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Abstract

Airway epithelial cells are active participants in the reaction to 
environmental factors by producing signalling molecules, which influence the 
micro environment. In this research we investigated the epithelial response 
to disruption of cell-cell contact, in the presence or absence of trypsin. Airway 
epithelial cells were dislodged from the cultureplate using a non-enzymatic 
method or using trypsin. Dissociation alone causes H292 cells to produce a 
variety of mediators (EGF, G-CSF, GRO, IGF-BP3, IL-1β, IL-6, IL-8, IFN-γ, LIF, 
TGF-β2, TIMP-1, TIMP-2, and TNF-α). When this dissociation takes place in 
the presence of trypsin these mediators are produced in higher amounts. In 
addition cells produce MIP1-β, TGF-β1, IP10, FGF4, and FGF-9. For 18 out 
of 23 genes we could confirm mRNA expression. Although these mediators 
were known to be produced by epithelial cells under various conditions, we 
show for the first time a combined expression of these mediators in a single 
model and that the response of epithelial cells is broader when disruption of 
cell cell contacts takes place in the presence of trypsin. This data highlights 
the role of epithelial cells in the mucosal defense system.
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Introduction 

Airway epithelial cells form the layer that separates the underlying 
mucosal tissue from the environment. Their function, besides being a 
physical barrier, lies in production of mediators that have antimicrobial 
function, and also in production of cytokines or chemokines that activate 
and attract immune competent cells 1. Epithelial cells do this in response 
to a wide variety of environmental factors, such as exposure to chemical 
components like cigarette smoke or diesel exhaust particles, exposure to 
biological components like viruses, allergens, but also to physical changes 
such as wounding 2-7.

One of the mechanisms by which epithelial cells can be activated is via 
protease activated receptor (PAR). This innate receptor, which plays a role 
in blood clotting, can be activated by endogenous proteases, as well as by 
proteases that are found in many allergens 8-10. One of the results of the 
exposure to these proteases is that the tight junctions between epithelial 
cells are cleaved, causing the cells to detach from their culture substrate in 
vitro, and disruption of epithelial integrity and even epithelial shedding in vivo 
11.

Disruption of cell cell contacts leads to a proinflammatory response 
characterized by the production of IL-1β, IL-6, IL-8, and GM-CSF 3;12 and 
recruitment (IL-8, RANTES, eotaxin, and TARC) 13-16, or activation (IL-6 
and GM-CSF) 12;17. Through these factors epithelial cells can contribute to 
disease. For instance, the postulated interaction between epithelial cells 
and the mesenchymal unit is thought to actively contribute to progression of 
asthma 17.

In previous experiments with house dust mite exposure to primary airway 
epithelial cells we observed both mediator induction as well as up-regulation 
of genes involved in tight junctions formation 18. These findings gave rise 
to the question whether these processes occur in parallel or whether these 



124

Chapter 5

processes are related? With the experiments described in this manuscript, 
we aimed to get a comprehensive overview of the airway epithelial response 
on the disruption of the epithelial integrity, and to try to discriminate between 
the relative contribution of the intrinsic activation as a consequence of the 
disruption os cell cell contacts and the contribution through the protease 
induced activation. To address these questions, we determined the protein 
production of over 80 distinct mediators by airway epithelium, in response to 
disruption of cell cell contacts and PAR activation. Additionally, we investigated 
23 mediators on mRNA level to confirm their protein expression data.

Materials and methods

Cell culture.
NCI-H292 human airway epithelial cells (American Type Culture Collection, 

Manassas, VA, USA) were cultured in RPMI 1640 medium (Invitrogen, 
Breda, The Netherlands) supplemented with 1.25 mM L-glutamine, 100 U/
mL penicillin, 100 µg/mL streptomycin and 10% (v/v) fetal bovine serum 
(HyClone, Logan, USA). Cells were grown in fully humidified air containing 
5% CO2 at 37°C and were subcultured weekly.

