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A B S T R A C T

Human limbal epithelial cells (LECs) intended for treatment of limbal stem cell deficiency are commonly cul-
tivated on a 3T3 feeder layer with complex culture medium supplemented with fetal bovine serum (FBS).
However, FBS is a xenogeneic component containing poorly characterised constituents and exhibits quantitative
and qualitative lot-to-lot variations. Human limbal explants were plated on untreated or fibrin coated plastic
plates and cultured in two non-xenogeneic media (supplemented with either human serum or platelet lysate
only). Our aim was to find out whether the characteristics of harvested LEC cultures are comparable to those of
LEC cultivated in the gold standard - FBS-supplemented complex medium. The growth kinetics, cell prolifera-
tion, differentiation, stemness maintenance, apoptosis and contamination by other cell types were evaluated and
compared among these conditions. In all of them LECs were successfully cultivated. Stemness was preserved in
both xeno-free media. However, cells cultured with human serum on the fibrin-coated plates had the highest
growth rate and cell proliferation and very low fibroblast-like cell contamination. These data suggest that xeno-
free cell culture conditions can replace the traditional FBS-supplemented medium and thereby provide a safer
protocol for ex vivo cultured limbal stem cell transplants.

1. Introduction

The stratified squamous epithelial cell layer covering the corneal
surface is essential for maintaining the clarity and regular refractive
surface of the cornea. The corneal epithelium constantly undergoes
regeneration by poorly differentiated limbal epithelial stem cells
(LESCs) located in the limbus, the narrow transitional zone segregating
the corneal and conjunctival epithelium (Davanger and Evensen, 1971;
Schermer et al., 1986; Tseng, 1989). LESCs undergo asymmetric cell
division whereby one daughter cell is retained in the stem cell pool,
while the other detaches from its basal membrane and gives rise to

highly proliferative progenitor cells. These cells, called transient am-
plifying cells, migrate upwards and across towards the central cornea,
and differentiate and replace senescent cells, which are sloughed away
from the corneal surface (Castro-Munozledo and Gomez-Flores, 2011;
Lehrer et al., 1998; Sharma and Coles, 1989).

The significance of limbal stem cells for maintaining normal corneal
surface homeostasis is evident in patients with limbal stem cell defi-
ciency (LSCD), which results in pain, persistent or recurrent epithelial
defects vascularization and conjunctivalization of the cornea. The well-
defined causes of LSCD are chemical/thermal injuries, Stevens-Johnson
syndrome, ocular cicatricial pemphigoid and aniridia, where stem cells
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are damaged or the process of corneal epithelial cell renewal is dis-
rupted (Shortt et al., 2014; Schwab and Isseroff, 2000; Tsai et al.,
2000). On the other hand, it has been suggested that the leading causes
of LSCD are infection (e.g. trachoma) and trauma, which are often re-
ported outside North America (Schwab and Isseroff, 2000) and outside
Europe.

Current treatments for LSCD involve the transplantation of ex vivo
cultured limbal epithelial cells (LECs) that form a confluent sheet of
cells on the ocular surface (Shortt et al., 2014; Tsai et al., 2000). Two
basic methods are used: explant culture, where limbal cells migrate out
from a limbal tissue biopsy, and suspension culture of single cells pre-
pared by enzymatic digestion of the limbal surface, in which the limbal
cells are typically co-cultured with feeder cells (Shortt et al., 2007).
Currently, there is a range of parallel protocols for the ex vivo expansion
of LECs using different sera, including fetal bovine serum (FBS), auto-
logous serum (Pellegrini et al., 2014; Zakaria et al., 2014) as well as
serum substitutes, such as human platelet lysates (hPL), which is a
source of platelet-derived growth factor, insulin-like growth factor-1,
transforming growth factor-β1 and epidermal growth factor (EGF),
(Eppley et al., 2004). Also protocols with no serum addition are used
(Nakamura et al., 2004, 2006; Notara et al., 2007; Pellegrini et al.,
1997; Rama et al., 2010; Tsai et al., 2000). Apart from serum and serum
substitutes other medium components are used such as various animal-
derived hormones and growth factors (Shortt et al., 2007). From all
these possibilities, complex medium (COM) is generally accepted for
LSCs cultivation and media of very similar composition are regularly
used (Pellegrini et al., 2018; Ramirez et al., 2015). Most often, lethally
irradiated mouse fibroblast cells are used as a feeder layer but using no
feeder layer has also been demonstrated as an alternative possibility for
explant cultures (Jeon et al., 2013; Pellegrini et al., 2014). Diverse
scaffolds (amniotic membrane, fibrin, contact lenses, etc.) are employed
for the application of LECs on the ocular surface (Di Girolamo et al.,
2009; Rama et al., 2001; Zakaria et al., 2014).

