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Epithelial cells (ECs) continuously interact with microorganisms and detect their presence via different pattern-recognition
receptors (PRRs) including Toll-like receptors (TLRs). Ligation of epithelial TLRs by pathogens is usually associated with the
induction of pro-inflammatory mediators and antimicrobial factors. In this study, using human airway ECs as a model, we
found that detection of microbial patterns via epithelial TLRs directly regulates tissue homeostasis. Staphylococcus aureus (S.
aureus) and microbial patterns signaling via TLR2 and TLR5 induce a set of non-immune epithelial responses including cell
migration, wound repair, proliferation, and survival of primary and cancerous ECs. Using small interfering RNA (siRNA) gene
targeting, receptor-tyrosine kinase microarray and inhibition studies, we determined that TLR and the epidermal growth factor
receptor (EGFR) mediate the stimulating effect of microbial patterns on epithelial repair. Microbial patterns signaling via Toll-
like receptors 2 and 5 contribute to epithelial repair, growth and survival. This effect is independent of hematopoietic and
other cells as well as inflammatory cytokines suggesting that epithelia are able to regulate their integrity in an autonomous
non-inflammatory manner by sensing microbes directly via TLRs.
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INTRODUCTION
Epithelial cells (ECs) cover the body surfaces and represent a

primary site of host-microbe interactions [1]. As first line of

defense, epithelial barriers are responsible for sequestration of

microorganisms and their inactivation playing thereby a critical

role in the prevention of immune cell activation and infection

under steady state conditions [2]. Remarkably, ECs possess an

intrinsic capacity to survive despite the continuous exposure to

considerable amounts of microorganisms present in the environ-

ment which are potentially toxic to host cells, suggesting that some

homeostatic forces link antimicrobial strategies to mechanisms that

control tissue integrity [3,4].

Recent evidence supports the role of microbial factors in

maintaining the structural integrity of epithelial tissues. It has been

shown that MyD88-mediated signaling induced by commensal

flora in intestinal mucosal cells is important for the regulation of

epithelial homeostasis under steady-state conditions and for the

expression of protective molecules in ECs following mucosal injury

[5]. The observed effect of bacterial factors on epithelial integrity

has been associated with their recognition by innate immune cells

of hematopoietic origin that abundantly express PRRs including

TLRs [6,7]. Indeed, it has been found that during mucosal injury

macrophages provide signals necessary for the regeneration of the

damaged epithelium via modulation of epithelial progenitors [8,9].

Accordingly, activation of NF-kB, a transcription factor involved

in the response to many danger factors including TLR ligands

[10], is currently associated with an altered epithelial homeostasis

and cancer development [11]. However, until now, it remaines

obscure whether microbes are able to induce epithelial repair

directly, i.e. independently of inflammatory cells and mediators.

A number of EC-derived molecules, such as trefoil factors [12] or

members of the epidermal growth factor family [13], are involved in

rapid and autonomous epithelial repair in response to damage. It is

also well established that ECs express functional PRRs including

TLRs enabling them to respond to microbes by producing a broad

spectrum of host defense molecules [14]. Since invasion and

colonization of epithelial surfaces by pathogenic bacteria is usually

associated with damage to epithelial barriers [15,16], we hypothe-

sized that detection of microbial patterns by ECs may directly induce

a homeostatic repair program necessary for the maintenance of

epithelial integrity. In this study, we have found that S. aureus as well

as various microbial products signaling via TLR2 and TLR5 directly

induce epithelial repair, survival and growth, and that such

compensatory epithelial responses are mediated by an autonomous

non-inflammatory pathway linking TLR and EGFR in ECs. This

mechanism is likely involved in the pathogenesis of diseases that are

associated with a breach of mucosal barrier function such as asthma,

chronic obstructive lung disease, and lung cancer.

RESULTS

S. aureus increases epithelial repair
To test whether bacteria are able to induce epithelial repair, we

selected an experimental in vitro model, in which wounded airway

epithelium is stimulated with inactivated whole S. aureus, one of the
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major human pathogens able to colonize mucosal surfaces and to

extensively interact with ECs of barrier organs [17]. We applied

heat-killed S. aureus to wounded monolayers of NCI-H292 human

airway ECs and found substantially accelerated wound closure

(Fig. 1A). To determine whether S. aureus exerts a similar effect in

polarized primary epithelium, inactivated bacteria were applied to

mechanically injured primary human bronchial ECs (PBECs).

Repair in this model was assessed by measurement of transepithelial

resistance (TER), a physical parameter of tight junctions’ integrity

that depends on restitution of the epithelial defect and re-

establishment of cell-cell contacts [18]. Inactivated S. aureus

stimulated epithelial repair (Fig. 1B) as determined by significant

increase of TER.

TLR ligands regulate epithelial repair
Bacteria display various microbial patterns that can potentially be

recognized by host cells. The major cell wall-associated factors

expressed by S. aureus–PGN and LTA–are well-established ligands

for TLR2 [19]. Inside the cell, PGN-derived products can be

recognized by the proteins of the NOD family [20]. Thus, we asked

whether the observed effect of S. aureus on epithelial repair is a result

of detection of microbial patterns by ECs. To test this, we stimulated

wounded NCI-H292 epithelial monolayers with individual microbial

factors and found that PGN significantly increased wound repair

(Fig. 2A and 2B). Notably, PGN induced the formation of areas with

increased cell density around the wounds (Fig. 2B) indicating that EC

proliferation is stimulated simultaneously with induction of the

wound closure process. Analysis of wound edges revealed an

increased presence of lamellipodia formation in PGN-stimulated

cells (Fig. 2B) suggesting that recognition of the microbial pattern

promotes EC migration. Also in very small epithelial wounds

(,0.2 mm in width), whose closure is dependent exclusively on rapid

cell migration, addition of PGN resulted in a complete coverage of

epithelial defects (Fig. 2C), whereas in the control group a

considerable wound area remained uncovered. There was no

difference between PGNs isolated from S. aureus and B. subtilis in

terms of their impact on epithelial repair (data not shown). Synthetic

TLR2 ligands such as Pam3CSK4 (Fig. 2A), FSL-1 (Fig. 2E), and

MALP-2 (data not shown) also accelerated wound closure. In

contrast, the NOD2 ligand MDP did not stimulate epithelial repair

(Fig. 2A). Application of LTA (Fig. 2D) and PGN (data not shown) to

injured differentiated PBECs resulted in a more rapid TER recovery.