Dissociation of cells.
Cells were dislodged from fully confluent flasks by the following 

procedure; cell were washed three times with PBS, to remove culture 
media and subsequently, cells were incubated with cell dissociation solution 
(CDS) (Sigma C-5914, Zwijndrecht, The Netherlands) or with trypsin (Gibco 
15400-054, Invitrogen, Breda, The Netherlands) for 15 min at 37°C. Cells 
were dislodged by tapping the flask. Upon dislodging the cell suspension 
was examined under a microscope to ensure all cells had detached from 
the flask and were in a single cell suspension. To remove all trypsin or cell 
dissociation solution, cells were washed two times with PBS and centrifuged 
between washings. After washing, cells were resuspended in RPMI1640 
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basal medium, and seeded in 0.5 mL at 50,000 cells per well of a 24 wells-
plate.

Luminex Bio-Plex assay.
Dissociated cells were seeded in a 24 wells plate in serum-free culture 

medium; supernatant was removed every 24 hours for four days, to determine 
the 24 hour production of cytokines. Cytokine levels in supernatant of 
cells were determined using a Bio-Plex human cytokine 17 plex panel kit 
(Bio-Rad, Veenendaal, The Netherlands) which was analyzed on the Bio-
Plex workstation (Bio-Rad). All standards were diluted in the same serum 
free culture medium where the cells were seeded in after dissociation. 
Concentrations were calculated from a dilution series of standards using the 
Luminex software, and the stable expression level at 96 hours was taken as 
baseline.

Human cytokine array.
Human protein cytokines were shown using the cytokine-array kit 

from RayBiotech, Inc. (Norcross, GA, USA) according to manufacturer’s 
protocol. Briefly, the membranes were blocked with a blocking buffer; 1 mL of 
supernatant from cells collected 24 hours (pooled from the three triplicates) 
after dissociation with either CDS or trypsin was added and incubated at 
room temperature for 2 hours. The membranes were washed; 1 mL of primary 
biotin-conjugated antibody was added and incubated at room temperature for 
2 hours. After washing, membranes were incubated with 2 mL of horseradish 
peroxidase-conjugated streptavidin at room temperature for 30 minutes. 
The membranes were developed by using enhanced chemiluminescence-
type solution, and digital exposures were made using the Fujifilm LAS3000 
luminescent image analyzer.

PCR analysis.
To investigate the baseline expression of mRNA, H292 cells were cultured 

to confluence and washed with phosphate buffered saline. Directly upon 
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washing, cells were lysed and mRNA was isolated using the nucleospin RNA 
II (Machery-Nagel, Düren, Germany), subsequently cDNA was synthesized 
using the MBI Fermentas first strand cDNA synthesis kit (Fermentas GmbH, 
St. Leon-Rot, Germany). Primer sequences for all investigated genes ave 
been described before 19-36, and were obtained from Sigma-Aldrich (Haverhill, 
UK). PCR was performed on iCycler machine (Bio-Rad, Veenendaal, The 
Netherlands) and PCR products were run on 1.7% agarose gel for 1 hour at 
80 volts.

Statistical analysis.
Experiment was performed in triplicate, and mediator levels are given as 

mean (± standard deviation) unless stated differently. Statistical significance 
(p<0.05) between means was determined using ANOVA and the Student’s t 
-test using GraphPad Prism 4.0 for Windows.

Results

Baseline expression of cytokines by H292 cells.
The human airway epithelial cell line NCI-H292 cells constitutively express 

cytokines. Using the Bio-Plex Human Cytokine 17-Plex Panel, significant 
detectable amounts of IL-6, IL-8, G-CSF, IL-7, and IL-13 were measured 
in the baseline sample (see table 1). Expression of the other cytokines and 
chemokines was below the detection level of the assay.

Trypsin treatment of H292 causes an increase in secreted cytokines and 
chemokines.