The conditions employing complex media containing xenogeneic
(FBS) or otherwise problematic components (cholera toxin) (Yu et al.,
2016) have successfully been used in some countries (Ramirez et al.,
2015). However, the use of such substances or even cells presents the
risk of transmitting various pathogens and potentially eliciting an im-
munological response in clinical applications (Llames et al., 2015;
Shahdadfar et al., 2012). In the present study, we compare the prop-
erties of LEC cultures ex vivo expanded in two completely xeno-free
culture media (human serum medium - hSM and human platelet lysate
medium - hPLM) with the complex medium used as a gold standard.
The aim was to ascertain whether by us tested conditions are at least of
the same or better efficiency with respect to promoting LECs growth,
stemness maintenance and progress of differentiation or unwanted
support of other cell type growth on a substrate appropriate for transfer
to the patient's eye. Fibrin tissue glue was used as a substrate for LEC
culture as it promotes cell growth, maintains LESCs stemness, and en-
ables easy transfer to the patient's eye, (Forni et al., 2013; Talbot et al.,
2006), and has an advantage over amniotic membrane to present no
risk of viral agent transmission, nor necessity of costly donor screening
and donor dependent variation in quality.

2. Materials and methods

2.1. Donor corneal tissue

The study adhered the tenets set out in the Declaration of Helsinki.
Donor tissue procurement fulfilled all Czech legal requirements, in-
cluding the absence of the donor in the National register of persons
opposed to the post-mortem withdrawal of tissues and organs. On the
use of the corneoscleral rim based on Czech legislation on specific
health services (Law Act No. 372/2011 Coll.), informed consent is not
required if the presented data are anonymized in the form. Thirty-six
corneoscleral rims were obtained from cadaveric donor corneas stored

for 2–20 days (mean storage time: 9.7 ± 4.2 days) in Eusol-C pre-
servation medium (Alchimia, srl., Ponte San Nicolò, Italy) until cornea
grafting at University Hospital Kralovske Vinohrady, Prague, or the
General University Hospital in Prague. The donor age (mean ±
standard deviation) was 60.7 ± 7.7 years (range 38–72 years).

2.2. Preparation of limbal explants and substrates

Thirty-six corneoscleral rims were divided into two groups: 18 were
cultured on polystyrene (plastic) plates and the other 18 in the fibrin-
coated wells of 24-well plates (TPP Techno Plastic Products AG,
Trasadingen, Switzerland). The corneoscleral rims were washed three
times in Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1,
GlutaMAX) containing 100× Antibiotic-Antimycotic (AA, Thermo
Fisher Scientific, Waltham, MA, USA). Excess of scleral and corneal
tissue was removed and each corneoscleral rim was cut into 12 pieces.

In the no-fibrin group, the explants were plated individually in 24-
well plates with or without Nunc Thermanox Coverslips (Thermo Fisher
Scientific) placed on the bottom of the wells. The cultures grown on
coverslips were used for immunostaining.

In the fibrin group, all 12 explants from each rim were grown in
fibrin-coated wells prepared as described previously (Sheth et al.,
2015). Briefly, fibrin sealant (TISSEEL Lyo, Baxter, Vienna, Austria) was
prepared by dissolving the sealer protein concentrate in aprotinin so-
lution. Thrombin solution was prepared by dissolving human thrombin
with calcium chloride solution. Each of the solutions were transferred
into 15-ml tubes and mixed with the appropriate volumes of phosphate-
buffered saline (PBS) to obtain a thrombin and fibrinogen concentration
of 10 U/ml and 10mg/ml, respectively. Equal volumes (150 μl) of each
solution were gently mixed in each well by stirring using a pipette tip.
Trituration was avoided as it leads to bubble formation. Any occa-
sionally formed bubbles were ruptured with a surgical needle.

