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ABSTRACT

BACKGROUND: Intermediate interactions between corneal and conjunctival epithelial cells play an important role
in the process of correct vision. The goal of this paper was to establish whether the presence or absence of collagen
type I changes paracrine interactions between corneal and conjunctival epithelial cells.

MATERIAL AND METHODS: Cultures of human corneal and conjunctival epithelial cells were used in the study. The
ELISA quantitative analysis of interleukin 1p (IL-1p), interleukin 6 (IL-6), urokinase-type plasminogen activator
(uPA), and uPA receptor (uPAR), assessment of the type of interactions between cells, as well as correlations between
tested parameters were performed.

RESULTS: The presence of collagen type I changed the quantitative production of IL-1p and IL-6 by the examined
cells in the co-culture system. It did not affect the level of released uPA and uPAR. The presence or absence of
collagen also changed the relationship between the cells, which were evaluated in relation to changes in the level of
released cytokines.

CONCLUSIONS: Different levels of collagen type I constituting a component of extracellular matrix proteins signifi-
cantly affect and regulate the indirect interactions between human corneal and conjunctival epithelial cells.

KEY WORDS: corneal epithelial cells; conjunctival epithelial cells; co-culture; cytokines; serine protease uPA; uPAR;

collagen

INTRODUCTION

Indirect intercellular interactions play a very
important role in maintaining homeostasis of tis-
sues that they form as well as the surrounding mi-
croenvironment. These interactions are based on
factors exhibiting biological interaction with cy-
tokines, chemokines, and growth factors, among
others. Apart from them, some enzymes also play
an important role in tissue remodelling, including
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serine proteases, and urokinase-type plasminogen
activator (uPA) and its receptor (uPAR). It has been
shown that cells that form ocular tissues interact
with each other in a direct and indirect way. Despite
the lack of direct intercellular contact, corneal and
conjunctival epithelial cells forming the eye surface
closely influence each other through the interaction
via paracrine mediators characteristic for the im-
mune system [1].
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Extracellular matrix (ECM) compounds are
important factors that enable and regulate cellular
adhesion, motility as well as metabolism. Among
ECM components, collagen is known to be the
most abundant protein influencing cellular pheno-
type as well as the expression of genes responsible
for the production and release of e.g. cytokines
and proteases [2]. Changes in collagen structure
also strongly influence epithelial/mesenchymal tran-
sitions of cells like corneal resident stromal cells
into myofibroblasts to avoid tissue destruction by
inflammatory mediators and help in the healing
process [3]. Therefore, it seems important to ana-
lyse how this element of the extracellular matrix
regulates indirect interactions between selected cells
of the eye. On the other hand, epithelial cells of
the eye surface modulate ECM composition by re-
leasing plasminogen system and pro-inflammatory
compounds. IL-15 and IL-6 are pro-inflammatory,
pleiotropic cytokines that influence each other’s
local concentrations and simultaneously regulate
homeostasis of tissues. Moreover, they facilitate the
maintenance of physiologic functionality of epithe-
lial cells of the ocular surface by induction of ECM
remodelling enzymes including uPA and its receptor
[4, 5]. This serine protease catalyses the transforma-
tion of plasminogen to plasmin, which, in turn,
modulates ECM components like collagen. It was
already shown that upregulation of the expression
of uPA and its receptor in ocular tissues may play
a significant part in the processes of corneal wound
healing [6]. These compounds are produced in vari-
ous amounts by individual cells of the eye surface
and in a paracrine fashion regulate the functionality
of whole tissues. Therefore, the aim of our work was
to assess the role of collagen type I in the modula-
tion of indirect interactions between human corneal
and conjunctival epithelial cells.

MATERIAL AND METHODS
CELL LINES

A normal human corneal epithelial cell line,
10.014 pRSV-T (ATCC No. CRL-11515), and a hu-
man conjunctival epithelial cell line, HC0597 (LGC
Standards, UK), were used. The cells were cultured
as monolayers in 25-cm” culture flasks (Nunc™,
Roskilde, Denmark) coated with PureColTM ul-
trapure collagen type I (INAMED Biomaterials,
Fremont, CA, USA) at 3.1 mg/mL concentra-
tion (about 12 pg/cm?). The cell lines were main-
tained in defined keratinocyte serum-free medium

(K-SFM) (Gibco™, Paisley, UK) supplemented with
75 pg/mL endothelial cell growth factor (ECGF)
(Sigma, St. Louis, MO, USA), 0.05 mg/mL bovine
pituitary extract (BPE) (Gibco), 500 ng/mL hy-
drocortisone (Sigma), 0.0005 mg/mL bovine insu-
lin (Gibco), and antibiotics (100 U/mL penicillin,
100 pg/mL streptomycin) (Sigma, St Louis, MO,
USA) at 37°C in a humidified atmosphere with 5%
CO..