In the 24 hours following subculturing with trypsin, the cells increase their 
cytokine production. IL-6, IL-8, and G-CSF production goes up drastically 
(35-, 7-, and 6-fold respectively). This effect diminishes with time; the per 24 
hour production at 48 hours is near baseline level, and at 72 hours baseline 
production levels are reached. Trypsin did not effect the expression of IL-7 
and IL-13; cells secrete an average of 84.9 (±1.9) and 12.0 (±3.8) pg/mL 
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respectively over all 24 hour periods (see table 1).
IL-1β, IFN-γ, TNF-α, IL-2, and IL-4 could not be detected at baseline, but 

were produced in the 24 hours after subculturing The production of these 
cytokines is transient, since none of these cytokines could be detected at later 
timepoints (see table 1). Some cytokines were not detectable at baseline or 
after trypsin treatment (IL-5, IL-10, IL-12, GM-CSF, MCP-1, and MIP-1β). 

Mediator Baseline 24h-48h 48h-72h 72h-96h
IL-1β (2) n.d. 4.7 (0.23)** n.d. n.d.
IFN-γ (8) n.d. 35.9 (2.9)** n.d. n.d.
TNF-α (2) n.d. 11.7 (0.8)** n.d. n.d.
IL-2 (8) n.d. 17.5 (15.1) n.d. n.d.
IL-4 (2) n.d. 8.1 (5.9)* n.d. n.d.
IL-5 (8) n.d. n.d. n.d. n.d.
MCP-1 (30) n.d. n.d. n.d. n.d.
MIP-1β (8) n.d. n.d. n.d. n.d.
IL-6 (8) 33.6 (12.5) 1167.7 (104.0)** 96.7 (7.4) 26.6 (19)
IL-8 (2) 355.4 (80.1) 2604.4 (132.2)** 304.0 (14.9) 261.7 (48.2)
G-CSF (30) 85.3 (13.1) 530.0 (45.0)** 138.2 (15.6) 62.8 (34.0)
IL-7 (8) 84.0 (17.0) 87.6 (2.0) 84.8 (5.5) 83.1 (6.1)
IL-13 (2) 11.7 (0.0) 17.4 (5.6) 8.4 (5.6) 10.5 (8.0)
IL-10 (2) n.d. n.d. n.d. n.d.
IL-12 (8) n.d. n.d. n.d. n.d.
IL-17 (2) n.d. 6.2 (9.6) n.d. n.d.
GM-CSF (2) n.d. 4.0 (7.0) n.d. n.d.

Table 1: Cytokine production per 24 hours after dissociation with trypsin. Cytokine concen-
trations are presented as average (SD) of triplicate experiment in pg/mL. Lower detection 
limits are indicated behind respective mediator (pg/mL). n.d. = not detectable; below detec-
tion level. Statistical significance of samples compared to baseline sample is indicated by * 
(P<0.05) or ** (P<0.01).
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Reduced induction of cytokines by cell dissociation solution (CDS).
The observed increase described above can be caused by the disruption 

of cell-cell contacts or by trypsin mediated PAR-2 activation. To determine 
the relative contribution, we used a non-enzymatic method to disrupt cell cell 
contacts while avoiding PAR-2 activation.

When subcultured with CDS, H292 cells produce increased levels of 
a number of cytokines compared to baseline. IL-6, IL-8, and G-CSF are 
significantly increased compared to baseline (24-, 3-, and 6-fold respectively) 
(table 2). However, this increase is not as high as when cells are treated with 
trypsin (P<0.01). IL-1β, IFN-γ, and TNF-α, were undetectable before CDS 
treatment but were produced in the 24 hours after. However the production 
after CDS treatment is significantly lower than after trypsin treatment. IL-1β: 
2.2(±0.14) vs. 4.7(±0.23) pg/mL (P<0.05), IFN-γ 20.9(±5.8) vs. 35.9(±2.9) 
pg/mL (P<0.01) and TNF-α 4.9(±1.3) vs. 11.7(±0.8) pg/mL (P<0.001) (see 
table 1 and 2). In contrast to the trypsin treated cells, IL-2 and IL-4 were not 
produced by H292 cells after CDS treatment (see table 2).

