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Abstract: Polymorphonuclear granulocytes (PMN) are activated in inflammatory reactions. Intestinal epithelial cells are relevant for maintaining the intestinal 
barrier. We examined interactions of PMN and intestinal epithelial cell-like CaCo-2 cells to elucidate their regulation of inflammatory signalling and the impact of 
cyclooxygenase (COX), nitric oxide (NO) and platelet-activating factor (PAF). Human PMN and CaCo-2 cells, separately and in co-incubation, were stimulated 
with the calcium ionophore A23187 or with N-Formyl-methionyl-leucyl-phenylalanin (fMLP) that activates PMN only. Human neutrophil elastase (HNE) and 
respiratory Burst were measured. To evaluate the modulation of inflammatory crosstalk we applied inhibitors of COX (acetyl salicylic acid; ASA), NO-synthase 
(N-monomethyl-L-arginin; L-NMMA), and the PAF-receptor (WEB2086). Unstimulated, co-incubation of CaCo-2 cells and PMN led to significantly reduced 
Burst and elevated HNE as compared to PMN. After stimulation with A23187, co-incubation resulted in an inhibition of Burst and HNE. Using fMLP co-incubation 
failed to modulate Burst but increased HNE. Without stimulation, all three inhibitors abolished the effect of co-incubation on Burst but did not change HNE.  ASA 
partly prevented modulation of Burst. L-NMMA and WEB2086 did not change Burst but abolished mitigation of HNE. Without stimulation, co-incubation reduced 
Burst and elevated HNE. Activation of PMN and CaCo-2 cells by fMLP as compared to A23187 resulted in a completely different pattern of Burst and HNE, 
possibly due to single vs. dual cell activation. Anti-inflammatory effect of co-incubation might in part be due to due to COX-signalling governing Burst whereas 
NO- and PAF-dependent signalling seemed to control HNE release.
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Introduction

The intestine plays a major role in inflammation not 
only orchestrating the mucosal immune response but 
also due to its epithelial barrier function (1). The co-
operation of polymorphonuclear neutrophils (PMN) and 
intestinal epithelial cells in inflammatory signalling is 
an underestimated but important concept (2). Further-
more, PMN are the first line of defence against infection 
maintaining epithelial integrity. 

The intestine makes up an enormous surface within 
the body being one of the most relevant barriers for in-
vading pathogens; and its integrity is of tremendous im-
portance for survival of the host (1). In inflammation, 
dysfunction between intestinal epithelial cells and PMN 
plays a major role and may lead to failure of the intes-
tine barrier with the fatal consequences of septicaemia, 
secondary acute organ failure, and septic shock. In fact, 
the gut is recognized as the motor of sepsis with sepsis 
being the leading cause of death in non-coronary inten-
sive care units (3, 4).  

PMN modulate inflammation using a multitude of 
different mediators. Intercellular and paracrine signal 
transduction is governing their actions, e.g. via plate-
let activating factor (PAF) or nitric oxide (NO) (5-7). 
PAF is an inflammatory biolipid produced from mem-
brane glycerophospholipids acting through the activity 

of its G-protein coupled receptor (8). NO can exert both 
protective and pro-inflammatory actions in the gastro-
intestinal tract (9). Human neutrophil elastase (HNE) a 
serine protease released by PMN plays a key role in in-
flammatory diseases (10). It has been used as a marker 
of inflammation in CaCo-2 cells, a well-established in-
testinal epithelial cell line (2, 11). In PMN, HNE regu-
lates other inflammatory and anti-inflammatory players 
like cytokines and chemokines (12). Reactive oxygen 
species like O2--anions promote inflammation by act-
ing on the plasma membrane, damaging its organization 
and releasing various pro-inflammatory agents (13). 
Measuring O2--anions (respiratory Burst) is a recog-
nized means to evaluate inflammation in PMN (14, 15) 
and in CaCo-2 cells (16, 17).

The aim of this study was to investigate PMN and 
CaCo-2 interaction in inflammation. Therefore, human 
PMN and CaCo-2 cells, separately and in co-incubation, 
were stimulated with the calcium ionophore A23187 or 
with N-Formyl-methionyl-leucyl-phenylalanin (fMLP). 
A23187 is a non-receptor operating stimulus that induc-
es an influx of calcium into the cell which leads to vari-
ous inflammatory cellular effects e.g. promotion of PAF 
signalling. The bacterial chemotactic peptide fMLP is 
a receptor operating inflammatory stimulus with its re-
ceptor found on PMN but not on CaCo-2 cells (18-21). 
To evaluate the modulation of inflammatory crosstalk 
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between the different cells we measured HNE and res-
piratory Burst and applied inhibitors of cyclooxyge-
nase (COX: acetylsalicylic acid; ASA), NO-synthase 
(N-monomethyl-L-arginine; L-NMMA), and the PAF-
receptor (WEB2086).