Notably, TLR5 ligand flagellin also increased epithelial wound

closure (Fig. 2E), suggesting that the observed phenomenon is not

restricted to patterns signaling via TLR2. While traditional not re-

repurificated LPS preparation effectively stimulated epithelial repair

(Fig. S1), the ultra-pure LPS induced only a very weak effect (Fig. 2E).

Interestingly, the TLR3 ligand poly(I:C), TLR7/8 ligand CL097,

and TLR9 ligand CpG ODN2006, all known to interact with their

receptors within the endosomal compartment, did not stimulate but

rather delayed epithelial repair (Fig. 2E).

TLR agonists modulate epithelial growth and

survival
Interaction of microbes with ECs occurs continuously, not only

during epithelial injury, and may play a role in maintaining

epithelial barrier integrity [21,22]. To test whether microbial

factors contribute to epithelial growth under steady-state condi-

tions, we first used the WST assay that allows quantification of

metabolically active, viable cells in culture. We found that heat-

killed S. aureus, PGN, LTA, Pam3CSK4, flagellin (Fig. 3A) and

MALP-2 (data not shown) increased NCI-H292 cell number. In

contrast, poly(I:C), CpG, and the NOD ligand murabutide did not

stimulate EC proliferation (Fig. 3A). Whereas not re-purified LPS

strongly increased EC numbers (Fig. S1), ultra pure LPS exerted

significant but relatively weak effect on EC proliferation (Fig. 3A).

The BrdU assay, confirmed the mitogenic effect of PGN,

Pam3CSK4, and flagellin on NCI-H292; however, the TLR3

ligand poly(I:C) decreased BrdU incorporation (Table 1).

Next, we examined whether other epithelial cancer cell lines

respond to TLR signals by altered proliferation. Indeed, addition of

PGN to the non-small cell lung carcinoma cells U1810 and to the

cervical adenocarcinoma HeLa cells induced statistically significant

increase of cell number in a WST assay (Table 2). LPS and flagellin

also increased HeLa cell number (Table 2). Since increased

proliferation after exposure to the TLR ligands may be a feature

of cancerous cells, we examined the effects of microbial factors on

survival and proliferation of PBECs grown as submersed nondiffer-

entiated monolayers. As shown in Figure 3C, serum starvation

during 24 h resulted in a considerable decrease of primary EC

number. However, addition of TLR2 stimuli significantly increased

Figure 1. Inactivated S. aureus stimulates epithelial wound repair.
Mechanically wounded NCI-H292 cell monolayers (A) and differentiated
human PBECs (B) were exposed to heat-inactivated S. aureus (,0.56108

CFU/ml) or medium alone (control). Wound repair was assessed by
measuring the remaining wound area (RWA) for NCI-H292 cells (n = 5 in
both groups; * P,0.001) and TER for PBECs (n = 6 in control group;
n = 17 in S. aureus group; * P,0.01) 24 h after injury. Bars represent SD.
doi:10.1371/journal.pone.0001393.g001
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the number of viable cells 24 h after stimulation as compared to the

control group. Inactivated S. aureus and FSL-1 showed a similar

protective effect (Fig. 3B). To support these data, we performed a

BrdU assay and found that PGN increased proliferation of PBECs in

a dose-dependent manner (Table 1).

To determine whether TLR agonists can protect ECs from

apoptosis, we tested the ability of the TLR2 ligands PGN, LTA,

and Pam3CSK4 to rescue PBECs from death caused by 1 day of

serum starvation. Indeed, application of these agonists resulted in a

substantial decrease in numbers of apoptotic cells (Fig. 3C).

Microbial products induce epithelial repair by

activating a TLR–EGFR pathway
Various families of PRRs are involved in the recognition of

microorganisms [23] and bacteria including S. aureus can interact

with more than one receptor on the host cell simultaneously [24].

Therefore, it was important to determine the specific PRRs that

link innate immune recognition to epithelial growth and repair.

The ability of flagellin, known to signal solely via TLR5 [25], to

induce epithelial wound closure and proliferation, directly

indicated the involvement of the TLR (Fig. 2E and 3A). However,

this was not clear for PGN, which is able to interact with both

TLR2 and NOD [26]. In order to confirm the involvement of

TLR2, we transfected NCI-H292 cells with siRNA against TLR2

and found that such inhibition resulted in abrogation of effect of

PGN on epithelial wound healing (Fig. 4A). In favor of the

involvement of TLR2, the specific TLR2 agonists Pam3CSK4

(Fig. 2E) and FSL-1 increased both wound repair (Fig. 2E) and EC

proliferation (Fig. 3A and 3B), whereas the NOD ligands MDP

(Fig. 2A) and murabutide (Fig. 3A) were not effective to induce

these effects.