IL-7 and IL-13 expression was not affected after CDS treatment compared 
to baseline, similar to what could be observed after trypsin treatment. IL-
5, IL-10, IL-12, IL-17, GM-CSF, MCP-1, and MIP-1β were not produced in 
detectable amounts at baseline in this experiment. Similar to trypsin treatment, 
CDS treatment does not lead to production of these cytokines.
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Mediator Baseline 24h-48h 48h-72h 72h-96h
IL-1β (2) n.d. 2.2 (0.14)** n.d. n.d.
IFN-γ (8) n.d. 20.9 (5.8)** n.d. n.d.
TNF-α (2) n.d. 4.9 (1.3)** n.d. n.d.
IL-2 (8) n.d. n.d. n.d. n.d.
IL-4 (2) n.d. n.d. n.d. n.d.
IL-5 (8) n.d. n.d. n.d. n.d.
MCP-1 (30) n.d. n.d. n.d. n.d.
MIP-1β (8) n.d. n.d. n.d. n.d.
IL-6 (8) 31.7 (8.8) 771.3 (58.4)** 127.5 (8.1)* 32.7 (4.9)
IL-8 (2) 352.4 (111.5) 1200.8 (204.9)** 264.1 (2.7) 221.4 (7.4)
G-CSF (30) 58.6 (47.4) 368.0 (32.6)** 141.4 (17.6)* 61.3 (5.6)
IL-7 (8) 79.6 (14.2) 67.4 (4.0) 83.9 (11.9) 90.9 (11.1)
IL-13 (2) 5.2 (5.6) 15.7 (3.5)* 11.7 (0.0) 11.7 (0.0)
IL-10 (2) n.d. n.d. n.d. n.d.
IL-12 (8) n.d. n.d. n.d. n.d.
IL-17 (2) n.d. n.d. n.d. n.d.
GM-CSF (2) n.d. n.d. n.d. n.d.

Table 2: Cytokine production per 24 hours after dissociation with cell dissociation solution. 
Cytokine concentrations are presented as average (SD) of triplicate experiment in pg/mL. 
Lower detection limits are indicated behind respective mediator (pg/mL). n.d. = not detecta-
ble; below detection level. Statistical significance of samples compared to baseline sample is 
indicated by * (P<0.05) or ** (P<0.01).

Additional signaling molecules produced by H292 cells after treatment with 
trypsin.

In the previous experiment here we have shown that H292 human airway 
epithelial cells are capable of producing a broad range of cytokines and 
chemokines. 14 out of 17 cytokines of the bio-plex assay were shown to be 
produced, either at baseline or after disruption of cell cell contacts. When 
these cells are treated with CDS, the production of these cytokines increases; 
moreover, with trypsin, this increase in production is even greater. A more 
comprehensive overview of produced cytokines was acquired by using a 
cytokine antibody array. Supernatant of cells, which had been treated with 
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trypsin or CDS, were analyzed for the presence of 79 signaling molecules. 
With the antibody array, we could confirm and extend our previous findings.

IL-1β, IL-2, IL-8, G-CSF, and MIP-1β protein was again shown in the 
supernatant after trypsin treatment; IL-8 and G-CSF were also shown to 
be produced after CDS treatment, but in a lower amount (see figure 1). An 
additional number of cytokines (Growth-Related Oncogene (GRO), Epidermal 
Growth Factor (EGF), IGF-Binding Protein 3 (IGF-BP3), Leukemia Inhibitory 
Factor (LIF), TGF-β2, Tissue Inhibitor of Metalloproteinase (TIMP)-1, and 
TIMP-2) could be detected 24 hours after CDS or trypsin treatment (see fig. 
1). 

Figure 1: Cytokine expression after disruption of cell-cell contact with Cell Dissociation solu-
tion or trypsin. Chemoluminescence photograph of raybio® human cytokine antibody array V 
incubated with supernatants of cells 24 hours after dislodging with (A) Cell Dissociation solu-
tion or (B) trypsin. Pooled supernatant of triplicate was used. (C) layout of 79 antibody spots 
for cytokines on the human cytokine antibody array V (IL-12 = p40p70). 
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Just like in our previous data, the signal on the array for samples taken 
after trypsin treatment was stronger than that after CDS treatment. For 
IFN-γ-inducible protein 10 (IP-10), TGF-β1, Vascular Endothelial Growth 
Factor (VEGF), Fibroblast Growth Factor (FGF)-4, -9, and Glial Cell Derived 
Neurotrophic Factor (GDNF) the difference in expression level between 
trypsin and CDS was such that they could only be detected after trypsin 
treatment (see figure 1). Possibly due to the detection limit in the RayBiotech 
human cytokine antibody array, we could not confirm production of any other 
cytokines (such as IL-1β, IL-6, IL-13, IFN-γ, and TNF-α) from the bio-plex 
human cytokine 17 plex panel.