Materials and Methods

Materials
Chemicals of highest purity were obtained from 

Merck (Darmstadt, Gernany).  fMLP, superoxide dis-
mutase (SOD), cytochrome c and bovine serum albumin 
(BSA) were bought from Sigma Chemical (Deisenho-
fen, Germany).  Acetylsalicylic acid (ASA) was ordered 
from Bayer (Leverkusen, Germany), WEB2086 from 
Boehringer Ingelheim (Ingelheim, Germany) and L-
NMMA as well as A23187 by Calbiochem (Bad Soden, 
Germany). Tissue culture plastic supplies were pur-
chased from Becton-Dickinson (Heidelberg, Germany).  
Cell culture reagents, buffer, and media were from PAN 
(Aidenbach, Germany).  

Isolation of PMN
Peripheral venous blood samples from healthy vo-

lunteers that were matched for gender and age were 
drawn. EDTA-anticoagulated blood was centrifuged 
in a Ficoll-Paque (Pharmacia, Uppsala, Sweden) gra-
dient and erythrocytes were sedimented using polyvinyl 
alcohol (Merck-Schuchardt, Hohenbrunn, Germany). 
PMN were isolated as described (22). PMN purity was 
> 98% (Pappenheim staining) and viability was 92-100 
% (trypan blue exclusion) throughout.

Oxidative Burst
Superoxide anion (O2

−) generation was assessed as 
superoxide dismutase-inhibitable reduction of cyto-
chrome C according to Cohen (23) as described (24).

PMN, CaCo-2 cells, or co-incubations of PMN with 
CaCo-2 cells were activated according to the experi-
mental protocol for 15 min in Hank´s balanced salt solu-
tion (HHBSS++). 

Duplicate reaction mixtures containing cytochrome 
in the presence or absence of superoxide dismutase 
were performed at 37°C. Incubations were terminated 
by incubation on ice for 5 min followed by centrifuga-
tion at 4 °C at 1.200×g. O2

− release was quantified as 
relative extinction at 546 nm in an Uvicon Spectropho-
tometer and expressed as nmol/ml of O2

−.

Elastase
Elastase release was taken as marker for PMN de-

granulation and measured according to standard proce-
dures (25, 26).

For induction of elastase release, PMN, CaCo-2 cells 
or co-incubations of PMN with CaCo-2 cells were acti-
vated according to the experimental protocol for 15 min 
in HHBSS++. Incubations were terminated by incuba-
tion on ice for 5 min followed by centrifugation at 4 
°C at 1.200×g. The cell-free supernatant was harvested 
and analyzed as described above for elastase activity 
expressed in U/l in an Uvicon Spectrophotometer.

Cell culture
CaCo-2 cells were generously donated from Prof. H. 

Daniel, who had obtained them from ATCC (HTB 37, 
passage 31). Cells were cultured and passaged in Dul-
becco's Modified Eagle Medium as previously descri-
bed (27). CaCo-2 cells were used for experiments a) af-
ter being confluent and b) when measurements of brush 
border enzyme alkaline phosphatase (AP) reached a 
plateau phase occurring usually at day 14 of culture. 

Detection of fMLP-receptor 
Using FACScan from Becton Dickinson (Mountain 

View, CA, USA), PMN and CaCo-2 were examined for 
fMLP receptors applying fMLP-FITC/F1314 from Mo-
lecular Probes (Eugene, OR, USA) as described (28). 

Experimental protocol
Culture media was removed and CaCo-2 cells were 

washed twice followed by a two hour incubation time 
with HHBSS++ at 37°C with 5% CO2 in an incuba-
tor in 12-well plates.  In experiments with inhibitors, 
300µM ASA, 10µM L-NMMA, or 10µM WEB 2086 
were applied during that time. Then, HHBSS++ was 
removed. For measuring respiratory Burst, cytochrome 
or cytochrome/SOD solution was added. For measuring 
elastase, no cytochrome was added. In experiments with 
inhibitors, these were again applied. 5 million PMN per 
well were given to those sets of experiments running 
with PMN. A 15 min incubation time at 37°C in a water 
bath either with 0, 0.1, 1, or 10µM fMLP or 0, 0.1, 1, or 
10 µM A23187 ensued. 