EXPERIMENTAL DESIGN

Cells were cultured in 24-well plates (Nunc™)
and in polycarbonate membrane inserts (Nunc™)
with a pore size of 0.4 pm. Only the inserts were
covered with collagen or in a parallel variant were
left without coating with this extracellular protein.
Cells were seeded on the well bottom and inside
the inserts at a density of 1 x 10° cells/mL. After
24 h of inoculation, the medium was renewed, and
the culture was conducted for a further 24 h. After
that time, culture supernatants only from the in-
serts were collected and analysed for the levels of
cytokines (IL-18, IL-6), serine protease (uPA), and
its receptor (uPAR).

The following experimental setups were used:
— corneal/conjunctival epithelial cells cultured in

multi-dish polycarbonate membrane inserts,

while conjunctival/corneal epithelial cells cultu-
red at the bottom of a 24-well plate (Co-cultu-
re systems);

— corneal or conjunctival epithelial cells cultured
only at the multi-dish polycarbonate membrane
inserts (Monocultures);

— corneal or conjunctival epithelial cells cultured
only at the bottom of a 24-well plate (Mono-
cultures)

In the further part of the study the following
terms were used (Fig. 1):

— co-culture model 1: pRSV-T corneal epithe-
lial cells were cultured on the well bottom and
HCO0597 conjunctival epithelial cells were cultu-
red on the insert;

— co-culture model 2: HC0597 conjunctival epit-
helial cells were cultured on the well bottom,
and pRSV-T corneal epithelial cells were cultu-
red on the insert.

ELISA ASSAY
The levels of human IL-14, IL-6 (BD OptEIATM,
San Jose, CA, USA), uPA, and uPAR (R&D Sys-
tems, Inc., Minneapolis, MN, USA) were measured
immunoenzymatically (ELISA) using commercially
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Model 1
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FIGURE 1. The scheme of experimental co-culture models used in the study. The membrane of the insert, on which corneal or conjunctival
epithelial cells were cultured, depending on the model, was coated with collagen type I. At the bottom of the well, the conjunctival or cor-
neal epithelial cells were then cultured, respectively. The liquid from the insert was used for the tests

available kits according to the manufacturers’ in-
structions. Briefly, 100 pl of samples were added to
appropriate plate wells. After incubation (2 h) and
a series of washings, enzyme-conjugated secondary
antibodies (100 pl) were added to the wells and
incubated for 1 h. After washing, detection was per-
formed by adding 100 pl of the enzyme substrate
to the wells. After 30 min of incubation, the colour
reaction was stopped by adding 2M H,SOj to each
well. The optical density of the end product was de-
termined using a microplate reader (Molecular De-
vices Corp., Emax) at 450 nm. The concentrations
of the cytokines in the analysed samples of superna-
tant were calculated on the basis of a standard curve.
The detection limit was 2 pg/mL (IL-183), 2.2 pg/mL
(IL-6), 4.17 pg/mL (uPA), and 33 pg/mL (uPAR).

ANALYSIS OF INTERACTIONS BETWEEN CELL
CULTURES
The effect of paracrine interactions between the
two cell cultures (corneal and conjunctival epithelia)
was analysed using the interaction index according
to Kerry et al. [7]. This index, represented by the
symbol I, is defined by the following formula:

I = a/X*b/Y

where: I — index value; X and Y — the activity of
each culture considered separately; a and b — the
activities of culture combinations.

If the index values range between 0.7 and 1.3,
the interactions are additive, an index value lower
than 0.7 indicates synergistic interactions, while
a value higher than 1.3 indicates antagonistic inter-
dependencies between the analysed parameters. The
analysis covered the levels of tested molecules pro-

duced by the corneal and conjunctival epithelia cul-
tured separately during their paracrine interactions
as well as culture surface condition (covered or not
with collagen).

STATISTICAL ANALYSIS

The results are presented as mean + SD of three
independent experiments (n = 3). The data were
analysed using one-way analysis of variance ANO-
VA followed by Bonferroni’s multiple comparison
post-hoc test. Differences of p < 0.05 were consid-
ered significant. Correlations among the levels of
tested compounds (IL-18, IL-6, uPA and uPAR) in
co-cultures were calculated using Spearman’s rank
correlation analysis. Only results with a significance
of p < 0.05 were reported.