Figure 2. TLR ligands regulate epithelial wound repair and migration. (A) Mechanically wounded NCI-H292 cell monolayers were stimulated with
2 mg/ml PGN, 1 mg/ml Pam3CSK4, 10 mg/ml MDP, or SFM alone. RWA was measured during 3 days after damage (n = 3; * P,0.05 as compared to
SFM); (B) Representative micrographs of wounds in SFM and PGN groups after 24 h, the areas of increased cellularity (left) and lamellipodia formation
(right) are marked with the arrows; bar = 500 mm (left panel); = 150 mm (right panel). (C) Small linear (,0.2 mm in width) wounds were generated by
scraping of NCI-H292 cell monolayers and cell migration in control and stimulated (10 mg/ml PGN) was analyzed 1 day after injury as shown in the
representative micrograph; bar = 300 mm. (D) Differentiated human PBECs were mechanically injured and then stimulated with LTA (10 and 50 mg/
ml); TER was monitored during 3 days after wounding (n = 6; * P,0.02); (E) Mechanically wounded NCI-H292 cell monolayers were stimulated with
PGN, Pam3CSK4 (Pam), poly(I:C), ultra pure LPS, flagellin (Flag), CL097 (CL), and ODN2006 type B at indicated concentrations (mg/ml), or SFM alone;
RWA at 24 h after injury was measured (n = 5; * P,0.01). Bars represent SD.
doi:10.1371/journal.pone.0001393.g002
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Another question was whether TLR signals modulate epithelial

homeostasis directly or due to the effect of secondary mediators

released from ECs stimulated via TLRs. Indeed, we found that

microbial factors that accelerated wound closure induced release

of IL-1b, TNF-a, IL-6 and IL-8 (Fig. S2). These cytokines are

known to play a role in stimulating migration and/or proliferation

of cancerous ECs [27]. However, even highest concentrations of

these cytokines detected in cell supernatants (IL-8-3 ng/ml, IL-6-

1 ng/ml, TNF-a–0.3 ng/ml, and IL-1 b–0.1 ng/ml) were not

sufficient to accelerate wound closure (data not shown). Indepen-

dence of TLR-mediated repair from inflammatory cytokines is

further supported by the observation that the TLR3 ligand

poly(I:C), which exerted detrimental effect on ECs, induced the

highest levels of cytokines as compared to other TLR agonists (Fig.

S2). Finally, a mixture of blocking monoclonal antibodies (mAbs)

against IL-1b, TNF-a, IL-6, and IL-8 had no significant effect on

PGN-stimulated wound healing (Fig. 4B).

To gain insight into signaling mechanisms, we stimulated NCI-

H292 cells with the TLR2 agonist Pam3CSK4 and analyzed the

phosphorylation of 42 different receptor tyrosine kinases (RTKs)

using a human phospho-RTK microarray. We detected that

activation of TLR2 in ECs induced phosphorylation of a set of

RTKs implicated in epithelial repair, growth and carcinogenesis

(Fig. 4C). Notably, EGFR (ErbB-1) and all other members of

EGFR family HER2/c-neu (ErbB-2), Her 3 (ErbB-3) and Her 4

(ErbB-4) were among the most activated RTKs. In addition, Axl,

EphB2, HGFR, Tie-2, and TrkA were also activated (Fig. 4C).

Based on the microarray data indicating the link between TLR2

Figure 3. TLR ligands induce epithelial growth responses and protect from apoptosis. (A) Subconfluent NCI-H292 cells or (B) human PBECs were
stimulated with selected TLR or NOD ligands including PGN, LTA, Pam3CSK4 (Pam), LPS, flagellin (Flag), CL097 (CL), poly(I:C) (pI:C), ODN2006 type B
(ODN), murabutide at indicated concentrations (mg/ml), heat-inactivated S. aureus (,0.56108 CFU/ml), or SFM alone; after 24 h the numbers of
metabolically active cells were measured by the WST assay (n = 8, * P,0.05 as compared to SFM). NCI-H292 cells were assayed after 18 h of serum
starvation, PBECs-without serum starvation. In B, the value of starting WST measurement at the beginning of experiment (before changing to serum-
free conditions) is shown as ‘‘Start’’. (C) Semi-confluent human PBECs were exposed to TLR2 ligands Pam3CSK4, PGN, or LTA for 24 h. The numbers of
apoptotic cells, which correlate positively with binding to exogenously added annexin V, were analyzed by an annexin-binding assay using FACS.
Black histograms refer to SFM group, and colored histograms refer to different stimuli (concentrations are indicated at the upper rows immediately
below the names of the groups). At the lower rows, the mean fluorescence intensity (MFI) of annexin binding is indicated. The data of representative
experiments is shown. Bars represent SD.
doi:10.1371/journal.pone.0001393.g003
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and EGFR, we evaluated the relevance of EGFR-mediated

signaling for epithelial repair induced by TLR2 signals using the

selective EGFR inhibitor AG1478. This substance completely

blocked the effect of PGN on the healing of mechanically wounded

NCI-H292 cell monolayers (Fig. 4D). Specifically, the cell

migration from the wound edges was affected (Fig. 4E), indicating

that increased EC migration during wound repair induced by

TLR2 signals is an EGFR-mediated process.

DISCUSSION
ECs form a physical barrier against environmental factors,

including microorganisms [28]. Important feature of surface

epithelia as barrier tissue is their ability to resist injury which

can potentially be induced by every pathogen interacting with

ECs. Mucosal pathogens and their products have been tradition-

ally associated with epithelial death, tissue injury and inflamma-

tion [29,30]. The main finding of this study is the ability of

microbial patterns to regulate epithelial homeostasis during direct

interaction with ECs. We propose a model in which damaged ECs

respond to microbes by increased repair. Using airway epithelium

as a prototypical barrier tissue, we found that incativated S. aureus

and various bacterial products signaling via TLR2 and TLR5 can

directly stimulate epithelial wound repair and increase prolifera-

tion and survival of uninjured ECs. The NOD proteins that

recognize microbial patterns in the cytosol and endosomal TLRs

do not exert such effects. To the best of our knowledge, this is the

first study demonstrating that bacteria as well as microbial patterns

signaling via TLR2 and TLR5 directly modulate a whole panel of

non-immune responses related to repair and homeostasis in

human ECs.