Statistics
Data are given as mean ± SEM. Two-way analysis 

of variance and Student-Newman-Keuls post-hoc test 
was performed to test for differences between different 
experimental groups. Probability (p) values < 0.05 were 
considered to indicate statistical significance.  Analysis 
was carried out using SigmaStat® version 3.5.

Results

Co-incubation of PMN and CaCo-2 inhibited res-
piratory Burst under control conditions and after 
stimulation with A23187.

CaCo-2 cells, PMN, as well as both cells in co-
incubation were stimulated with 0, 0.1, 1, and 10 µM 
A23187. At any concentration, incubation CaCo-2 cells 
induced a respiratory Burst close to the detection limit. 
Under control conditions, co-incubation of PMN and 
CaCo-2 cells reduced respiratory Burst significantly 
compared to PMN (p<0.05; n=5-6; fig. 1a). Stimula-
tion of PMN resulted in an increase to 0.133 ± 0.026 
nmol/ml, 0.184 ± 0.024 nmol/ml, 0.254 ± 0.009 nmol/
ml and 0.199 ± 0.021 nmol/ml, respectively. However, 
co-incubation of PMN and CaCo-2 cells led to a signifi-
cant reduced respiratory Burst compared to PMN, with 
0.052 ± 0.014 nmol/ml, 0.067 ± 0.015 nmol/ml, 0.090 ± 
0.017 nmol/ml and 0.121 ± 0.020 nmol/ml, respectively 
(p<0.05; n=5-6; fig. 1a).  

Co-incubation of PMN and CaCo-2 did not modify 
respiratory Burst after stimulation with fMLP.

CaCo-2 cells, PMN, as well as both cells in co-incu-
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L-NMMA prevented a reduction of respiratory 
Burst by co-incubation of PMN and CaCo-2 under 
control conditions but did not influence the modula-
tion after stimulation with A23187. 

CaCo-2 cells, PMN, as well as both cells in co-in-
cubation were stimulated in the presence of L-NMMA 
with A23187 as detailed. Stimulation of CaCo-2 cells 
led to a respiratory Burst close to the detection limit. 
Under control conditions, L-NMMA prevented the co-
incubation induced reduction of Burst. L-NMMA did 
not change the pattern of reduced release of superoxide 
anions in the setting of co-incubation (p<0.05; n=4-5; 
fig. 1d).

WEB2086 prevented a reduction of respiratory 
Burst by co-incubation of PMN and CaCo-2 under 
control conditions but did not influence the modula-
tion after stimulation with A23187.

CaCo-2 cells, PMN, as well as both cells in co-incu-
bation were stimulated with A23187 in the presence of 
WEB2086 as detailed. Incubation of CaCo-2 cells re-
sulted in a Burst close to the detection limit. Under con-
trol conditions, WEB2086 prevented a co-incubation 
induced reduction of Burst. The co-incubation depend-
ent reduction of Burst was not modified by WEB2086 

bation were stimulated with 0, 0.1, 1, and 10 µM fMLP. 
Under control conditions, co-incubation of PMN and 
CaCo-2 cells reduced respiratory Burst significantly, 
compared to PMN (p<0.05; n=7; fig. 1b). Stimulation of 
PMN led to a respiratory Burst of 0.122 ± 0.035 nmol/l, 
0.188 ± 0.033 nmol/l, 0.221 ± 0.025 nmol/l and 0.205 
± 0.034 nmol/l, respectively; but stimulation of CaCo-2 
cells induced a respiratory Burst close to the detection 
limit at any concentration. Co-incubation of PMN and 
CaCo-2 cells did not modify respiratory Burst signifi-
cantly compared to PMN (n=7; fig. 1b).   

ASA partly abolished reduction of respiratory Burst 
by co-incubation of PMN and CaCo-2 under control 
conditions and after stimulation with A23187.

