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Abstract

Fibroblasts are important effector cells having a potential role in augmenting the inflammatory responses in various
diseases. In infantile diarrhea caused by enteropathogenic Escherichia coli (EPEC), the mechanism of inflammatory reactions
at the mucosal site remains unknown. Although the potential involvement of fibroblasts in the pathogenesis of cryptococcus-
induced diarrhea in pigs has been suggested, the precise role of lamina propria fibroblasts in the cellular pathogenesis of
intestinal infection and inflammation caused by EPEC requires elucidation. Earlier we reported the lipopolysaccharide
(LPS)-induced cell proliferation, and collagen synthesis and downregulation of nitric oxide in lamina propria fibroblasts. In
this report, we present the profile of cytokines and adhesion molecules in the cultured and characterized human small
intestinal lamina propria fibroblasts in relation to neutrophil migration and adhesion in response to lipopolysaccharide (LPS)
extracted from EPEC 055:B5. Upon interaction with LPS (1^10 Wg/ml), lamina propria fibroblasts produced a high level of
proinflammatory mediators, interleukin (IL)-1K, IL-1L, IL-6, IL-8, tumor necrosis factor (TNF)-K and cell adhesion
molecules (CAM) such as intercellular cell adhesion molecule (ICAM), A-CAM, N-CAM and vitronectin in a time-
dependent manner. LPS induced cell-associated IL-1K and IL-1L, and IL-6, IL-8 and TNF-K as soluble form in the
supernatant. Apart from ICAM, vitronectin, A-CAM, and N-CAM proteins were strongly induced in lamina propria
fibroblasts by LPS. Adhesion of PBMC to LPS-treated lamina propria fibroblasts was ICAM-dependent. LPS-induced
ICAM expression in lamina propria fibroblasts was modulated by whole blood, PBMC and neutrophils. Conditioned
medium of LPS-treated lamina propria fibroblasts remarkably enhanced the neutrophil migration. The migration of
neutrophils was inhibited by anti-IL-8 antibody. Co-culture of fibroblasts with neutrophils using polycarbonate membrane
filters exhibited time-dependent migration of neutrophils. These findings indicate that the coordinate production of
proinflammatory cytokines and adhesion molecules in lamina propria fibroblasts which do not classically belong to the
immune system can influence the local inflammatory reactions at the intestinal mucosal site during bacterial infections and
can influence the immune cell population residing in the lamina propria. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In£ammatory responses generated by ¢broblasts
involve the secretion of proin£ammatory cytokines
and expression of adhesion molecules. Fibroblasts
have been shown to be the target of lipopolysaccha-
ride (LPS), and activation of these cells by LPS has
been linked to the pathogenesis of variety of disor-
ders. Fibroblasts are therefore thought to play an
important role in the development of in£ammation
at a particular site of the host which is a prime step
in bacterial infection. Skin, synovial and pulmonary
¢broblasts are known to produce colony-stimulating
factors (CSF) and interleukin (IL)-8 when stimulated
with IL-1 or tumor necrosis factor (TNF)-K, thereby
participating in the disease process [1^3]. Adhesion
molecules such as intercellular cell adhesion molecule
(ICAM) and vascular cell adhesion molecule (V-
CAM) are expressed on the surface of the ¢broblasts
[4,5]. Moreover, studies with respiratory and synovial
tissues have demonstrated that growth factors and
cytokines released from cultured ¢broblasts can sup-
port the growth, di¡erentiation and activation of in-
£ammatory cells [6]. It is also known that cytokine
secretion by the ¢broblasts is upregulated by bacte-
rial LPS and viruses [7]. LPS has been recognized as
a major triggering molecule for host in£ammatory
response observed during Gram-negative infections
[8]. These observations suggest that following stimu-
lation by bacteria or bacterial products such as LPS
during infection, production of proin£ammatory cy-
tokines and expression of adhesion molecules by ¢-
broblasts at an in£ammatory site can optimize the
in£ammatory response.