RESULTS

Figure 1 shows a schematic experimental setup
of cellular co-culture.

Significant differences in the production of cy-
tokines (IL-1/ and IL-6) have been demonstrated
in both co-cultures and monocultures of corneal
and conjunctival epithelial cells depending on the
presence of collagen as an adhesive agent. When
the inserts were coated with collagen and seeded
with corneal pRSV-T cells, stimulation of cytokine
production was observed in relation to the tests
in which the insert membrane was not covered by
this extracellular matrix element. A reverse depend-
ency was obtained when conjunctival HC0597 cells
were grown in the insert. These dependencies were
observed both in co- and monocultures. The lowest
amounts of cytokines were produced by the mono-
culture of pRSV-T cells (Fig. 2 and 3). In the case

of uPA and uPAR protein analysis, there were no
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FIGURE 2. Interleukin 1 (IL-1pB) release in the experimental models of co-culture of human corneal and conjunctival epithelial cells.

ELISA test. Columns and bars show the mean + standard deviation (n = 3). *p < 0.05 comparison of appropriate samples cultured in sys-
tems with and without collagen coating of the insert. 1. Co-culture: pRSV-T corneal cells cultured on the well bottom and HC0597 conjunc-
tival cells cultured on the insert 2. Co-culture: HC0597 conjunctival cells cultured on the well bottom and pRSV-T corneal cells cultured on
the insert 3. Monoculture: pRSV-T corneal cells cultured on the insert 4. Monoculture: HC0597 conjunctival cells cultured on the insert 5.
Monoculture: HC0597 conjunctival cells cultured on the well bottom 6. Monoculture: pRSV-T corneal cells cultured on the well bottom
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FIGURE 3. Interleukin 6 (IL-6) release in the experimental models of co-culture of human corneal and conjunctival epithelial cells.

ELISA test. Columns and bars show the mean =+ standard deviation (n = 3). *p < 0.05 comparison of appropriate samples cultured in sys-
tems with and without collagen coating of the insert. 1. Co-culture: pRSV-T corneal cells cultured on the well bottom and HC0597 conjunc-
tival cells cultured on the insert 2. Co-culture: HC0597 conjunctival cells cultured on the well bottom and pRSV-T corneal cells cultured on
the insert 3. Monoculture: pRSV-T corneal cells cultured on the insert 4. Monoculture: HC0597 conjunctival cells cultured on the insert 5.
Monoculture: HC0597 conjunctival cells cultured on the well bottom 6. Monoculture: pRSV-T corneal cells cultured on the well bottom

significant differences between the production of ~ The only exception was the production of uPA by
these factors and covering the insert with collagen. the monoculture of HC0597 cells (Fig. 4 and 5).
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FIGURE 4. Urokinase-type plasminogen activator (uPA) release in the experimental models of co-culture of human corneal and conjunc-
tival epithelial cells. ELISA test. Columns and bars show the mean = standard deviation (n = 3). *p < 0.05 comparison of appropriate
samples cultured in systems with and without collagen coating of the insert. 1. Co-culture: pRSV-T corneal cells cultured on the well bot-
tom and HC0597 conjunctival cells cultured on the insert 2. Co-culture: HC0597 conjunctival cells cultured on the well bottom and pRSV-T
corneal cells cultured on the insert 3. Monoculture: pRSV-T corneal cells cultured on the insert 4. Monoculture: HC0597 conjunctival cells
cultured on the insert 5. Monoculture: HC0597 conjunctival cells cultured on the well bottom 6. Monoculture: pRSV-T corneal cells cultured
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FIGURE 5. Urokinase-type plasminogen activator receptor (uPAR) release in the experimental models of co-culture of human corneal and
conjunctival epithelial cells. ELISA test. Columns and bars show the mean + standard deviation (n = 3). 1. Co-culture: pRSV-T corneal
cells cultured on the well bottom and HC0597 conjunctival cells cultured on the insert 2. Co-culture: HC0597 conjunctival cells cultured on
the well bottom and pRSV-T corneal cells cultured on the insert 3. Monoculture: pRSV-T corneal cells cultured on the insert 4. Monoculture:
HCO0597 conjunctival cells cultured on the insert 5. Monoculture: HC0597 conjunctival cells cultured on the well bottom 6. Monoculture:
pRSV-T corneal cells cultured on the well bottom
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Table I. The ratio of corneal (pPRSV-T) and conjunctival (HC0597) epithelial cell paracrine interactions based

on tested compound levels

Collagen coating Ratio of interactions
Compound .
of the insert membrane Experimental system 1 Experimental system 2
0.66 0.59
Coated . .
Synergism Synergism
IL-18
1.26 0.58
Non-coated
Additivity Synergism
1.14 1.19
Coated
Additivity Additivity
IL-6
1.51 1.45
Non-coated . .
Antagonism antagonism
2.08 1.97
Coated i .
Antagonism antagonism
uPA
2.2 1.93
Non-coated
Antagonism Antagonism
1.78 1.9
Coated i .
Antagonism Antagonism
uPAR
2.08 2.15
Non-coated
Antagonism Antagonism