Stimulation of PMN with 0, 0.1, 1, and 10 µM 
A23187 in the presence of ASA resulted in a respiratory 
Burst of 0.053 ± 0.013 nmol/ml, 0.138 ± 0.039 nmol/
ml, 0.227 ± 0.053 nmol/ml and 0.196 ± 0.043 nmol/ml, 
respectively. Stimulation of CaCo-2 cells led to a minor 
respiratory Burst. When PMN and CaCo-2 cells were 
stimulated in co-incubation with 0.1 and 10 µM A23187 
and under control conditions, ASA prevented a signifi-
cant reduction of respiratory Burst (n=4-5; fig. 1c). 

Figure 1. For analysis of respiratory Burst, CaCo-2 cells and PMN separately as well as in co-incubation were stimulated with 0, 0.1, 1, and 10 
µM A23187 (a, c, d, e) or with 0, 0.1, 1, and 10 µM fMLP (b). a) CaCo-2 cells differed significantly from both other groups with PMN present (*, 
p<0.05; n=5-6). Co-incubation of PMN and CaCo-2 cells led to a significant reduced respiratory Burst compared to PMN stimulated separately 
(*, p<0.05; n=5-6). b) After stimulation with fMLP, CaCo-2 cells differed significantly from both other groups with PMN present (*, p<0.05; 
n=7). In control experiments, CaCo-2 cells were significantly different to the PMN group only (#, p<0.05 vs. PMN; n=7) but co-incubation with 
CaCo-2 cells led to a decrease compared to the PMN group. After stimulation with fMLP, co-incubation of PMN and CaCo-2 did not modify 
respiratory Burst significantly compared to PMN though in control experiments. c) In experiments applying the COX-inhibitor ASA, CaCo-2 
cells differed significantly from the PMN group (*, p<0.05; n=4-5) but in the control experiments. Using 1 µM A23187, all groups differed sig-
nificantly from each other (#, p<0.05, n=4-5). Stimulating with 0.1 and 10 µM A23187, ASA prevented a significant co-incubation-dependent 
reduction (n=4-5).  d) In experiments applying the NO-inhibitor L-NMMA, all groups differed significantly from each other (*, p<0.05; n=4-5) 
after stimulation, while in the control group no significant differences were found. e) In experiments applying the PAF-inhibitor WEB2086, 
the PMN group differed significantly from the CaCo-2 group in all settings ($, #, *, p<0.05, n=4). Using 0.1 µM A23187, PMN cells were also 
significantly different from the co-incubation group (#, p<0.05, n=4). Applying 1 and 10 µM A23187, all groups differed significantly from each 
other (*, p<0.05, n=4). Data are given as mean ± SEM.
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stimulating with 1 or 10 µM A23187 (p<0.05, n=4; fig. 
1e).

Co-incubation of PMN and CaCo-2 increased 
elastase under control conditions but led to a reduc-
tion after stimulation with A23187.

Stimulation of CaCo-2 cells did not lead to a release 
of elastase at neither concentration of A23187. Meas-
urement of elastase after stimulation of PMN with 0, 
0.1, 1 and 10 µM A23187 revealed 1.7 ± 0.4 U/l, 3.7 ± 
1.8 U/l, 9.5 ± 1.8 U/l and 12.7 ± 1.7 U/l, respectively. 
Under control conditions, co-incubation led to a signifi-
cant increase of elastase (p<0.05; n=6; fig 2a). Interest-
ingly, co-incubation of PMN and CaCo-2 cells resulted 
in a significant reduced elastase release when stimulated 
with 1 and 10 µM A23187 (p<0.05; n=6; fig 2a). 

Co-incubation of PMN and CaCo-2 increased 
elastase release under control conditions and after 
stimulation with fMLP.

CaCo-2 cells, PMN, as well as both cells in co-incu-
bation were stimulated with 0, 0.1, 1, and 10 µM fMLP. 
Stimulation of CaCo-2 cells did not induce an elastase 
release at neither concentration of fMLP. Stimulation of 
PMN led to an elastase release of 1.7 ± 0.4 U/l, 2.0 ± 
0.3 U/l, 1.9 ± 0.3 U/l and 2.1 ± 0.3 U/l, respectively. 
However, without and with stimulation co-incubation 
of PMN and CaCo-2 cells resulted in a significantly in-

creased elastase release compared to PMN with 3.3 ± 
0.6 U/l, 7.4 ± 1.5, 7.4 ± 1.2 and 7.6 ± 1.3, respectively 
(p<0.05; n=6; fig. 2b). 

ASA failed to modulate elastase release by co-incu-
bation of PMN and CaCo-2 under control conditions 
and after stimulation with A23187.