mRNA expression of mediators produced by epithelium.
Using RT-PCR we investigated expression of 23 genes by H292 cells 

that have shown expression at baseline or after disruption of cell cell contact. 
The genes we investigated were EGF, FGF-4, FGF-9, G-CSF, GDNF, GM-
CSF, GRO-α, IGF-BP3, IL-2, IL-4, IL-6, IL-7, IL-8, IL-13, IFN-γ, IP-10, LIF, 
TGF-β1, TGF-β2, TIMP-1, TIMP-2, TNF-α, and VEGF. Most of these genes 
were expressed at baseline (figure 2), but we could not show any mRNA 
expression of FGF-4, FGF-9, GDNF, GM-CSF, and IL-2 at baseline or at 
different timepoints after disruption of cell cell contacts.
Discussion

Figure 2: PCR products for genes expressed by H292 cells at baseline. M=100 bp marker 
(band sizes are indicated on left hand side of picture in bp), lane 1: β-2-microglobulin, lane 2: 
EGF , lane 3: G-CSF, lane 4: GRO-α, lane 5: IFG-BP3, lane 6: IL-4, lane 7: IL-6, lane 8: IL-7, 
lane 9: IL-8, lane 10: IL-13, lane 11: INF-γ, lane 12: IP-10, lane 13: LIF, lane 14: TGF-β1, lane 
15: TGF-β2, lane 16: TIMP-1, lane 17: TIMP-2, lane 18: VEGF and lane 19: TNF-α.
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In previous experiments we have investigated the response of airway 
epithelial cells to allergen exposure 18;37. We showed that exposure to 
proteolytic active allergen causes up-regulation of genes involved in repair 
of the structural integrity, in addition to genes involved in downstream 
immunological signaling, such as cytokines and chemokines. We set out to 
get a comprehensive overview of the epithelial response on the disruption of 
the epithelial cell contacts and to try and discriminate between the relative 
contribution of the intrinsic activation as a consequence of the disruption and 
the effects of the presence of a protease which can signal through protease 
activated receptors. We were able to show that disruption of cell-cell contacts 
in the absence of protease, by cell dissociation solution, already leads to an 
extensive induction of mediators. Out of the 79 mediators tested nine could be 
detected. This response is even broader and stronger when trypsin is used, 
a known PAR-2 activator. Dissociation in the presence of trypsin showed 18 
out of 79 evaluated mediators induced, and relative to the mediators induced 
by mere disruption of cell cell contacts, the expression level is about 50% 
higher. As expected in our model, we found mediators that are associated 
with both tissue repair and modulation of inflammation.

The repair of tissue after epithelial damage has been described 
extensively and is comprised of the deposition of extracellular matrix proteins 
by fibroblasts, followed by proliferation and migration of epithelial cells 
from the edge of the lesion to the centre 38. In our experiments we could 
detect mediators (IL-1β, TGF-β, FGF-4, FGF-9, EGF, VEGF, GDNF, IGF-
BP3, TIMP-1, and TIMP-2) that have been reported to have an influence on 
these processes. When we used PCR to verify mRNA for these mediators to 
independently confirm their expression, we could detect mRNA for TGF-β, 
EGF, VEGF, IGF-BP3, TIMP-1, and TIMP-2. However, we could not detect 
any mRNA for FGF and GDNF at baseline or at later timepoints after either 
CDS or trypsin treatment. Whether this discrepancy between protein and 
RNA data is due to the sensitivity of the PCR or due to specificity of the 
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cytokine array remains unclear. Although we cannot independently confirm 
the expression of FGF and GDNF in our system, others have reported that 
epithelial cells to produce these mediators under specific conditions 39-