Prior to cell characterization, confluent cultures grown on fibrin
were incubated in 5ml of 1.04 U/mg Dispase II (Thermo Fisher
Scientific) for 30min at 37 °C in a water bath to dissolve the fibrin gel.
After the Dispase II had been removed, the LEC cultures were treated
with 2ml non-animal trypsin enzyme (TrypLE Select, Thermo Fisher
Scientific) for up to 25min under the same conditions to yield single-
cell suspensions. The cells were counted using a haemocytometer
(OPTING Servis, Ostrava, the Czech Republic) and the 5×104 cells per
slide for immunostaining, 2× 103 cells per well of 6-well plate for
colony forming efficiency assay (CFE) and remaining amount of cells
for gene expression analyses ware used.

2.3. Cell culture media

All explants from both groups were cultured for 2–4 weeks in three
media: COM [1:1 DMEM/F12, 10% FBS, 1% AA, 10 ng/ml recombinant
EGF, 0.5% insulin-transferrin-selenium (Thermo Fisher Scientific),
5 μg/ml hydrocortisone, 10 μg/ml adenine hydrochloride and 10 ng/ml
cholera toxin (Sigma-Aldrich, Darmstadt, Germany)] and xeno-free
media supplemented either with 10% pooled human serum or with 10%
GroPro Cell Culture Growth Supplement Human Platelet Lysate (Zen-
Bio, Research Triangle Park, NC, USA) as a serum substitute. Both xeno-
free media were supplemented with 1% AA. The cultures were in-
cubated at 37 °C in 5% CO2. The culture media were changed every 2–3
days. Tranexamic acid (160 μl/ml, Sigma-Aldrich) was added at every
medium change to prevent fibrin gel digestion during prolonged cul-
ture.

2.4. Morphology and cell growth

The expanded LECs were monitored and the beginning of cell mi-
gration, reaching confluence and cell morphology were evaluated
under an inverted microscope (Olympus CX41, Olympus, Tokyo,
Japan). The LEC culture was considered successful when more than

K. Brejchova et al. Experimental Eye Research 176 (2018) 20–28

21



80% confluence was reached. The percentage of successful cultures was
calculated based on the number of all explants used. The elapsed time
from explant planting to the culture growth onset and to reaching
confluence was determined in successful cultures.

2.5. Preparation of 3T3 feeder layers

The 3T3 cell line was maintained using DMEM, 10% FBS and 1% AA
(Thermo Fisher Scientific). At 70–80% confluence, 3T3 cells were
treated with 12 μg/ml mitomycin-C Kyowa (NORDIC Pharma, Prague,
the Czech Republic) for 2 h at 37 °C under 5% CO2 to arrest cell growth.
After incubation, the cells were washed with PBS three times, trypsi-
nized for 2–4min, and 3×105 cells per well were distributed into 6-
well plates. The cells were used within 24 h of preparation.

2.6. Colony forming efficiency assay

The clonal growth ability of the cultured cells was determined using
the CFE. LEC cultures reaching at least 80% confluence were washed
twice with PBS and trypsinized to obtain single-cell suspensions. The
cells were counted by haemocytometer, and 2000 cells were seeded in
6-well plates containing a growth-arrested 3T3 feeder layer. The LECs
were kept at 37 °C and 5% CO2 in COM and were observed using an
inverted light microscope. After 10–12 days of cultivation, colonies
were fixed with cold methanol for 30min at −20 °C. Subsequently, the
cells were rehydrated with PBS and stained with 2% rhodamine solu-
tion (Sigma-Aldrich) for 5min at 37 °C. Finally, the plates were pho-
tographed and analysed using image management software (NIS
Elements; Laboratory Imaging, Prague, the Czech Republic). The co-
lonies were counted and the CFE was calculated using the following
equation (Barrandon and Green, 1987):