IL-18 — interleukin 16, IL-6 — interleukin 6; uPA — urokinase-type plasminogen activator; uPAR — uPA receptor; Quotient lower than 0.7 indicates synergism of reciprocal interaction
between corneal and conjunctival cells; Quotient higher than 1.3 indicates antagonism of interactions; Quotient in the range 0.7-1.3 indicates additive relations between cell cultures.
Experimental system 1 — conjunctival epithelial cells in the insert; corneal epithelial cells on the plate bottom; experimental system 2 — corneal epithelial cells in the insert; conjunctival

epithelial cells on the plate bottom

The co-culture of corneal and conjunctival epi-
thelial cells caused a synergistic or at least addi-
tive effect with reference to the level of IL-18 as
compared to the sum of the concentrations of this
cytokine in particular monocultures. Similarly, the
synergistic effect of IL-6 production was observed
in the case of the co-culture of these cells when
the insert membrane was coated with collagen. On
the other hand, the lack of collagen caused an-
tagonism in the production of IL-6 in this model.
The mutual indirect relationship between corneal
and conjunctival epithelial cells significantly limited
uPA production (antagonistic effect) and release
of its receptor (uPAR) in comparison to the sum
of concentrations of these factors in the respective
monocultures (Tab. I).

The study of the functional correlation between
the investigated factors in the co-culture systems in
the presence or absence of insert membrane cov-
ering with collagen is presented in Table II. De-
pending on the set of the analysed parameters and
the research system, both positive and negative
correlations were observed. Particularly notewor-
thy is the negative correlation between the level of
IL-18 and IL-6 in the co-culture of systems 1 and
3 (HC0597 cells in the insert, pRSV-T cells on

the well bottom) regardless of the collagen coating

of the insert membrane. In addition, the positive
correlation between IL-6 and the serine protease
uPA and its receptor (uPAR) obtained in System
1 (collagen-coated insert membrane, HC0597 cells
in the insert, pRSV-T cells on the well bottom) is
also noteworthy.

DISCUSSION

The tissues of the external part of the eye are
exposed not only to damaging mechanical stimuli
but also to many biological factors that stimulate
the immune response. Therefore, the mutual rela-
tions between the tissues of this part of the eye
fulfil an extremely important role in the process of
proper vision. It is already known that epithelial
cells of the cornea and conjunctiva interact with
each other in a paracrine manner, and the func-
tion of these physically apposed tissues is strictly
regulated by the factors of the immune system [1,
8]. The source of biologically active factors are not
only the immune competent cells present in the
mucosal layer but also the corneal and conjunc-
tival epithelial cells themselves [8]. The regula-
tory role in the indirect interactions between these
cells is therefore played by cytokines, chemokines,
and growth factors, as well as extracellular matrix
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Table Il. The Spearman rank coefficients of significant correlations between tested parameters in the analysed

co-culture experimental conditions

System 1: Insert membrane collagen coated, HC0597 cells in the insert, pPRSV-T cells on the well bottom

Vel Spearman’s rank correlations. Results are statistically significant at p < 0.05

IL-18 IL-6 uPA uPAR
IL-18 - -0.828571 NC NC
IL-6 —-0.82857 = 0.828571 0.82857
uPA NC 0.828571 - NC
uPAR NC 0.828571 NC =

System 2: Insert membrane collagen coated, pRSV-T cells in the insert, HC0597 cells on the well bottom

There were no significant correlations between tested parameters

System 3: Insert membrane without collagen coating, HC0597 cells in the insert, pPRSV-T cells on the well bottom

Spearman’s rank correlations. Results are statistically significant at p < 0.05

Varieble IL-18 IL-6 uPA uPAR
IL-18 = -0.94286 NC 0.94286
IL-6 -0.942857 = NC NC
uPA NC NC - NC
uPAR 0.942857 NC NC =

System 4: Insert membrane without collagen coating, pRSV-T cells in the insert, HC0597 cells on the well bottom

Spearman’s rank correlations. Results are statistically significant at p < 0.05

Variable IL-18 IL-6 uPA uPAR
IL-18 - NC -0.942857 NC
IL-6 NC = NC 0.942857
uPA -0.942857 NC - NC
uPAR NC 0.942857 NC =

IL-1p — interleukin 1P, IL-6 — interleukin 6; uPA — urokinase-type plasminogen activator; uPAR — uPA receptor; NC — no correlation between tested parameters; R Spearman

and p value (p < 0.05)

(ECM) proteins. The ECM provides mechanical
strength within the tissue but also mediates in-
teraction and communication between cells [9].
Among ECM proteins, collagen, including col-
lagen type I, has been found to be important in
maintaining the proper structure and functionality
of the ocular surface tissues [10, 11].