The cells were stimulated with A23187 in the pres-
ence of ASA as described. While stimulation of CaCo-2 
cells resulted in an elastase release close to the detection 
limit, stimulation of PMN induced an elastase release of 
1.4 ± 0.2 U/l, 3.8 ± 1.3 U/l, 11.8 ± 2.7 U/l and 18.2 ± 1.2 
U/l, after stimulation with 0, 0.1, 1 and 10 µM A23187, 
respectively. Co-incubation of PMN and CaCo-2 cells 
with or without ASA resulted in a similar pattern of re-
duced elastase release (p<0.05; n=5; fig. 2c).

L-NMMA did not change pattern under control con-
ditions but modulated  the reduced elastase release 
by co-incubation of PMN and CaCo-2 after stimula-
tion with A23187.

CaCo-2 cells, PMN as well as both cells in co-incu-
bation were stimulated with A23187 in the presence of 
L-NMMA as detailed. Stimulation of CaCo-2 cells re-
sulted in an elastase release close to the detection limit. 
L-NMMA did not modify the pattern of elastase release 
under control conditions. In contrast, when PMN and 
CaCo-2 cells were stimulated with 1 or 10 µM A23187, 

Figure 2. For analysis of elastase release, CaCo-2 cells and PMN separately as well as in co-incubation were stimulated with 0, 0.1, 1, and 10 µM 
A23187 (a, c, d, e) or with 0, 0.1, 1, and 10 µM fMLP (b). In all experiments CaCo-2 did yield elastase close to detection limits. a) CaCo-2 cells 
differed significantly from both other groups in all experimental settings (*, %, p<0.05; n=6). Under control conditions, co-incubation increased 
elastase significantly compared to PMN (*, p<0.05). 0.1 µM A23187 induced a significant difference only between CaCo-2 cells and both other 
groups (%, p<0.05). Co-incubation of PMN and CaCo-2 cells resulted in a significant reduced elastase release when stimulating with 1 and 10 
µM A23187 (*, p<0.05). b) All groups differed significantly from each other with the co-incubation group inducing the highest elastase release 
(*, p<0.05; n=6-7). c) In all experiments applying the COX inhibitor ASA, CaCo-2 cells differed significantly from the co-incubation group (#, 
%, *, p<0.05; n=5); after stimulation with A23187 CaCo-2 differed also from the PMN group (%, *, p<0.05). Co-incubation reduced elastase 
compared to PMN significantly using 1 and 10 µM A23187 (*, p<0.05). d) In experiments applying the NO-inhibitor L-NMMA using 0 and 0.1 
µM A23187, CaCo-2 cells differed significantly from CaCo-2 co-incubation group (#, p<0.05; n=5). At concentrations of 1 and 10 µM A23187, 
CaCo-2 cells differed significantly from both other groups (*, p<0.05; n=5). e) In experiments applying the PAF-inhibitor WEB2086, stimulat-
ing with 1 and 10 µM A23187, the CaCo-2 group differed significantly from the PMN and from co-incubation group (*, p<0.05; n=4). Data are 
given as mean ± SEM.  
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L-NMMA prevented the significant co-incubation-de-
pendent inhibition of elastase production (p<0.05; n=5; 
fig. 2d).

WEB2086 did not change pattern of elastase release 
under control conditions but abolished the co-incu-
bation-dependent reduction of elastase.

CaCo-2 cells, PMN, or both cells in co-incuba-
tion were stimulated with A23187 in the presence of 
WEB2086 as detailed. Incubating CaCo-2 cells resulted 
in a non-detectable elastase release. WEB2086 did not 
modify the pattern of elastase release under control con-
ditions. Interestingly, WEB2086 prevented a co-incuba-
tion-dependent reduction of elastase release when stim-
ulated with 1 or 10 µM A23187 (p<0.05; n=4; fig. 2e).

Discussion

The aim of this study was to investigate interaction 
of PMN and CaCo-2 under inflammatory conditions. 
Therefore, human PMN and CaCo-2 cells, separately 
and in co-incubation, were stimulated with the calcium 
ionophore A23187 or with fMLP. Under control condi-
tions, co-incubation of PMN and CaCo-2 cells reduced 
Burst and elevated HNE as compared to PMN. When 
stimulated with A23187, co-incubation of CaCo-2 cells 
and PMN as compared to PMN alone reduced release 
of HNE and Burst significantly. This reduction was not 
found using fMLP. The co-incubation induced reduction 
of Burst seen under control conditions was not present 
after stimulation with fMLP. Instead, fMLP induced a 
similar Burst of PMN alone and in co-incubation.  