The role of the speci¢c cell population leading to
in£ammation in the intestinal diseases remain un-
clear. Elevated levels of IL-1K, G-CSF and trans-
forming growth factor (TGF)-L, expression of
ICAM in the lamina propria of patients with in£am-
matory bowel diseases [9^12], and cytokine gene and
adhesion molecules in normal duodenal ¢broblasts,
have been detected [13]. Enteropathogenic Escheri-
chia coli (EPEC) is a leading cause of severe and
persistent infantile diarrhea, claiming nearly millions
of deaths per year [14], but the mechanism of EPEC-
induced diarrhea is intriguing. However, the loss of
the brush border of small intestine observed in EPEC
infection is not the cause of diarrhea [15,16] and on

the other hand, extensive in¢ltration of PMN in lam-
ina propria and intestinal lumen was observed [17],
which was suggested to be one of the factors respon-
sible for the diarrhea [18]. The role of lamina propria
¢broblasts has not been studied in detail with respect
to the kinetics of cytokine pro¢le and expression of
adhesion molecules and their modulatory role in neu-
trophil migration in response to LPS of EPEC, one
of the potent in£ammatory stimuli of Gram-negative
bacteria. We determined in our previous study that
LPS-induced suppression of nitric oxide (NO) leads
to the cell proliferation and collagen synthesis in hu-
man small intestinal lamina propria ¢broblasts
(HSILPF) [19]. However, it was of immense interest
to investigate the in£ammatory responses evoked in
HSILPF by LPS. Therefore, in the present study we
decided to illustrate whether LPS regulates the cyto-
kine production and protein pro¢le of adhesion mol-
ecules in lamina propria in a dose- and time-depend-
ent manner, and if so, whether these cytokines and
adhesion molecules modulate the neutrophil migra-
tion and PBMC adhesion.

In this study we report that LPS induced produc-
tion of cell-associated IL-1K and IL-1L and soluble
IL-6, IL-8 and TNF-K, and expression of adhesion
molecules ICAM-1, vitronectin, A-CAM and N-
CAM in lamina propria ¢broblasts. The production
of these in£ammatory mediators coupled with neu-
trophil migration and PBMC adhesion suggest the
possible involvement of lamina propria ¢broblasts
in the manifestation of in£ammation due to EPEC
infection.

2. Materials and methods

2.1. LPS preparation

LPS was extracted from enteropathogenic E. coli
O55:B5 by hot phenol water extraction [20] and bio-
chemically characterized [21]. The activity of LPS
was found to be 100 000 EU/ml as measured by li-
mulus amoebocyte assay kit (LAL kit, Sigma).

2.2. Human small intestinal lamina propria ¢broblasts
(HSILPF)

Small intestinal lamina propria ¢broblasts were
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established from human fetuses (n = 48, 18^22 weeks)
obtained after medical termination of pregnancy
(MTP) from the hospitals and used in accordance
with the institutional guidelines as described previ-
ously [19]. HSILPF were cultured from 50 fetuses,
characterized and cryopreserved at passage 2. Cells
from 10 vials (one vial of each fetus) were randomly
revived and plated separately. Preliminary experi-
ments were carried out with individual samples in
triplicate (data not shown) and no di¡erence was
observed between the cells of di¡erent fetuses.
Henceforth, all 10 vials were pooled together and
the cells in all the experiments were used at passage
3^10.

2.3. HSILPF stimulation

Cells at a density of 106/well were plated in 24-well
plates supplemented with Dulbecco's modi¢ed Ea-
gle's medium (DMEM) and 1% fetal calf serum
(FCS). Di¡erent concentrations of LPS prepared in
DMEM^1% FCS were added to the cultures. De-
pending upon the reaction conditions, the plates
were incubated at 37³C/5% CO2. After the indicated
time interval, supernatant samples were collected,
centrifuged and stored at 380³C until use. For cell-
associated cytokine analysis, fresh medium was
added to the cells followed by three cycles of freezing
and thawing at 380³C. Samples were centrifuged
brie£y before assay. In certain experiments, 25 Wg/
ml polymyxin B (PMB) was incorporated in the cul-
ture medium along with LPS. Enzyme-linked immu-
nosorbent assay (ELISA) kits for cytokine assay (IL-
1K, IL-1L, IL-6, IL-8, TNF-K) from a commercial
source (RpD Systems, Minneapolis, MN) were
used according to the manufacturer's instructions.

2.4. Isolation of neutrophils and peripheral blood
mononuclear cells (PBMC)

Neutrophils and PBMC were isolated from the
blood collected from healthy volunteers as described
previously [18]. Neutrophils and PBMC were washed
and resuspended in RPMI.