The expression of inflammatory cytokines is
closely regulated by ECM proteins, including col-
lagen. On the other hand, cytokines like IL-4 or
IL-13 as well as IL-18 or IL-6 may contribute to
increased or changed ECM protein deposition [12,
13]. In addition, the cytokine network influences
the release of proteases, including MMPs and ser-
ine proteases, which modulate the ECM structure.
Therefore, these are mutual, quite complex interac-
tions that need to be studied.

In our study we found significant changes in
IL-1B and IL-6 levels depending on the co-culture
model applied and the presence of collagen. IL-1f3 is
constitutively present in the tear film and was found
to be present in corneal and conjunctival epithelial

cells [14]. IL-1P is an important modulator of cor-
neal epithelium and stroma activity. This cytokine
together with IL-6 stimulate the activity of ocular
surface epithelial and immune cells in response to
injury, activate corneal cell migration, and regulate
the proliferation and differentiation of epithelial
cells [5, 15, 16]. Both cytokines are recognised as
factors that strongly stimulate inflammation [17,
18]. In addition, the regulation of their formation
by affecting molecular pathways like NF-xB may
limit the adverse effects associated with inflamma-
tion [17]. Based on our results, we believe that
modulation of the formation of cytokines through
extracellular matrix proteins may also be an alterna-
tive factor helping in the reduction of eye inflam-
mation. Moreover, taking our results into account,
indirect interactions between corneal and conjunc-
tival epithelial cells mediated by pro-inflammatory
cytokines do not necessarily have to participate only
in the development of inflammation that is unfa-
vourable to the surface of the eye but may also serve
as physiological relays that allow contact between
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these cells and thus the proper functioning of the
tissue. What is more, we believe that extracellular
matrix proteins may modulate pro-inflammatory
cytokine production and may serve as an alternative
to reduce inflammation of the eye. On the other
hand, these cytokines may locally induce matrix
metalloproteinase (MMPs) or serine protease ac-
tivity, which may directly or indirectly modulate
ECM protein production or their destruction [4,
19, 20]. Inflammation has also been shown to alter
the expression of MMPs or serine proteases in the
conjunctival tissue, which may initiate collagen-
ous fibre melting [21]. In our study, we found that
the presence of collagen type I does not signifi-
cantly change urokinase-type plasminogen activa-
tor (uPA) and its receptor (uPAR) production in
the co-culture models. Nevertheless, the level of
these factors was relatively high in our experimental
models. This observation may result from uPA sub-
strate specificity mainly for fibrin, fibronectin, or
laminin. Collagen is not an essential substrate for
its activity. However, its production may stem from
its functions directed at cell adhesion, migration, or
microenvironment remodelling [22]. In our stud-
ies, we also demonstrated a high level of the soluble
form of uPAR. It is indicated that, independently
of uPA, this receptor can control the response and
infiltration of leukocytes into the cornea and thus
regulate local inflammation [23]. However, its inter-
action with uPA initiates a sequence of events that
may lead to the development of blood vessels in the
cornea and the induction of corneal vascularisation
[23, 24]. We analysed the degree of mutual relation-
ships between the examined parameters stating that,
depending on the experimental model, uPA and
uPAR correlate with the examined cytokines. This
may suggest that the activity of serine proteases is
regulated by the cytokine presence in the co-culture
microenvironment. In addition, the presence of col-
lagen may, at least indirectly, via soluble immune
mediators, regulate the processes of destruction or
remodelling of the ocular surface stroma.

In conclusion, paracrine interactions between
corneal and conjunctival epithelial cells depend
on the composition of extracellular matrix pro-
teins. They regulate not only the level of pro-inflam-
matory cytokines or, indirectly, serine proteases but
also may change mutual cellular interactions from
synergistic to antagonistic, as was demonstrated in
the case of IL-6. Therefore, the process of correct
vision depends not only on the functionalities of
individual tissues and their reciprocal interactions

but also on intermediate and direct relationships
with stroma proteins.
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