The role of microbial factors in the regulation of structural

integrity of mucosal tissues has been investigated in several recent

studies. It has been shown that MyD88 signaling controls the

balance between EC proliferation and differentiation under

steady-state conditions and that recognition of commensal bacteria

by mucosal cells is critical for the maintenance of intestinal

homeostasis [31]. Further studies revealed that macrophages and

Table 1. TLR ligands regulate epithelial proliferation.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NCI-H292 PBECs

Group Mean6SD P Mean6SD P

SFM 0.12660.009 0.09160.005

PGN2 0.13460.005 ,0.05 0.09560.009 ,0.05

PGN10 0.14060.007 0.002 0.09460.007 NS

PGN50 0.14860.006 ,0.001 0.09860.008 ,0.05

Pam10 0.14360.007 ,0.001

LPS50 0.14060.005 0.001

Flag10 0.14060.008 ,0.01

CLO20 0.12560.006 NS

PolyI:C25 0.11960.006 ,0.05

Subconfluent NCI-H292 cells and PBECs were stimulated with different TLR
agonists at indicated concentrations (mg/ml) or SFM for 24 h; thereafter cell
proliferation was analyzed by a BrdU ELISA-based assay, as described in
Methods; the absorbance data shown here directly corresponds to the BrdU
incorporation by the cells.
doi:10.1371/journal.pone.0001393.t001..
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Figure 4. Microbial factors regulate epithelial repair using TLR and
EGFR pathways independently of inflammatory cytokines. (A) At the
day of seeding, NCI-H292 cells were transfected with 5 nM of one of
two different siRNAs against TLR2 (si1 and si2), control siRNA (contr si),
or remained untransfected; 48 h after, the cells were subjected to
serum-starvation for 16 h. Confluent monolayers were wounded
mechanically and then immediately stimulated with 10 mg/ml PGN or
SFM; 24 h after stimulation the RWA was measured (n = 5; * P,0.001 as
compared to the PGN group, N.S. = not significant). (B) Mechanically
wounded NCI-H292 cell monolayers were stimulated with 10 mg/ml
PGN in the presence of a mixture of neutralizing monoclonal antibodies
against cytokines IL-1b, TNF-a, IL-6, IL-8 (each at 1 mg/ml); RWAs were
calculated at the end of day 1 after injury (n = 4 in PGN group, n = 5 in
other groups; * P,0.001, N.S. = not significant). (C) Serum-starved NCI-
H292 cells were stimulated with 1 mg/ml Pam3CSK4 (Pam) or SFM
(control) during 10 min and then lysed with RIPA, centrifuged and
subjected for phospho-receptor tyrosine kinase (RTK) antibody micro-
array; representative membranes corresponding to control (upper) and
Pam (lower)-stimulated cells are shown; activated RTKs are indicated.
(D-E) Confluent NCI-H292 monolayers were exposed to the selective
inhibitor of EGFR tyrosine kinase AG1478 (AG, 1 mM), 1 h before and
immediately after wounding prior to addition of 10 mg/ml PGN, 20 ng/
ml TGF-a, or SFM, or treated with same stimuli without exposure to
AG1478; (D) RWAs were measured 24 h after wounding (n = 5,
* P,0.001). (E) Wound edges of NCI-H292 monolayers were analyzed
for cell migration; micrographs of representative experiment; aster-
isk = lamellipodia formation; bar = 500 mm. Bars represent SD.
doi:10.1371/journal.pone.0001393.g004

Table 2. TLR ligands regulate proliferation of cancer cells.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cells Group Mean6SD P

U1810 SFM 1.160.1

PGN50 1.360.15 ,0.03

HeLa SFM 1.23560.04

PGN20 1.3260.03 ,0.001

PGN50 1.3660.03 ,0.001

LPS50 1.3160.05 0.005

Flag10 1.4160.05 ,0.001

Subconfluent U1810 and HeLa cells were stimulated with indicated TLR ligands
at indicated concentrations (mg/ml) or SFM for 24 h; thereafter numbers of
metabolically active cells were measured by a WST proliferation assay; the
absorbance data directly corresponds to the numbers of viable cells; n = 8, * P
values indicated as compared to SFM.
doi:10.1371/journal.pone.0001393.t002..
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stromal cells are involved in epithelial repair by the recognition of

invading microbes and production of factors regulating epithelial

progenitor cell activity [32,33]. Our study provides evidence that

bacteria and associated factors can directly induce repair-related

processes in ECs independently from bone marrow-derived cells

and inflammation. In support of our finding, one recent study

revealed increased epithelial proliferation in the colon of mice,

whose ECs were deficient in the single immunoglobulin IL-1

receptor-related molecule (SIGIRR), a negative regulator for Toll-

IL-1R signaling [34]. Our data raise an intriguing possibility that,

under physiological conditions, the presence of the small amounts

of certain microorganisms may control epithelial barrier integrity

without developing inflammation.

An important finding of the present study is the observation that

distinct TLRs mediate different effects on epithelial homeostasis.

Whereas microbial factors signaling via cell-surface expressed

TLR2 and TLR5 increased epithelial wound closure, proliferation

and survival, ligands of endosomal TLRs mediated an opposite

effect. In agreement with our data, TLR2 and TLR5 signaling

have been found to be important for maintaining tight junctions

assembly [35] and cytoprotection [36] in intestinal ECs. Our study

adds to these observations, providing evidence that interaction of

microbial factors signaling via these PRRs with ECs results in a

more rapid repair of the injured epithelium and contributes to

maintenance of EC turnover under steady-state. Notably,

stimulation of endosomal TLRs, including TLR3, TLR7/8, and

TLR9, did not induce these effects and even caused death of ECs

and delayed epithelial wound closure. Importantly, expression of

these receptors in cells analyzed in our study have been previously

determined at levels comparable with TLR2 and TLR5 [37]

suggesting that the inefficacy of endosomal TLRs in inducing

epithelial repair is likely due to their signaling particularities. The

toxic effect of such signaling in ECs is likely due to the pro-

apoptotic action of type I IFNs normally induced upon stimulation

of endosomal TLRs [38]. Accordingly, type I IFNs antagonize

proliferation and survival of fibroblasts caused by stimulation of

TLR3 and TLR4 [39]. A similar mechanism may operate in ECs.