2.5. ICAM assay

104 lamina propria cells per well were plated in 96-

well microtiter plates. Cell layers were incubated with
10 Wg/ml of LPS together with 106 whole blood cells,
PBMC or neutrophils. In some experiments cells
were incubated with PMB (25 Wg/ml) and LPS. The
plates were incubated for 8 h. At the end of the
experiments the cells were washed ¢ve times with
DMEM, and ICAM expressed by HSILPF was de-
termined by direct cellular ELISA (CELISA) on
the cell surface using ¢rst anti-ICAM mAb (Boehr-
inger Mannheim) and a second peroxidase-conju-
gated goat anti-mouse IgG. Color was developed
by o-phenylenediamine and H2O2 as substrate, and
the plates were read at 490 nm (Dynatech ELISA
reader).

2.6. Migration of neutrophils

Con£uent monolayer of HSILPF was treated with
10 Wg/ml of LPS for 24 h. The conditioned medium
(CM) was collected, centrifuged and used as chemo-
tactic medium. Neutrophils at a density of 106 were
added to the upper chamber of cell culture insert (5
Wm pore size, Coaster) and the inserts were placed in
a 24-well plate containing various stimuli. As a pos-
itive control 1 Wm N-formyl-methionyl-leucyl-phenyl-
alanine (fMLP) (Sigma) was included in the experi-
ments and the migration of neutrophils was
determined. The plates were incubated for 8 h. Mi-
gration of neutrophils was assessed by quantitation
of myeloperoxidase [22]. In brief, neutrophils which
migrated onto the other side of membrane were lysed
by 0.5% Triton X-100. Peroxidase assay was deter-
mined by addition of an equal volume of 1 mM 2,2P-
di(3-ethyl)dithiazoline sulfonic acid and 10 mM
H2O2 in 100 mM citrate (pH 4.2). The color reaction
was quantitated spectrophotometrically at 410 nm
(Dynatech ELISA reader). Standard curves were pre-
pared by using a known number of neutrophils, and
standard curves were prepared for each experiment.
For some experiments, CM was incubated with anti-
IL-8 antibody (30 Wg/ml, Genzyme) and anti-ICAM
antibody (30 Wg/ml) at 37³C for 1 h prior to the
experiment.

2.7. Co-culture of neutrophil and lamina propria
¢broblasts

106 neutrophils were added to the upper cham-
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ber of cell culture inserts and placed in 24-well
plates with lamina propria ¢broblasts exposed to
various stimulants. The plates were incubated for
various time intervals and the number of neutro-
phils which migrated were measured as described
above.

2.8. Adhesion assay

Lamina propria ¢broblasts were grown on glass
coverslips and exposed to stimulants for di¡erent
time periods. After the indicated time periods,
PBMC (106 cells/well) were added and incubated
for 2 h at 37³C/5%CO2. The coverslips were gently
washed with DMEM, ¢xed and stained with Giemsa.
The number of PBMC adhering to the ¢broblast
layer was counted microscopically (100 microscopic
¢elds).

2.9. Detection of IL-1K, IL-1L, vitronectin, A-CAM
and N-CAM in HSILPF by Western blot

Lamina propria ¢broblasts were seeded in a 35-
mm petri dish. After 24 h, 10 Wg/ml LPS was intro-
duced into each petri dish and further incubated for
the indicated time period. After each time period, cell
layer was lysed by hot lysis bu¡er (2% SDS, 10%
glycerol, 1% 2-mercaptoethanol). Protein concentra-
tions in the lysates were determined by BCA kit
(Pierce). Total proteins (20 Wg per lane) present in
the samples were resolved by 8% SDS^PAGE ac-
cording to Laemmli [23]. The proteins were electro-
phoretically transferred to PVDF (Millipore) mem-
branes by electroblotting [24]. The blots were
blocked with 2% BSA and reacted with antibody to
IL-1K (1:100 dilution, Genzyme), IL-1L (1:100 dilu-
tion, Genzyme), vitronectin (1:2500 dilution, Sigma),

Fig. 1. E¡ect of LPS on soluble and cell-associated IL-1K and IL-1L production by lamina propria ¢broblasts. (A,C) HSILPF (106

cells/well) were stimulated with LPS (10 Wg/ml) for various time periods. IL-1K and IL-1L released into the supernatant and in cell-as-
sociated form were measured by immunoassay as described in Section 2.3. (B,D) Cells were stimulated with various concentrations of
LPS (0.01^10 Wg/ml) for 4 h. Cytokine assay in the cell-associated fraction was measured as described in Section 2.3. The results are
derived from a single experiment in triplicate and are expressed as the mean values þ S.D. of triplicates. For cell-associated IL-1K and
IL-1L, Western blot analysis was performed as described in Section 2.9 (insets in C and D).
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A-CAM (1:100 dilution, Sigma) and N-CAM (1:100
dilution, Sigma), followed by peroxidase-conjugated
goat anti-mouse IgG. The bands were detected by
using an ECL kit as per manufacturer's instructions
(Amersham).