= ×CFE
number of colonies

number of seeded cells
(%) 100

2.7. Immunocytochemistry

Cells obtained from cultures grown on fibrin were isolated as de-
scribed above, and cytospin slides of each sample were prepared by
centrifuging 5×104 cells per slide at 100× g for 5min and stored at
−20 °C. Immunocytochemical (ICC) staining was performed to evaluate
the presence of putative LESC markers [the p63α isotype encoded by
the tumour protein P63 gene – TP63, ATP-binding cassette subfamily B
member 5 (ABCB5) and a ring finger protein, Bmi-1, encoded by the
BMI1 proto-oncogene]; markers of differentiated corneal epithelium –
keratin 3 and 12 (K3/12), and cell proliferation marker Ki-67. In brief,
LEC cultures on both Thermanox coverslips and cytospin slides were
fixed in 4% paraformaldehyde in PBS at room temperature for 10min,
and the cell membranes were permeabilized with 0.33% Triton X-100
(Sigma-Aldrich). The cell cultures intended for Ki-67 staining were
treated for 1 h at room temperature with blocking solution (2.5% bo-
vine serum albumin) supplemented with 0.33% Triton X-100 (Sigma-
Aldrich) to uncover hidden nuclear antigens. The remaining slides were
treated with blocking solution only, as Triton X-100 can damage the
epitopes of the other investigated markers. The cells were incubated
with primary antibodies (Table 1) for 1 h at room temperature,

followed by incubation with secondary antibodies conjugated with
fluorescent dye: Alexa Fluor 488-conjugated goat anti-rabbit im-
munoglobulin G (IgG), Alexa Fluor 488-conjugated goat anti-mouse IgG
(cat. no. A11034 and A11029, respectively) and Alexa Fluor 594-con-
jugated goat anti-rabbit IgG (cat. no. A11037) (all Thermo Fisher Sci-
entific). The samples were mounted with Vectastain mounting medium
with 4′, 6-diamidino-2-phenylindole (DAPI) as a counterstain (Vector
Laboratories, Burlingame, CA, USA) and examined by fluorescence
microscopy (Olympus BX51; Olympus) at ×100 and ×200 magnifi-
cation. At least 1000 cells were evaluated to calculate the percentage of
positive cells.

2.8. Detection of apoptosis

The presence of apoptotic cells was identified using In Situ Cell
Death Detection Kit, Fluorescein [terminal deoxyribonucleotidyl
transferase–mediated dUTP–digoxigenin nick-end labelling (TUNEL)];
Roche Applied Science, Mannheim, Germany). LECs were fixed in 4%
paraformaldehyde and permeabilized (0.33% Triton X-100) prior using
the kit according to the manufacturer's instructions. Samples were
mounted with VECTASHIELD mounting medium with DAPI (Vector
Laboratories). The fluorescein label incorporated at the sites of da-
maged DNA was visualized by a fluorescence microscope. At least
1000 cells were examined to calculate the percentage of apoptotic cells.

2.9. RNA extraction, reverse transcription and quantitative real-time
polymerase chain reaction (qPCR)

The expression of the TP63, ABCB5, BMI1, keratins 15 and 3 (K15,
K3) genes was detected using qPCR. Total RNA was extracted from all
LEC cultures cultivated on plastic and fibrin using TRI Reagent
(Molecular Research Center, Cincinnati, OH, USA) according to the
manufacturer's instructions. The details of RNA isolation and reverse
transcription have been described previously (Trosan et al., 2012).
Briefly, 1 μg RNA was treated with deoxyribonuclease I (Promega
Corporation, Fitchburg, WI, USA) and used for subsequent reverse
transcription. The first-strand complementary DNA was synthesized
using random hexamers (Promega) in a total reaction volume of 25 μl
using M-MLV Reverse Transcriptase (Promega).

The qPCR was performed in a LightCycler 480 Real-Time PCR
system (Roche, Basel, Switzerland). The sequences of the primers used
are summarised in Table 2. The sequence specificity of all primers was
confirmed via BLAST (http://www.ncbi.nlm.nih.gov/blast/). Conven-
tional reverse transcription PCR was performed to confirm that only a
single band was obtained. The PCR products were electrophoresed on
1% agarose gels containing GelRed Nucleic Acid Gel Stain (Biotium,
Fremont, CA, USA). The qPCR parameters included initial denaturation
at 95 °C for 3min, 40 cycles of denaturation at 95 °C for 20 s, annealing
at 60 °C for 30 s and elongation at 72 °C for 15 s. Fluorescence was
monitored at 55–95 °C at 0.5 °C intervals for 10 s. Each experiment was
performed in triplicate. A relative quantification model was used to
calculate the expression of the target gene in comparison to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was used
as the endogenous control.

Table 1
Primary antibodies.