In agreement with our data, rotavirus double-stranded RNA is

known to induce TLR3 signaling and to cause apoptosis and

delayed repair in rat intestinal ECs [40]. Two recent articles

reported the role for TLR4 in epithelial wound closure [41] and

viability of intestinal ECs [42]. We did not observed a significant

effect on wound repair when ultra pure LPS was used, suggesting

that the presence of a small amounts of other microbial products

signaling via TLR2 and or TLR5 in not ultra-pure LPS

preparations may be a reason for such discrepancy [43]. There

are several distinctive features of TLR4 signaling that may explain

why ultra pure LPS does not exert EC responses as do TLR2 and

TLR5. First, as compared to other non-endosomal TLRs,

signaling via TLR4 may involve MyD88-independent pathway

responsible for type I IFN production [44], that may negatively

influence survival and repair of ECs. Second, expression of TLR4

within intracellular compartments of ECs has been reported [45]

and presence of additional factors may be critical for LPS delivery

and induction of epithelial responses via TLR4.

Three carcinoma cell lines, bronchial mucoepidermoid carcino-

ma-derived cells NCI-H292, non-small cell lung carcinoma cells

U1810, and cervical adenocarcinoma cells HeLa, responded to

TLR2 stimulation by increased proliferation, suggesting that TLR2

ligands could act as direct tumor-promoting factors. Ligands of

TLR2 and TLR5 also induced migration of NCI-H292 cells,

suggesting that both cancer growth and spreading can be affected by

certain TLR signals. It has been previously shown that LPS increases

DNA synthesis in colon carcinoma cells [46] and growth of epithelial

ovarian cancer cells [47]. In both studies, however, the effects have

been suggested to be induced through the generation of inflamma-

tory signaling in ECs. Although, we also detected increased release of

pro-inflammatory cytokines from TLR-stimulated airway ECs, the

concentrations detected were insufficient to induce the effects on

epithelial repair, supporting our idea that the interaction between

innate immune recognition and epithelial repair represents a

phenomenon distinct from a well-established link between inflam-

mation and cancer [48]. Consistent with our data, higher

concentrations of inflammatory cytokines were necessary to induce

epithelial migration or proliferation in previous studies [49–52].

Looking at the molecular mechanism coupling TLR signaling to

epithelial homeostasis, we found that stimulation of epithelial

TLRs induces activation of a panel of receptors with tyrosine

kinase activity. Notably, all four members of the EGFR family

including EGFR (ErbB-1), HER2/c-neu (ErbB-2), Her 3 (ErbB-3),

and Her 4 (ErbB-4) displayed the maximal increase of phosphor-

ylation. Although microarray analysis revealed that EGFR is the

principal RTK regulated by TLR2 signaling, several other RTKs

were also significantly activated following TLR2 engagement.

Some of them, like Axl [53], EphB2 [54], HGFR [55], and the

nerve growth factor receptor TrkA [56] are implicated in epithelial

repair, proliferation, and cancer growth. Our data show that

EGFR plays a predominant role in mediating wound healing

induced by TLR2 signals in ECs, since specific blockade of the

RTK associated with this receptor completely abolished the effect

of PGN on epithelial migration and repair. Interestingly, some

recent studies also revealed that microbial factors interfere with

epithelial EGFR signaling. S. aureus and associated factors, LTA,

protein A, and a-toxin, have been found to elicit airway mucus

production [57], alter TNFR signaling [58] and induce a

mitogenic effect [59] in ECs by activation of EGFR. The present

study demonstrates that homeostatic cell responses depend on

TLR signaling which is coupled to EGFR activation in ECs.

Taken together, we provide evidence for the presence of a direct

link between TLR-mediated recognition of microbes by ECs and

epithelial homeostasis. TLR signals induce an autonomous

compensatory program in ECs resulting in increased migration,

proliferation, survival, and wound repair. This mechanism

operates independently of inflammatory cells and cytokines,

involves activation of EGFR, is likely involved in regulation of

epithelial integrity under steady-state conditions as well as during

infection, tissue damage, and cancer development, and, therefore,

may be of particular scientific and clinical importance.

MATERIALS AND METHODS

Cell culture
Primary human bronchial ECs (PBECs) were isolated from large

airways resected during surgery and cultivated either as conven-

tional submersed cultures or as air-liquid interface (ALI) cultures

as described [60]. The protocol was approved by the ethics

committees of the Universities of Marburg and München, and

informed consent was obtained from the donors. Donors (42, 39,

53 years of age) underwent lung transplantation due to pulmonary

fibrosis. Results did not differ between cells from the donors. The

human EC lines NCI-H292, U1810, and HeLa (ATCC,

Manassas, VA) were cultured at 37uC in 5% CO2 in RPMI

1640 medium (Gibco, Grand Island, NY) supplemented with

2 mM L-glutamine, 100 U/ml penicillin, 100 m/ml streptomycin

(PAA Laboratories GmbH, Pasching, Austria) and containing 10%

heat-inactivated FBS (Gibco). All experiments were performed

under serum-free conditions after 16–24 h serum starvation period

unless otherwise indicated.
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Wound repair assay and EC stimulation
Epithelial wound closure assay was performed as described [60].

NCI-H292 cells were grown to confluence in 6-well tissue culture

plates. Circular (,1.0–2.0 mm in diameter for conventional

wound closure experiments) or linear (,0.2 mm in width for

analysis of rapid cell migration) wounds were scraped in each well

with a sterile 10-ml pipette tip. The wounded monolayers were

rinsed with serum-free medium (SFM) to remove cellular debris

and then different stimuli were applied. The wound area was

determined using inverted phase contrast microscope (Axiovert 25;

Carl Zeiss GmbH, Oberkochen, Germany), using the Evolution

LC Megapixel FireWire Camera Kit bundled with Image-Pro

Discovery software (Media Cybernetics, Inc., Silver Spring, MD)

immediately after wound creation and at different post-wounding

time-points and expressed as ‘‘remaining wound area’’ corre-

sponding to the percentage of the area measured immediately after

wounding. To assess the contribution of cell migration to the

wound closure process, the wound edges were examined at

different time points after wounding for the presence and intensity

of lamellipodia formation using a videomicroscopy technique. To

study the repair of differentiated airway epithelial cells, we

mechanically damaged the ALI cultures by a sterile pipette tip,

scraping off a ring of cells (,3 mm in diameter) without damaging

to the filter support. The stimuli were added in both upper and

bottom compartments of ALI culture system to provide the access

to both apical and basolateral receptors of ECs. Epithelial repair

was evaluated by the measurement of transepithelial electrical

resistance (TER) at different time points using an epithelial

ohmmeter (EVOM, World Precision Instruments, Sarasota, FL).