2.10. Statistics

The statistical evaluation of the data was per-
formed using paired Student's t-test. Results were
expressed as mean values þ S.D. in triplicate of single
or multiple experiments. Results were considered
statistically signi¢cant at P6 0.05.

3. Results

3.1. Lamina propria ¢broblasts express enhanced level
of cell-associated IL-1K and IL-1L

IL-1K level in HSILPF as measured by ELISA in
response to LPS (10 Wg/ml) was elevated in a time-
dependent fashion. The production of IL-1K was de-
tected at 2 h, gradually increased by 16 h and then
declined at 24 h (Fig. 1A). IL-1K was mostly associ-
ated with cell fraction than that present in the super-
natant. Only a minimal quantity of soluble IL-1K (50
pg/ml) was released in the supernatants and the level
remained constant throughout the study period. As
shown in Fig. 1C, the basal level of cell-associated
IL-1K without LPS stimulation was not detected in
HSILPF by ELISA. LPS at the concentration range
below 0.01^1 Wg/ml did not show any di¡erence in
the IL-1K production, whereas with 10 Wg/ml LPS
there was a sudden increase in the cell-associated
IL-1K level. Consistent with the ELISA results,
Western blot analysis (Fig. 1C, inset) clearly showed
time-dependent expression of cell-associated IL-1K.

An abundant quantity of IL-1L was detected in the
supernatant of HSILPF exposed to LPS which re-
mained elevated during the course of the study
(Fig. 1B). However, in contrast to IL-1K, where the
soluble IL-1K level remained constant, the level of
soluble IL-1L was found to increase over the period
of time. The quantity of IL-1L was twice the amount
of soluble IL-1K at 24 h. As shown in Fig. 1D, the
basal level of cell-associated IL-1L was not detected
but upon LPS stimulation the production of cell-as-

sociated IL-1L level increased, which was dependent
on concentration of LPS used (0.01^10 Wg/ml). IL-1L
protein expression in cell fraction as analyzed by
Western blot was also gradually increased during
the study period (Fig. 1D, inset).

3.2. LPS induces soluble IL-6 level in lamina propria
¢broblasts

An abundant amount of IL-6 was produced in the

Fig. 2. Release of IL-6 by LPS in response to LPS. (A)
HSILPF were stimulated with LPS (10 Wg/ml) and incubated
for di¡erent time periods. IL-6 in the supernatant and cell frac-
tion was measured as described in Section 2.3. (B) Cells were
stimulated with LPS (0.01^10 Wg/ml) for 24 h. IL-6 in the
supernatants was measured as described in Section 2.3. The re-
sults are derived from a single experiment in triplicate and are
expressed as the mean values þ S.D. of triplicates.
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supernatant by HSILPF upon LPS stimulation (Fig.
2A). The production of IL-6 was time-dependent and
gradually increased from 2 h to 24 h. The amount of
cell-associated IL-6 remained constant throughout
the time period studied. The basal level of soluble
IL-6 in HSILPF was found to be 50 pg/ml (Fig.
2B). The dose^response pattern exhibited a gradual
increase in the level of soluble IL-6 in response to
di¡erent concentrations of LPS, and reached a max-
imum at 10 Wg/ml LPS.

3.3. Production of soluble form of IL-8 from lamina
propria ¢broblasts by LPS

When stimulated with LPS (10 Wg/ml), soluble IL-
8 was detectable in the supernatant of HSILPF by 2 h
and was elevated gradually up to 16 h (Fig. 3A).
No di¡erence in the IL-8 level was observed at 24 h
as compared to 16 h. Cell-associated IL-8 was de-
tected only at 8 h and the level remained constant
up to 24 h. A gradual increase in the IL-8 level was

Fig. 3. E¡ect of LPS on IL-8 release by lamina propria ¢bro-
blasts. (A) HSILPF were stimulated with LPS (10 Wg/ml) and
incubated for di¡erent time intervals. IL-8 in the supernatant
and cell fraction was measured as described in Section 2.3. (B)
Cells were stimulated with LPS (0.01^10 Wg/ml) for 24 h. IL-8
in the supernatants was measured as described in Section 2.3.
The results are derived from a single experiment in triplicate
and are expressed as the mean values þ S.D. of triplicates.