Under control conditions and after stimulation with 
fMLP, HNE was increased in co-incubation experi-
ments compared to PMN. FMLP did not induce a dose-
dependent increase in HNE of PMN alone. Though, 
co-incubation resulted in an enhanced release of HNE 
displaying a ceiling-effect.  

In control setting, all three inhibitors (ASA, L-NM-
MA and WEB2086) abolished the inhibitory effect of 
co-incubation on Burst but did not change pattern of 
HNE. Interestingly, only after stimulation with A23187 
all three inhibitors provoked a slightly stronger CaCo-
2 response in Burst compared to experiments without 
inhibitors with ASA being the most effective one.  This 
was not the case in HNE experiments. ASA partly in-
fluenced the co-incubation dependent reduction in res-
piratory Burst significantly but failed to modulate HNE. 
However, using inhibitors of the NO-synthase and PAF, 
Burst was unchanged but the mitigation of HNE release 
was abolished after stimulation with A23187.

The model of PMN and CaCo-2 co-incubation to 
evaluate inflammation is well recognized in literature 
(29). Using this model, we could demonstrate that under 
control conditions and after stimulation with A23187, 
co-incubation of PMN and CaCo-2 inhibited respira-
tory Burst. In contrast, fMLP abolished co-incubation 
induced suppression of Burst seen under control condi-
tions, but did not provoke a difference between PMN 
and PMN and CaCo-2 after stimulation. It has been al-
ready observed that intestinal epithelial cells like CaCo-
2 cells may exert bactericidal activity (30). Though, in 
this inflammatory setting, we could demonstrate for 
the first time that a co-incubation of PMN and CaCo-

2 cells led to a significant diminished 02- and elastase 
production after stimulation with A23187. In contrast, 
a pro-inflammatory effect of supernatant from hypoxia-
re-oxygenation challenged CaCo-2 cells on PMN was 
described (31). However, this model deprived both cells 
from their direct interaction. Our experimental setting 
does not allow to determine if the effects observed are 
due to direct cell-cell contact or due to indirect – e.g. 
paracrine – mediators. Further experimental settings, 
e.g. using transwells, would be necessary to address this 
question. 

Wang et al. showed that calcium ionophore A23187 
in similar concentrations as used in our study increased 
intracellular calcium in CaCo-2 cell and initiated apop-
tosis in a dose dependent manner (32). Since the effect 
of A23187 on PMN is well recognized (33) we conclude 
that using A23187, we definitively stimulated both cell 
types. In contrast to the A23187-induced effect, our 
experiments revealed that co-incubation of PMN and 
CaCo-2 did not modify the respiratory Burst after stim-
ulation with fMLP. We speculate that this effect is due 
to CaCo-2 cells lacking a fMLP-receptor and therefore 
an inflammatory signalling after challenge with fMLP. 
Supporting this notion, we did not find an expression of 
fMLP-receptor on the surface of our CaCo-2 cells using 
FACS. In contrast to our findings, Carlson et al. found 
that the polarized human intestinal epithelial cell line 
Caco2bbe could be stimulated with fMLP and this ef-
fect could be prevented using a fMLP-receptor antago-
nist (21). The difference in the two cells lines polarized 
versus non-polarized may be fully responsible inducing 
the contrasting results. In consequence, stimulating with 
fMLP actually led to a stimulation of PMN only. We as-
sume this to be the reason why the co-operative inhibi-
tory effect was lost when both cell types were stimulat-
ed using the receptor-independent stimulus A23187. In 
addition, Foster et al. pointed out that fMLP is absorbed 
by the intestinal oligopeptide transporter, hPEPT1, and 
is transported across CaCo-2 cells (34). This might also 
lead to a clearance of fMLP, but also to activation of 
alternative signalling pathways in CaCo-2 cells.

Considering the effect of co-incubation dependent 
inhibition of Burst we observed under control condition 
without any stimulation, we speculate that it must be due 
to a basal stimulation of both cell types e.g. by calcium. 
As a calcium ionophore, A23187 would increase this ef-
fect as demonstrated in our experiments. Though, fMLP 
would abolish the basal calcium-induced effect by its 
strong receptor-dependent activation of PMN only. This 
would explain, why we saw a basal co-incubation de-
pendent inhibition of Burst that is abolished by fMLP.