Primary antibody Cat. no. Antibody registry Dilution Company

Rabbit polyclonal anti-human p63α 4892 AB_2270728 1:50 Cell Signalling Technology, Danvers, MA, USA
Mouse monoclonal anti-human ABCB5 (clone 5H3C6) MABC711 – 1:50 Merck Millipore, Darmstadt, Germany
Rabbit polyclonal anti-human Bmi-1 ab38295 AB_725719 1:400 Abcam, Cambridge, UK
Mouse monoclonal anti-human anti K3/12 (clone AE5) 10R-C168a AB_1284037 1:200 Fitzgerald Industries International, Acton, MA, USA
Mouse monoclonal anti-Ki-67 (clone MIB-1) M7240 AB_2142367 1:50 DAKO Cytomation, Glostrup, Denmark
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2.10. Statistical analysis

Statistical analysis was performed using Microsoft Excel 2010 and R
Statistical Software (https://www.r-project.org). One-way analysis of
variance (ANOVA) was used to analyse the significance of inter-group
variation in the number of successful explants, contamination with fi-
broblast-like cells, marker staining and gene expression. Then, the
Student t-test and Wilcoxon test were used to determine inter-pair
significance and the p-value. p < 0.05 was considered statistically
significant.

3. Results

3.1. Limbal epithelial cell growth and morphology

LECs grown on both plastic and fibrin were tightly packed in all
three media, displaying cuboidal morphology and a high nucleocyto-
plasmic ratio. No difference in morphology between the experimental
groups was observed (Fig. 1A).

Among the 233 explants plated on plastic, 79.7%, 65.5% and 57.3%
of explants cultivated in COM, hSM and hPLM, respectively, gave rise to
confluent cultures. The 138 explants plated on fibrin yielded similar
percentages of successful cultures (COM, 73.4%; hSM, 72.7%; hPLM,
67.2%). There were no statistically significant inter-group differences
(Fig. 1B).

When counted from growing explants, the cultures in hSM on plastic
with no substrate had delayed growth onset compared to those in COM
(p < 0.001) and hPLM (p < 0.001). On fibrin, LEC expansion in hPLM
was delayed compared to both COM (p < 0.001) and hSM (p < 0.01).
LECs cultured in COM and hSM on fibrin expanded significantly earlier
(p < 0.01 and p < 0.001, respectively) and reached confluence more
rapidly (p < 0.001) than cells cultured in the same media on plastic.
On plastic, LECs cultured in COM were confluent significantly earlier
than those in hSM (p < 0.01) and were harvested earlier than cultures
in hPLM (p < 0.001). A similar trend was observed in the cultures
cultivated on fibrin (Fig. 1C).

Fibroblast-like cell contamination (Fig. 1D) was observed under all
tested conditions. It was more prominent in the explants grown on fi-
brin, although a significant difference was observed for COM only
(plastic versus fibrin, p < 0.01). There was 0.5%, 8.2% and 21.2%
fibroblast-like cell contamination in the cultures grown in COM, hSM
and hPLM, respectively, on plastic. A significant increase was demon-
strated only for cultures in hPLM compared to COM (p < 0.05). For
cells expanded on fibrin, 17.7%, 15.4% and 47.6% of cultures in COM,
hSM and hPLM, respectively, were contaminated, but only for cultures
in hPLM compared to hSM the contamination was statistically sig-
nificantly different (p < 0.05) (Fig. 1E).

3.2. Presence of limbal stem cell markers

Immunostaining for the limbal stem cell markers p63α, ABCB5 and

Bmi-1 was detected in most of the cultured cells in all six conditions
(Fig. 2). The average positive cell counts are shown in supplementary
fig. 1. There was a statistically higher percentage of p63α-positive cells
when LECs were cultured on plastic in COM as compared to hSM
(p < 0.05) and hPLM (p < 0.001). On fibrin, there were significantly
more p63α-positive cells in comparison with plastic (hSM, p < 0.01;
hPLM, p < 0.001). Compared to plastic, there were significantly more
ABCB5-positive cells on fibrin cultivated in COM (p < 0.001), hSM
(p < 0.05) and hPLM (p < 0.01) (Fig. 2, supplementary fig. 1). Co-
localized p63α and ABCB5 staining was observed in 82–91% of LECs
cultivated on fibrin, whereas there was 41–66% co-localization in LECs
cultured on plastic (data not shown). Bmi-1 staining was present in
most of the cells across all experimental groups (75–97%), with no
statistically significant difference (Fig. 2, supplementary fig. 1). No
staining was present in negative controls, from which the primary an-
tibody had been omitted.