Fig. 4. E¡ect of LPS on TNF-K release by lamina propria ¢-
broblasts. (A) HSILPF was stimulated with LPS (10 Wg/ml) and
incubated for di¡erent time periods. TNF-K in the supernatant
and cell fraction was measured as described in Section 2.3. (B)
Cells were stimulated with LPS (0.01^10 Wg/ml) for 24 h. TNF-
K in the supernatants was measured as described in Section 2.3.
The results are derived from a single experiment in triplicate
and are expressed as the mean values þ S.D. of triplicates.
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observed with various concentrations of LPS (Fig.
3B). An approximately 70-fold increase in the IL-8
level was observed when the cells were treated with
10 Wg/ml LPS as compared to untreated cells (Fig. 3B).

3.4. LPS induces TNF-K production at an early phase
by HSILPF

The amount of TNF-K secreted in the culture

supernatant was rapidly elevated at 2 h in response
to LPS, in contrast to all other soluble cyto-
kines measured, and the level of TNF-K gradual-
ly decreased after 24 h (Fig. 4A). The level of cell-
associated TNF-K exhibited the same pattern as
that of soluble TNF-K. The basal level of TNF-
K was not detected in HSILPF and was induced
upon di¡erent concentrations of LPS used (Fig.
4B).

Table 1
E¡ect of polymyxin B sulfate (PMB) on cytokine production by lamina propria small intestinal ¢broblasts treated with LPS

Stimulus PMB Cytokine production (pg/ml)

IL-1K IL-1L IL-6 IL-8 TNF-K

None 3 ND ND 10( þ 1) 60( þ 2) ND
None + ND ND 9.5( þ 5) 57( þ 1) ND
LPS (10 Wg/ml) 3 200( þ 1) 150( þ 1) 11 000( þ 5) 3750( þ 9) 250( þ 1)
LPS (10 Wg/ml) + 10( þ 1) 8.5( þ 2) 100( þ 7) 50( þ 4) 5( þ 3)

Cells were treated with LPS (10 Wg/ml) alone or LPS and PMB (25 Wg/ml) for 24 h. Cytokines were measured as described in Section
2.3. ND, not detected.

Fig. 5. Migration of neutrophils. (A) Neutrophils were isolated as described in Section 2.4. 106 neutrophils (seeded in cell culture in-
serts) were stimulated with various stimulant and with 1 Wm fLMP as a positive control. Migration of neutrophils was measured as
described in Section 2.6. (B) Fibroblasts were co-cultured with neutrophils (separated by 5 Wm pore size membrane) under di¡erent re-
action conditions. Neutrophil migration was measured as described in Section 2.6. The results are derived from the six individual ex-
periments performed in triplicate and are expressed as the mean values þ S.D. of six experiments.
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3.5. Polymyxin B abrogates LPS-induced cytokine
expression

As described in Table 1, incorporation of PMB (25
Wg/ml) along with LPS completely diminished the IL-
6, IL-8 and TNF-K in the supernatants and cell-as-
sociated IL-1K and IL-1L cytokine production. PMB
alone did not a¡ect the cytokine production but ab-
lated the LPS-induced enhanced cytokine production
in HSILPF.

3.6. Conditioned media (CM) of LPS-treated
HSILPF induces migration of neutrophils

Media harvested from LPS-treated HSILPF in-
duced the migration of neutrophils in a convincing
manner. In fact, neutrophil migration induced by
CM of LPS-treated HSILPF was 65% as e¡ective
as that which occurred in response to the potent
chemoattractant, fMLP (Fig. 5A). LPS alone or con-
ditioned medium of ¢broblasts not stimulated with

LPS failed to induce migration of neutrophils. Addi-
tion of PMB decreased the LPS-induced neutrophil
migration by 8-fold. Incubation of CM with anti-IL-
8 antibody (30 Wg/ml) inhibited the neutrophil migra-
tion by 75%, whereas anti-ICAM antibody (30 Wg/
ml) was not e¡ective in inhibiting the neutrophil mi-
gration (Fig. 5A).