We observed that co-incubation of PMN and CaCo-
2 increased elastase release under control conditions 
and after stimulation with fMLP. Since elastase facili-
tates PMN transmigration (35), a concordant elevation 
when CaCo-2 meet PMN and with the chemoattract-
ant fMLP appears to be a physiological reaction. In 
contrast, a previous study from another group showed 
a reduced elastase release after PMN and CaCo-2 co-
incubation after hypoxia/re-oxygenation and bacterial 
challenge (11). The question remains why stimulation 
with A23187 induced a co-incubation dependent inhi-
bition of elastase in contrast to basal conditions and to 
stimulation with fMLP. The contrasting effects of fMLP 
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and A23187 could be explained by the single vs. dual 
cell activation, respectively as explained above. The 
difference under basal conditions of elastase and Burst 
remain a subject for further investigations. One hypoth-
esis could be that basal dual cell activation by calcium 
is not that effective in elastase experiments. 

We speculate that the co-incubation dependent in-
hibition of Burst and HNE might depend on signalling 
pathways activated by A23187- induced calcium like 
those of cyclooxygenase, NO or PAF (36-38). We ob-
served that inhibitors against cyclooxygenase (ASA), 
NO (L-NMMA) or PAF (WEB2086) all abolished the 
co-incubation induced inhibitory effect under basal con-
ditions in Burst experiments. This seemed to be basi-
cally due to a slightly diminished PMN response when 
applying the inhibitors.

Analysing elastase, inhibitors did not change the pat-
tern of increased elastase after co-incubation. 

Our data depicted that ASA, an inhibitor of the cy-
clooxygenase, partly abolished the reduction of respira-
tory Burst but failed to modulate reduction of elastase 
release. We conclude that co-incubation dependent inhi-
bition of Burst is in part related to cyclooxygenase sig-
nal transduction. Fukui et al. found that ASA-induced 
ROS (reactive oxygen species) production specifically 
modified the expression of ZO-1 protein and induced 
increased cell permeability, which may ultimately cause 
small intestinal mucosal injury (39). However, the con-
centrations ASA used (10mmol/l (39) vs. 300µmol/l) 
are not comparable. Nevertheless, a small effect of ASA 
on the ROS production may counteract the inhibitory 
effect due to the co-incubation. In line with our results, 
Egger et al. did not observe a significant alteration in 
PMN elastase detected in the blood of atherosclerosis 
patients after ASA treatment (40). We conclude that in-
hibiting cyclooxygenase in our setting has no significant 
effect on elastase release but slightly antagonized the 
reduction of O2- production by PMN and CaCo-2 co-
incubation. We speculate this might be due to ASA- in-
duced ROS production in CaCo-2 cells (39).

NO is an important final effector of mucosal injury 
in inflammatory bowel disease (41). Therefore, we ex-
amined the effect of L-NMMA, an inhibitor of the nitric 
oxide synthase, on PMN and CaCo-2 co-incubation in 
inflammation. L-NMMA failed to significantly modu-
late reduction of respiratory Burst by co-incubation 
of PMN and CaCo-2 after stimulation with A23187. 
Though, our data indicated that L-NMMA did signifi-
cantly modulate reduced elastase release under these 
conditions. We conclude that co-incubation-dependent 
inhibition of elastase after stimulation with A23187 is 
in part related to NO-signal transduction.

Brasse-Lagnel et al. demonstrated that the inhibitory 
effect of IL1-1β on argininosuccinate synthase activity 
is linked to the production of NO since it was totally 
blocked in the presence of L-NMMA. They resumed 
that such an inhibitory effect of NO may be related, at 
least in part, to S-nitrosylation of the proteins in CaCo-
2 cells (42). Banan et al. proved that ethanol-induced 
microtubule skeleton damage and intestinal barrier dys-
function require iNOS activation followed by NO over-
production and ONOO- formation (43). We do not think 
that iNOS does play a role in our setting as its induction 
required a longer term challenge with IFN-γ-containing 

combinations of cytokines in CaCo-2 cells (44). How-
ever, NO attenuated elastase release from PAF-primed 
PMN through an intracellular cGMP-dependent signal 
transduction pathway (45). We think that NO-release is 
an important contributor to the reduced elastase release 
possibly by nitrosylation of (signalling)-proteins or by 
increasing intracellular cGMP. 