The results were expressed as TER recovery indicating an increase

of TER (%) comparing to the immediate post-wounding value.

Wounded ECs were stimulated with heat-inactivated S. aureus

(,0.56108 CFU/ml) or one of following microbial patterns (all from

InvivoGen, San Diego, CA, unless otherwise indicated): peptidogly-

can (PGN; Bacillus subtilis and S. aureus); lipoteichoic acid (LTA;

Steptococcus pyogenes; Sigma Aldrich), fibroblast-stimulating lipopep-

tide-1 (FSL-1; Mycoplasma salivarium), macrophage-activating lipopep-

tide-2 (MALP-2; Mycoplasma fermentans, 1 mg/ml), Pam3CSK4,

polyinosine-polycytidylic acid (poly(I:C)), LPS (E. coli 0111:B4;

Sigma-Aldrich or ultra pure preparations from InvivoGen), flagellin

(Salmonella typhimurium), TLR7/8 ligand CL097, CpG (ODN2006

type B), NOD ligands murabutide and muramyl dipeptide (MDP;

10 mg/ml; Bachem, Heidelberg, Germany). Transforming growth

factor alpha (TGF-a; Sigma-Aldrich; 20 ng/ml), a specific ligand for

EGFR, was used as a positive control.

Analysis of epithelial growth and survival
For analysis of EC proliferation, BrdU labeling and detection kit

II, colorimetric BrdU ELISA kit as well as WST-1 proliferation

and viability assays were used according to manufacturer’s

instructions (Roche, Mannheim, Germany). The effect of different

stimuli on EC apoptosis was determined by the Annexin binding

Vybrant apoptosis assay (Invitrogen, Karlsruhe, Germany)

according to manufacturer’s instructions. Briefly, were washed

with PBS and then briefly trypsinized to obtain single cell

suspensions. Trypsin was subsequently inactivated by the addition

of culture medium containing 10% FCS and the cells were washed

with cold PBS. 10 ml of Alexa Fluor 488-conjugated annexin V

and 1 ml of 100 mg/ml of the propidium iodide working solution

were added to each 100 ml of cell suspension. After incubation at

room temperature for 15 min, annexin-binding buffer was added

and the stained cells were analyzed by FACS.

Cytokine ELISA
Cytokine levels in culture supernatants were determined using a

commercially available DuoSet ELISA Development kits for IL-6,

IL-8, TNF-a, and IL-1b, according to manufacturer’s instructions

(R&D Systems).

Analysis of signaling mechanisms
To determine the involvement of TLRs, NCI-H292 cells (0.5–

16106 cells per well of the 6-well plate) were transfected with

5 nM of TLR2 siRNA (Hs_TLR2_1 HP siRNA or Hs_TLR2_2

HP siRNA, QIAGEN GmbH, Hilden, Germany) or control

siRNA (QIAGEN) at the same day as cell planting using

HiPerFect transfection reagent (QIAGEN) following manufactur-

er’s instructions. When the cells reached confluence, the medium

was changed to SFM, and after 18–24 h of serum starvation, a

wound closure assay in the presence or absence of PGN (10 mg/

ml) was performed. Neutralizing mAbs against IL-1b, TNF-a, IL-

6, IL-8 (all at 1 mg/ml; R&D Systems) and a specific inhibitor of

EGFR tyrosine kinase (AG1478, 1 mM; Calbiochem) were used in

selected experiments. Human phospho-receptor tyrosine kinase

(RTK) antibody Proteome Profiler Array (R&D) analysis was

performed according to manufacturer’s protocol.

Statistical analysis
Values are displayed as mean6SD. Comparisons between groups

were analyzed by t test (two-sided), or ANOVA for experiments

with more than two subgroups. Post hoc range tests were

performed with the t test (two-sided) with Bonferroni adjustment.

Results were considered statistically significant for P,0.05.

SUPPORTING INFORMATION

Figure S1 LPS induces epithelial growth responses. Subcon-

fluent NCI-H292 cells were exposed to 1 mg/ml LPS (Sigma) or

1% FBS (Contr) and numbers of metabolically active cells were

measured by adding WST reagent at the indicated time-points

(n = 8, * P,0.01 as compared to SFM).

Found at: doi:10.1371/journal.pone.0001393.s001 (1.31 MB TIF)

Figure S2 Stimulation of NCI-H292 cells results cytokine

release. Levels of IL-1b, IL-6, IL-8, and TNF-a were detected

by ELISA in supernatants of NCI-H292 cells stimulated for 24 h

with indicated TLR ligands at indicated concentrations (mg/ml) or

SFM alone; data of a representative experiment (one of five).

Found at: doi:10.1371/journal.pone.0001393.s002 (7.58 MB TIF)

ACKNOWLEDGMENTS
We thank Thomas Damm and Heidi Villena for excellent technical

support.

Author Contributions

Conceived and designed the experiments: RB RS. Performed the

experiments: RB RS JB. Analyzed the data: RB RS JB. Contributed

reagents/materials/analysis tools: JB. Wrote the paper: RB RS JB.

TLR and Epithelial Homeostasis

PLoS ONE | www.plosone.org 7 January 2008 | Issue 1 | e1393



REFERENCES
1. Bals R, Hiemstra PS (2004) Innate immunity in the lung: how epithelial cells

fight against respiratory pathogens. Eur Respir J 23: 327–333.
2. Strober W, Fuss IJ, Blumberg RS (2002) The immunology of mucosal models of

inflammation. Annu Rev Immunol 20: 495–549.

3. Podolsky DK (1999) Mucosal immunity and inflammation. V. Innate
mechanisms of mucosal defense and repair: the best offense is a good defense.