41. IL-1β and TGF-β are known factors that stimulate fibroblast growth in 
several models of repair of epithelial damage 17;42. Besides mediators that are 
involved in the growth of fibroblasts we also find proteins that are involved 
in growth of other components of the mucosal layer, such as IGF-BP3, EGF, 
and VEGF, which respectively stimulate growth in general, of epithelial 
cells, and vascular endothelial cells 43-45. Besides producing factors that are 
actively involved in repair of the tissue, epithelial cells also produce TIMP-1 
and TIMP-2, two molecules that inhibit matrix metalloproteinases (MMP’s). 
MMP-9 has been linked to asthma 46. These proteases are reported to be 
involved in epithelial shedding in asthma and in maintaining the homeostasis 
of the extracellular matrix 11;47. This indicates that epithelial cells are also 
directly active in keeping the balance in protease regulated processes.

An other role for epithelial cells is in the recruitment and activation of 
inflammatory cells to the mucosa through secretion of chemokines and 
cytokines. After loss of cell-cell contacts, we observe an increased production 
of IL-6, IL-8 and G-CSF, and a de novo production of IL-1β, IFN-γ and TNF-α. 
Using RT-PCR, we could show that H292 cells also express mRNA for IL-6, 
IL-8, G-CSF, IFN-γ and TNF-α. Moreover, when epithelial cells are dissociated 
in the presence of trypsin, a known PAR-2 activator 1;48, they produce higher 
amounts of these mediators, and additionally produce IL-4, IP-10, LIF, and 
GRO. Expression of mRNA for these mediators was confirmed by PCR at 
baseline. These factors are reported to be involved in the recruitment or 
activation of inflammatory cells, such as T-cell chemoattraction (IP-10) 49;50, 
activation and proliferation (IL-6) 51, macrophage activation (IFN-γ) 52, B-cell 
activation (IL-4) 53, and neutrophil chemoattraction (IL-8, G-CSF) 54.

What can be observed in the time-course experiment is that the production 
of IL-7 and IL-13 remains generally stable. IL-13 is known to be produced by 
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Th2 cells and is known to induce goblet cell formation and stimulate mucus 
production. IL-7 is involved in the development of immature B-cells and has 
not been described to be produced by epithelial cells before. The function of 
these proteins in this model remains unresolved 55;56.

Our data show the expression of a wide spectrum of mediators in a single 
model. This model of disruption of cell cell contacts mimics a common theme 
seen in a wide and diverse set of processes that involves the epithelium. 

In our research we also find epithelial expression of these mediators, 
and using RT-PCR we show that these epithelial cells are also capable of 
expressing the mRNA for these proteins (IFN-γ, TNF-α, LIF). The described 
role for these mediators is by and on T-cells in the context of infection and 
asthma. IFN-γ and TNF-α are pro-inflammatory cytokines produced by Th1 
cells during infection 57;58. LIF is involved in recruitment of neutrophils 59. 

The production of IL-2 and IL-17 can be debated, since protein 
concentrations were only just above the detection limit of the assay and their 
expression could not be confirmed by PCR. 

In conclusion, we have investigated the response of epithelium to the 
disruption of cell cell contact by treating airway epithelial cells with cell 
dissociation solution or trypsin. In response to disruption, epithelial cells are 
able to produce a wide range of signal molecules, and when this disruption is 
accompanied by presence of a protease this response is even stronger and 
its range is wider. Our data show a broad and general response by epithelial 
cells that extends far beyond the commonly reported IL-1, IL-6, IL-8, GM-CSF, 
and TGF-β response. Through this broad range of mediators, epithelial cells 
may participate in both the innate and acquired immune response. These 
findings emphasize the potential for epithelial cells in mediating and initiating 
responses to environmental changes, and their role in diseases that affect 
the structural integrity of mucosal surfaces. As such, we propose epithelial 
cells should be considered an active constituent part of the mucosal defense 
system.
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