Co-culture of neutrophils with lamina propria
¢broblasts showed a time-dependent migration of
neutrophils. As indicated in Fig. 5B, the migra-
tory response of neutrophils was observed at 4 h
and was increased by 24 h. Lamina propria ¢bro-
blasts alone could not induce neutrophil migration,
but when treated with LPS gradually increased
the migration of neutrophils. Incorporation of
fMLP into the lower chamber having a ¢broblast
monolayer exhibited prompt migration of neu-
trophils at 2 h. PMB and antibody to IL-8 great-
ly abolished the migration of neutrophils. Anti-
ICAM did not alter the status of neutrophil migra-
tion.

Fig. 6. E¡ect of LPS on ICAM expression by lamina propria ¢broblasts and its modulation by blood cells. HSILPF (104 cells/well)
was plated in 96-well plates and incubated with LPS (10 Wg/ml) or LPS and PMB (25 Wg/ml) alone or in the presence of blood cells.
ICAM expression in the ¢broblasts was detected as described in Section 2.5. The results are derived from ¢ve individual experiments
performed in triplicate and are expressed as the mean values þ S.D. of ¢ve experiments.
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3.7. ICAM expression by LPS in HSILPF

ICAM expression in lamina propria ¢broblasts
was not only upregulated upon LPS exposure, but
also considerably modulated by whole blood cells,
neutrophils and PBMC. As shown in Fig. 6, whole
blood cells, neutrophils and PBMC enhanced the
LPS-induced ICAM expression in HSILPF. The ex-
pression of ICAM in HSILPF was dependent on the

concentration of LPS used and was markedly en-
hanced by PBMC as compared to neutrophils or
whole blood cells alone. There was a 2-fold increase
in the ICAM level in HSILPF when incubated with
PBMC as compared to the ICAM level observed in
HSILPF without PBMC. Neutrophils in the presence
of a higher concentration of LPS (10 Wg/ml) elevated
ICAM expression in HSILPF similar to PBMC, but
LPS at lower concentrations (0.01^1 Wg/ml) was less
e¡ective in inducing ICAM than PBMC. ICAM ex-
pression was partly abrogated by PMB.

3.8. LPS-induced ICAM expression in HSILPF
favors PBMC adhesion

Fibroblasts treated with LPS (10 Wg/ml) favored
the PBMC to adhere to the ¢broblasts in a time-
dependent manner. The maximum number of ad-
hered PBMC was at 8 h of LPS exposure and there-
after there was decrease in the adhesion at 16 and 24
h (Fig. 7A). Incorporation of PMB abolished the
adhesion of PBMC to LPS-treated ¢broblasts by
50%. When the cells were incubated with anti-
ICAM antibody after stimulating the cells with
LPS, there was remarkable inhibition of PBMC ad-
hesion to ¢broblasts. Similarly, there was 40% inhib-
ition in the adhesion of PBMC to the LPS-treated
HSILPF when the cells were incubated with anti-IL-
8 antibody (Fig. 7B).

3.9. Expression of vitronectin, A-CAM and N-CAM
in lamina propria ¢broblasts in response to LPS

As shown in Fig. 8, vitronectin expression was
maximum at 8 h and gradually declined at 24 h in

Fig. 7. Adhesion of PBMC to LPS-treated ¢broblast layer. (A)
Fibroblast layers were treated with LPS (10 Wg/ml) or left un-
treated and incubated for various time periods. After each time
period, PBMC were added to the ¢broblasts and incubated for
a further 2 h. The PBMC adhering to the ¢broblasts were
measured as described in Section 2.8. (B) Fibroblasts were incu-
bated with LPS, LPS+PMB (25 Wg/ml), anti-IL-8 and anti-
ICAM antibody (30 Wg/ml). Adhesion of PBMC was measured
as described in Section 2.8. The results are derived from ¢ve in-
dividual experiments performed in triplicate and are expressed
as the mean values þ S.D. of ¢ve experiments.

Fig. 8. Expression of vitronectin, A-CAM and N-CAM by lam-
ina propria ¢broblasts upon LPS exposure. Vitronectin, A-
CAM and N-CAM were detected in LPS-stimulated HSILPF
lysates as described in Section 2.9. The detection system con-
sisted of an ECL kit and was used according to manufacturer's
instructions (Amersham).
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HSILPF upon LPS treatment. Vitronectin was ob-
served as a 75 kDa band in lamina propria ¢bro-
blasts and was strongly induced upon LPS treatment.
A-CAM was not detected in untreated HSILPF, but
was expressed by LPS. The expression pattern of A-
CAM remained constant throughout the study peri-
od. N-CAM, which was barely detected in the lamina
propria ¢broblasts, was upregulated upon LPS treat-
ment. The expression of N-CAM was maximum at
16 h and thereafter it declined.