We furthermore showed that the PAF-receptor in-
hibitor WEB2086 failed to significantly modulate the 
reduction of respiratory Burst by co-incubation of 
PMN and CaCo-2 after stimulation with A23187 but 
abolished the reduction of elastase release under these 
conditions. We conclude that co-incubation dependent 
inhibition of elastase after stimulation with A23187 is 
in part dependent on PAF-signal transduction. PAF is 
an important paracrine and autocrine mediator in PMN 
and CaCo-2 cells and its receptor is constitutively ex-
pressed and regulated (46). PAF-induced NF-κB activa-
tion may lead to IL-8 production in intestinal epithelial 
cells (47, 48). PAF and LTB4 may prime human PMN 
for the concordant release of elastase, generation of O2-, 
and CD11b up-regulation. Therefore, PAF produced by 
PMN could play a role as positive feedback loop for 
further inflammatory activation (49). PAF-PAF-recep-
tor interactions are involved in the adhesion of PMN 
to endothelial cells; inhibition of the PAF-receptor may 
reduce PMN adhesion to endothelial cells possibly by 
interfering with the outside-in signalling leading to firm 
adhesion (50). In differentiated CaCo-2 cells, infection 
by S. enteritidis increased PAF levels and the enzymes 
of the remodelling pathway cytosolic phospholipase 
A2, which catalyses the formation of the PAF precursor 
lyso-PAF, and lyso-PAF acetyltransferase in a Ca2+-de-
pendent pathway (51). We conclude that the PAF-PAF-
receptor signal transduction seemed to play an impor-
tant role in both, PMN (52) and CaCo-2 inflammatory 
signalling, in particular in their cooperation. 

It is interesting that different inhibitors of NO-syn-
thase and PAF influenced the inhibition of elastase after 
PMN and CaCo-2 co-incubation but not the reduction 
in O2- production. Released elastase might be responsi-
ble at least in part for PMN transmigration towards an 
inflammation focus through the intestinal epithelial bar-
rier. Therefore, a tightly regulated release linked to mul-
tiple signalling pathways may ensure their way through 
the epithelium. Serine proteases like elastase activate 
specifically pro-inflammatory cytokines, lead to the ac-
tivation of different receptors and act as key regulators 
of cell signalling during inflammation (53).

On the other hand, an overproduction of O2- might 
damage both cell types. Therefore a reduction in O2- 
generation due to co-operative inhibition if both cells 
are in close contact may be a useful mechanism to avoid 
mutual damage. 

Another reason why elastase release but not respira-
tory Burst was modulated by NO- and PAF-inhibitors 
might be related to the fact that ROS may be produced 
by both, PMN and CaCo-2 cells, whereas elastase is 
only generated by PMN. Nevertheless, an interaction 
between both cell types may influence the release of the 
enzyme (54). This finding requires further investigation.

Other investigators also considered the migration of 
PMN across the intestinal epithelium as a histopatho-
logical hallmark of many mucosal inflammatory dis-
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eases (55). Therefore, it is of relevance to further in-
vestigate the interaction of PMN and intestinal epithe-
lial cells in inflammation. This might help understand 
regulatory mechanisms in inflammatory signalling. In 
consequence, a better and more specific treatment for 
patients suffering from intestinal inflammatory disor-
ders should be available in future.

Without stimulation, PMN and CaCo-2 co-incu-
bation reduced respiratory Burst. This might be due 
to cell-cell based interaction or a basal stimulation of 
both cell types since it was abolished by fMLP which 
only stimulates PMN. When stimulated in co-incuba-
tion by the calcium ionophore A23187, which affects 
both cell types, Burst and elastase release was inhibited. 
Cyclooxygenase might be in part relevant for co-incu-
bation dependent inhibition of Burst since ASA partly 
abolished this anti-inflammatory effect. 

Co-incubation increased elastase release under basal 
conditions and after stimulation with fMLP. When PMN 
and CaCo-2 were co-incubated, A23187 provoked an 
inhibition of elastase. NO- and PAF-signalling seemed 
to play an important role in the inhibitory signalling 
measuring elastase under conditions of co-incubation 
since L-NMMA and WEB2086 abolished the anti-in-
flammatory effect. 

These findings might be relevant for the interactive 
signalling between neutrophils and intestinal epithelial 
cells in inflammatory diseases.
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