in allergic airway
of IL-8 release from A549 and NCI-H292 cells. It also enhancednflammation.
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Fig. 8. Effect of histamine and poly (I:C) on phosphorylation of NB-in A549 cells and NCI-H292 cells. Cells were incubated for 12 h with histamine (M0

or for some experiments, cells were preincubated with diphenhydramineMLr 1 h before addition of histamine for 12 h. The cells were then stimulated with
25pg/ml of poly (I:C) for 30 min before being lysed. Levels of NdB and phospho-NkB in (A) A549 and (B) NCI-H292 cells were determined by Western blot
with specific antibodies. Lane 1: histamin2 i+ poly (1:C) 30 min; lane 2: medium2ih + poly (I:C) 30 min; lane 3: diphenhydramitiéh + histamine 2 h + poly

(I:C) 30 min; lane 4: medium 12 h and 30 min; lane 5: histamine 12 h and medium 30 min. Densitometry analysis of immunoblots was carried out usinggeScionim
software. The relative levels of phospho-MB-were expressed as the ratio to NB-

Histamine H receptor antagonists have been reported to benay have implications for our understanding of the role of res-
able to reduce total symptom score and virus concentrations ipiratory viral infections in the development of exacerbations in
nasal secretions of the patients with the common ddlddltney  the patients with asthma, and the efficacy of treatment with anti-
et al., 2002. They can also inhibit rhinovirus-induced ICAM- histamines.

1 up-regulation and NikB activation in respiratory epithelial
cells (Papi etal., 200 Since histamine Idreceptor antagonists A cknowledgements
inhibit virus-induced TLR3 and ICAM-1 up-regulation, they

may also reduce the influence of virus on eplthellal Ce||S, and We are gratefu' to Professor Bill Orr (Department of Pathol-
therefore reduce the symptoms of the common cold. Onthe othejgy, the University of Manitoba, Canada) for his critical read-
hand, histamine Ireceptor antagonists diminish the histaminejng of the manuscript. This project was supported by the
induced up-regulation of TLR3 gene and protein expression angrants from the Li Ka Shing Foundation, Hong Kong, China
IL-8 secretion and histamine enhanced poly (I:C)-induced IL-§No. C0200001); the Major State Basic Research Program of
secretion, therefore may affect the development of the protectivghina (973 Program) (No. 2001CB510009); the National Nat-
immune response in airway mucosa. . ural Science Foundation of China (Nos. 30471601, 30570813);
In conclusion, histamine not only by |tse!f stimulates IL-8 the Planned Science and Technology Project of Guang Dong
release, butalso through selective up-regulation of TLR3 expregerovince, China (No. 2003B31502) and the Natural Science

sion enhances poly (I:C)-induced IL-8 secretion from both A549oyndation of Guang Dong Province, China (No. 04106122).
and NCI-H292 cells. The potentiation of poly (I:C)-induced

IL-8 secretion by histamine appeared to associate withcRF-
activation in these cells. Since histaming téceptor antago-
nists diminish the ability of histamine to stimulate a prOteCtiveAkira, S., 2003. Mammalian Toll-like receptors. Curr. Opin. Immunol. 15
immune response in A549 and NCI-H292 cells, these findings (1), 5-11.
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