4. Discussion

Mucosal surfaces are lined by epithelial cells form-
ing a potentially e¡ective barrier between the patho-
genic organism and the underlying cells. However,
breaching of epithelial barrier may allow the bacteria
and the bacterial antigens to translocate to the
underlying tissue. Infection with Gram-negative bac-
teria results in in£ammation, which is in part caused
by LPS [25]. Proin£ammatory mediators produced
by the host cells in response to bacteria and bacterial
antigenic stimuli are known to determine the out-
come of the in£ammatory reactions occurring at
the local site in the host. Evidence shows that non-
immunocompetent cells (epithelial cells, endothelial
cells and ¢broblasts) generate many potent proin-
£ammatory cytokines capable of modulating local
in£ammatory reactions. Earlier studies have reported
the extensive in¢ltration of PMN in the lamina prop-
ria layer [17], but the mechanism of such an in£am-
matory response, the cell types involved and the role
of LPS in in£ammation remain unknown. We hy-
pothesized that the lamina propria ¢broblasts, upon
LPS stimulation, secrete certain proin£ammatory cy-
tokines and adhesion molecules and induce neutro-
phil migration and PBMC adhesion, thereby contri-
buting to the intestinal in£ammation.

Our ¢ndings demonstrate that lamina propria ¢-
broblasts expressed proin£ammatory cytokines, IL-
1K, IL-1L, IL-6, IL-8 and TNF-K and adhesion mol-
ecules ICAM-1, vitronectin, A-CAM and N-CAM.
The synthesis of chemokine IL-8 and adhesion mol-
ecule ICAM-1 further led to neutrophil migration
and PBMC adhesion to lamina propria ¢broblasts,
respectively. In a similar line of research, Pang et al.
also suggested the role of intestinal ¢broblasts in in-

testinal in£ammatory disorders and studied the ex-
pression of IL-1K, IL-1 L, IL-6, IL-8, IL-10, ICAM-1
and V-CAM in adult duodenal ¢broblasts in re-
sponse to LPS, IL-1K and TNF-K [13]. However,
the culture method adopted by Pang et al. was di¡er-
ent from that of ours (in preparation).