Am J Physiol 277: G495–G499.
4. Whitsett JA (2002) Intrinsic and innate defenses in the lung: intersection of

pathways regulating lung morphogenesis, host defense, and repair. J Clin Invest
109: 565–9.

5. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R

(2004) Recognition of commensal microflora by toll-like receptors is required for
intestinal homeostasis. Cell 118: 229–241.

6. Janeway CA Jr, Medzhitov R (2002) Innate immune recognition. Annu Rev
Immunol 20: 197–216.

7. Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate

immunity. Cell 124: 783–801.
8. Pull SL, Doherty JM, Mills JC, Gordon JI, Stappenbeck TS (2005) Activated

macrophages are an adaptive element of the colonic epithelial progenitor niche
necessary for regenerative responses to injury. Proc Natl Acad Sci U S A 102: 99–104.

9. Brown SL, Riehl TE, Walker MR, Geske MJ, Doherty JM, et al. (2007) Myd88-
dependent positioning of Ptgs2-expressing stromal cells maintains colonic

epithelial proliferation during injury. J Clin Invest 117: 258–269.

10. Li M, Carpio DF, Zheng Y, Bruzzo P, Singh V, et al. (2001) An essential role of
the NF-kappa B/Toll-like receptor pathway in induction of inflammatory and

tissue-repair gene expression by necrotic cells. J Immunol 166: 7128–7135.
11. Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, et al. (2004) IKKbeta

links inflammation and tumorigenesis in a mouse model of colitis-associated

cancer. Cell 118: 285–296.
12. Dignass A, Lynch-Devaney K, Kindon H, Thim L, Podolsky DK (1994) Trefoil

peptides promote epithelial migration through a transforming growth factor
beta-independent pathway. J Clin Invest 94: 376–383.

13. Vermeer PD, Einwalter LA, Moninger TO, Rokhlina T, Kern JA, et al. (2003)
Segregation of receptor and ligand regulates activation of epithelial growth

factor receptor. Nature 20: 322–326.

14. Hornef MW, Bogdan C (2005) The role of epithelial Toll-like receptor expression
in host defense and microbial tolerance. J Endotoxin Res 11: 124–128.

15. Sousa S, Lecuit M, Cossart P (2005) Microbial strategies to target, cross or
disrupt epithelia. Curr Opin Cell Biol 17: 489–498.

16. Sansonetti PJ (2004) War and peace at mucosal surfaces. Nat Rev Immunol 4:

953–964.
17. Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339: 520–532.

18. Claude P, Goodenough DA (1973) Fracture faces of zonulae occludentes from
‘‘tight’’ and ‘‘leaky’’ epithelia. J Cell Biol 58: 390–400.

19. Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, Golenbock D (1999)

Cutting edge: recognition of Gram-positive bacterial cell wall components by the
innate immune system occurs via Toll-like receptor 2. J Immunol 163: 1–5.

20. Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jehanno M, et al. (2003)
Nod1 detects a unique muropeptide from gram-negative bacterial peptidogly-

can. Science 300: 1584–1587.
21. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R

(2004) Recognition of commensal microflora by toll-like receptors is required for

intestinal omeostasis. Cell 118: 229–241.
22. Cario E, Gerken G, Podolsky DK (2004) Toll-like receptor 2 enhances ZO-1-

associated intestinal epithelial barrier integrity via protein kinase C. Gastroen-
terology 127: 224–238.

23. Akira S, Hoshino K, Kaisho T (2000) The role of Toll-like receptors and MyD88

in innate immune responses. J Endotoxin Res 6: 383–7.
24. Fournier B, Philpott DJ (2005) Recognition of Staphylococcus aureus by the

innate immune system. Clin Microbiol Rev 18: 521–540.
25. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, et al. (2001) The innate

immune response to bacterial flagellin is mediated by Toll-like receptor 5.
Nature 410: 1099–103.

26. Fournier B, Philpott DJ (2005) Recognition of Staphylococcus aureus by the

innate immune system. Clin Microbiol Rev 18: 521–540.
27. Lin WW, Karin M (2007) A cytokine-mediated link between innate immunity,

inflammation, and cancer. J Clin Invest 117: 1175–1183.
28. Sousa S, Lecuit M, Cossart P (2005) Microbial strategies to target, cross or

disrupt epithelia. Curr Opin Cell Biol 17: 489–498.

29. Togbe D, Schnyder-Candrian S, Schnyder B, Couillin I, et al. (2006) TLR4
gene dosage contributes to endotoxin-induced acute respiratory inflammation.

J Leukoc Biol 80: 451–457.
30. Kang YH, Falk MC, Bentley TB, Lee CH (1995) Distribution and role of

lipopolysaccharide in the pathogenesis of acute renal proximal tubule injury.
Shock 4: 441–449.

31. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R

(2004) Recognition of commensal microflora by toll-like receptors is required for
intestinal homeostasis. Cell 118: 229–241.

32. Pull SL, Doherty JM, Mills JC, Gordon JI, Stappenbeck TS (2005) Activated
macrophages are an adaptive element of the colonic epithelial progenitor niche

necessary for regenerative responses to injury. Proc Natl Acad Sci U S A 102:

99–104.

33. Brown SL, Riehl TE, Walker MR, Geske MJ, Doherty JM, et al. (2007) Myd88-

dependent positioning of Ptgs2-expressing stromal cells maintains colonic
epithelial proliferation during injury. J Clin Invest 117: 258–269.

34. Xiao H, Gulen MF, Qin J, Yao J, Bulek K, et al. (2007) The Toll-interleukin-1

receptor member SIGIRR regulates colonic epithelial homeostasis, inflamma-
tion, and tumorigenesis. Immunity 26: 461–475.

35. Cario E, Gerken G, Podolsky DK (2004) Toll-like receptor 2 enhances ZO-1-
associated intestinal epithelial barrier integrity via protein kinase C. Gastroen-

terology 127: 224–238.
36. Vijay-Kumar M, Wu H, Jones R, Grant G, Babbin B, et al. (2006) Flagellin

suppresses epithelial apoptosis and limits disease during enteric infection.