Kinetic analysis showed that LPS in a time- and
dose-dependent manner induced the synthesis of cy-
tokines by HSILPF in the order IL-6s IL-8sTNF-
Ks IL-1Ls IL-1K. All these cytokines reached peak
levels at di¡erent time periods, i.e., IL-6 at 24 h, IL-8
at 16 h, TNF-K at 4 h, IL-1L at 16 h and IL-1K at 24
h. To avoid the ambiguity in the kinetic analyses, all
the cytokines were measured from a single sample.
As observed in our study, the synthesis of these cy-
tokines by HSILPF upon LPS exposure at di¡erent
time periods may be depicting the intricate network
among the cytokines for generating the optimal im-
mune response in the gut. IL-1K and IL-1L remained
as cell-associated cytokines. Although duodenal ¢-
broblasts stimulated with LPS expressed mRNA for
IL-1K and IL-1L, the secreted proteins were not de-
tected [13]; however, we were able to detect IL-1K
and IL-1L produced in the supernatant by ELISA,
though the majority of IL-1K and IL-1L was found
to be cell-associated. It is possible that cell-associated
IL-1K is responsible for activation of lamina propria
lymphocytes, as earlier studies have shown that cell-
associated IL-1K in FS-4 ¢broblasts retained the ca-
pacity to stimulate thymocytes [26]. The low amount
of IL-1K in the supernatant of LPS-stimulated lam-
ina propria ¢broblasts may be su¤cient for evoking
the response in other cells residing in lamina propria.
Production of IL-6, a multifunctional cytokine, fur-
ther suggests that the abundant quantity of IL-6 pro-
duced by lamina propria ¢broblasts may activate T
cells and mucosal B cells to di¡erentiate into anti-
body-producing cells, thereby responding to the
EPEC infection in the gut. As it is evident that IL-
6 also downregulates the production of in£ammatory
cytokines such as TNF-K [27], the production of IL-6
in lamina propria ¢broblasts may be orchestrating
the cytokine balance for an enhanced and e¤cient
immune response in gut. As reported in our previous
study [19], the enhanced collagen synthesis in lamina
propria ¢broblasts by LPS may be related to en-
hanced IL-6 production, as IL-6 is known to inhibit
the metalloproteinases responsible for degrading ex-
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tracellular matrix molecules such as collagen [28].
TNF-K is a key mediator of in£ammation and the
mammalian host cell response to invasion by mi-
crobes, and is known to be produced by mast cells,
macrophages, basophils, keratinocytes and astrocytes
[29]. Up to now, ¢broblasts have not been known to
secrete TNF-K. We detected the TNF-K in the super-
natant of HSILPF stimulated by LPS at 2 h. TNF-K
reached a peak at 4 h and the level declined there-
after. Possibly the downregulation of TNF-K may be
due to the gradual increase in IL-6 production which
is known to downregulate TNF-K. The production of
TNF-K by lamina propria ¢broblasts may be in-
volved in the activation of lamina propria lympho-
cytes, and also may be exerting a paracrine e¡ect on
intestinal epithelial cells. TNF-K acts on chloride
transport of intestinal epithelial cells via ¢broblasts
in cryptococcus-induced diarrhea, thereby suggesting
the involvement of ¢broblasts in epithelial function-
ing [30]. IL-8 is a chemokine responsible for migra-
tion and recruitment of neutrophils during in£amma-
tion [31]. The production of IL-8 by lamina propria
¢broblasts can be expected to have a major impact
on the lamina propria lymphocytes, neutrophils and
monocytes. Production of IL-8 by lamina propria
¢broblasts and enhanced migration of neutrophils
as observed in our study probably may suggest the
cell type involved and the mechanism of the accumu-
lation of PMN in the lamina propria layer in EPEC-
induced diarrhea, as reported earlier [17]. ICAM is a
glycoprotein expressed by variety of cell types and is
involved in leucocyte aggregation [4,32^34]. En-
hanced expression of ICAM-1 was also observed in
the lamina propria cells of small intestine from a
patient with celiac disease, but the cell types involved
were not detected [35]. Our study demonstrates in-
creased expression of ICAM-1 by HSILPF in re-
sponse to LPS and increased adhesion of PBMC to
HSILPF which is ICAM-dependent. Further en-
hanced expression of ICAM-1 in presence of
PBMC and LPS suggests that the residing lamina
propria lymphocytes may modulate the ICAM ex-
pression for attaining rapid and e¡ective but con-
trolled response to in£ammatory stimuli such as
LPS during EPEC-induced diarrhea. We have inves-
tigated the expression pattern of other adhesion mol-
ecules such as vitronectin, A-CAM and N-CAM in
HSILPF upon LPS interaction. Vitronectin is an ad-

hesion-promoting glycoprotein that is involved in the
coagulation, ¢brinolysis and complement systems
with activities that point to a role in in£ammation
[36]. Interestingly, whether LPS can modulate the
vitronectin in HSILPF has not been discovered. We
found that vitronectin was enhanced upon LPS ex-
posure in HSILPF. The possibility of serum vitronec-
tin being adsorbed onto the cell surface cannot be
ruled out. However, we minimized the serum concen-
tration to 1% in our cell culture experiments, and the
control cells at the same time period did not exhibit
vitronectin protein band in the Western blot experi-
ment. Addition of anti-vitronectin to ¢broblasts or
CM of LPS-treated HSILPF did not a¡ect the neu-
trophil migration or PBMC adhesion (data not
shown). Although A-CAM and N-CAM are identi-
¢ed as major cell adhesion molecules [37,38], and we
have also observed the enhanced expression of A-
CAM and N-CAM in HSILPF upon LPS treatment,
neutralizing antibodies to these adhesion molecules
did not inhibit PMN migration or PBMC adhesion
(data not shown). Further investigation is required to
determine whether the increased expression of these
adhesion molecules has any speci¢c role in LPS-in-
duced in£ammation.

Taken together, these results strongly suggest that
LPS interaction with lamina propria ¢broblasts may
contribute to the in£ammatory reactions in the gut
by producing these proin£ammatory cytokines in a
regulated manner, thus leading to the accumulation
of neutrophils in the gut lumen. Moreover, these
proin£ammatory cytokines and adhesion molecules
produced by lamina propria ¢broblasts can mediate
their action on lamina propria lymphoid cells and
maintain their proliferation, di¡erentiation and acti-
vation states. Hence, the lamina propria ¢broblasts
form one of the vital cell populations responsible for
the in£ammatory reactions in the intestine and can
act in an autocrine and paracrine manner to enhance
the local immune response at the site of EPEC in-
fection.
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