Am J Pathol 169: 1686–1700.
37. Hou YF, Zhou YC, Zheng XX, Wang HY, Fu YL, et al. (2006) Modulation of

expression and function of Toll-like receptor 3 in A549 and H292 cells by
histamine. Mol Immunol 43: 1982–1992.

38. Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate

immunity. Cell 124: 783–801.
39. Hasan UA, Caux C, Perrot I, Doffin AC, Menetrier-Caux C, et al. (2007) Cell

proliferation and survival induced by Toll-like receptors is antagonized by type I
IFNs. Proc Natl Acad Sci U S A 104: 8047–8052.

40. Sato A, Iizuka M, Nakagomi O, Suzuki M, Horie Y, et al. (2006) Rotavirus
double-stranded RNA induces apoptosis and diminishes wound repair in rat

intestinal epithelial cells. J Gastroenterol Hepatol 21: 521–530.

41. Koff JL, Shao MX, Kim S, Ueki IF, Nadel JA (2006) Pseudomonas
lipopolysaccharide accelerates wound repair via activation of a novel epithelial

cell signaling cascade. J Immunol 177: 8693–8700.
42. Fukata M, Chen A, Klepper A, Krishnareddy S, Vamadevan AS, et al. (2006)

Cox-2 is regulated by Toll-like receptor-4 (TLR4) signaling: Role in proliferation

and apoptosis in the intestine. Gastroenterology 131: 862–877.
43. Hirschfeld M, Ma Y, Weis JH, Vogel SN, Weis JJ (2000) Cutting edge:

repurification of lipopolysaccharide eliminates signaling through both human
and murine toll-like receptor 2. J Immunol 165: 618–622.

44. Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate
immunity. Cell 124: 783–801.

45. Hornef MW, Frisan T, Vandewalle A, Normark S, Richter-Dahlfors A (2002) Toll-

like receptor 4 resides in the Golgi apparatus and colocalizes with internalized
lipopolysaccharide in intestinal epithelial cells. J Exp Med 195: 559–570.

46. Kojima M, Morisaki T, Izuhara K, Uchiyama A, Matsunari Y, et al. (2000)
Lipopolysaccharide increases cyclo-oxygenase-2 expression in a colon carcinoma

cell line through nuclear factor-kappa B activation. Oncogene 19: 1225–1231.

47. Kelly MG, Alvero AB, Chen R, Silasi DA, Abrahams VM, Chan S, et al. (2006)
TLR-4 signaling promotes tumor growth and paclitaxel chemoresistance in

ovarian cancer. Cancer Res 66: 3859–3868.
48. Lin WW, Karin M (2007) A cytokine-mediated link between innate immunity,

inflammation, and cancer. J Clin Invest 117: 1175–1183.

49. Itoh Y, Joh T, Tanida S, Sasaki M, Kataoka H, et al. (2005) IL-8 promotes cell
proliferation and migration through metalloproteinase-cleavage proHB-EGF in

human colon carcinoma cells. Cytokine 29: 275–282.
50. Giri D, Ozen M, Ittmann M (2001) Interleukin-6 is an autocrine growth factor

in human prostate cancer. Am J Pathol 159: 2159–2165.
51. Corredor J, Yan F, Shen CC, Tong W, John SK, et al. (2003) Tumor necrosis

factor regulates intestinal epithelial cell migration by receptor-dependent

mechanisms. Am J Physiol Cell Physiol 284: C953–C961.
52. Geiser T, Jarreau PH, Atabai K, Matthay MA (2000) Interleukin-1beta

augments in vitro alveolar epithelial repair. Am J Physiol Lung Cell Mol Physiol
279: L1184–L1190.

53. Valverde P, Obin MS, Taylor A (2004) Role of Gas6/Axl signaling in lens

epithelial cell proliferation and survival. Exp Eye Res 78: 27–37.
54. Hafner C, Meyer S, Langmann T, Schmitz G, Bataille F, et al. (2005) Ephrin-B2

is differentially expressed in the intestinal epithelium in Crohn’s disease and
contributes to accelerated epithelial wound healing in vitro. World J

Gastroenterol 11: 4024–4031.
55. Nusrat A, Parkos CA, Bacarra AE, Godowski PJ, lp-Archer C, et al. (1994)

Hepatocyte growth factor/scatter factor effects on epithelia. Regulation of

intercellular junctions in transformed and nontransformed cell lines, basolateral
polarization of c-met receptor in transformed and natural intestinal epithelia,

and induction of rapid wound repair in a transformed model epithelium. J Clin
Invest 93: 2056–2065.

56. Lambiase A, Manni L, Bonini S, Rama P, Micera A, Aloe L (2000) Nerve

growth factor promotes corneal healing: structural, biochemical, and molecular
analyses of rat and human corneas. Invest Ophthalmol Vis Sci 41: 1063–1069.

57. Lemjabbar H, Basbaum C (2002) Platelet-activating factor receptor and ADAM10
mediate responses to Staphylococcus aureus in epithelial cells. Nat Med 8: 41–46.

58. Gomez MI, Lee A, Reddy B, Muir A, Soong G, et al. (2004) Staphylococcus
aureus protein A induces airway epithelial inflammatory responses by activating

TNFR1. Nat Med 10: 842–848.

59. Haugwitz U, Bobkiewicz W, Han SR, Beckmann E, Veerachato G, et al. (2006)
Pore-forming Staphylococcus aureus alpha-toxin triggers epidermal growth

factor receptor-dependent proliferation. Cell Microbiol 8: 1591–1600.
60. Shaykhiev R, Beisswenger C, Kaendler K, Senske J, Puechner A, et al. (2005) The

human endogenous antibiotic LL-37 stimulates airway epithelial cell proliferation

and wound closure. Am J Physiol Lung Cell Mol Physiol 289: 842–848.

TLR and Epithelial Homeostasis

PLoS ONE | www.plosone.org 8 January 2008 | Issue 1 | e1393