The TP63 gene expression of p63α isotype was not statistically
different among all groups, except for the cells cultivated in hSM, where
its expression was significantly higher in LECs cultured on plastic
compared to that grown on fibrin (p < 0.05) (Fig. 3B). BMI1 expres-
sion was higher in LECs cultivated in COM on fibrin compared with
LECs cultured in hSM (p < 0.01) and hPLM (p < 0.01) on fibrin, and
was higher in cultures grown in COM on plastic when compared to LECs
cultured in hPLM (p < 0.05) on plastic (Fig. 3B). No statistically sig-
nificant difference was observed in expression of K15 among all groups.
Slightly higher expression of K15 was observed only in cells cultured in
hSM on plastic (Fig. 3B).

3.3. Presence of differentiated corneal epithelial cells

The number of differentiated K3/12-positive cells varied, being on
average 15–43% in all cultures cultivated on both substrates in all
media (Fig. 2, supplementary fig. 1). A significantly lower percentage of
K3/12-positive cells was found only in cultures grown on plastic in hSM
compared to hPLM (p < 0.05). These cultures also had significantly
fewer K3/12-positive cells than cultures in hSM on fibrin (p < 0.01).
Fewer K3/12-positive cells were also detected in LECs cultured on fibrin
in COM compared to hSM (p < 0.01). K3 gene expression was higher
in LECs grown on plastic than on fibrin; however, only for cultures in
COM (p < 0.05) and hSM (p < 0.05) a significant difference was
observed, (Fig. 3B). The cultures on fibrin in hPLM had significantly
higher K3 expression when compared with that in COM (p < 0.001)
and hSM (p < 0.001).

3.4. Cell proliferation

Cell proliferation was slightly lower in the cultures grown on plastic
than on fibrin (Fig. 2, supplemental fig. 1); there was a significant
difference only between cultures in COM (p < 0.01) and hSM
(p < 0.01). Significantly increased number of proliferating cells was
also found in cultures in hSM on fibrin compared to that in hPLM on
fibrin (p < 0.05).

3.5. Apoptosis

There was no significant difference in the presence of apoptotic cells
in cultures grown in all conditions. Apoptotic cells (TUNEL-stained)
were rarely detected in cultures in hSM and hPLM on both substrates
(up to 1%); however, there were slightly more apoptotic cells (up to
3%) in the cultures cultivated on plastic in COM (Fig. 2, supplemental
fig. 1).

3.6. Colony forming efficiency assay

The CFE was performed for all experimental groups (Fig. 3A);
however, it revealed no statistically significant differences. The average

Table 2
Primers used for qPCR.

Primer Sequence (5′→3′) GenBank accession
number

Product size
(bp)

GAPDH GAAGGGGTCATTGATGGCAAC
GGGAAGGTGAAGGTCGGAGTC

NM_001289746.1 108

TP63 GAGGTTGGGCTGTTCATCAT
GAGGAGAATTCGTGGAGCTG

NM_001114980.1 174

BMI1 GCTCGCATTCATTTTCTGCT
ACACACATCAGGTGGGGATT

NM_005180.8 163

K15 CTACTTACCGCAGCCTGCTC
CCACTTGGCCTGATGAGAGT

NM_002275.3 218

K3 GGATGTGGACAGTGCCTATATG
AGATAGCTCAGCGTCGTAGAG

NM_057088.2 106
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CFE values for cultures grown in COM on plastic were almost the same
(3.97%) as that of cultures on fibrin (3.21%). The cultures in xeno-free
media had slightly higher CFE on fibrin (hSM, 4.13%; hPLM, 4.48%)
than on plastic (hSM, 2.42%; hPLM, 2.92%).

4. Discussion

This study highlights the possibility of using media containing au-
tologous blood products (human serum or human platelet lysate) in
combination with acellular substrate (fibrin) as a completely xeno-free
condition for preparing LEC graft for patients with LSCD. The explant
culture system is most commonly used in clinical studies using LEC

Fig. 1. LEC growth and morphology. Cell morphology in cultures cultivated in COM, hSM and hPLM on plastic or fibrin did not exhibit observable difference (A).
Success rate of LEC cultures in relation to number of plated explants (B). The start of outgrowth of LEC cultures from day 0 (plating) until full confluence (harvest)
(C). Fibroblast-like cell contamination (D) and the percentage of LEC cultures with contamination (E).

K. Brejchova et al. Experimental Eye Research 176 (2018) 20–28

24



grafts (Basu et al., 2012; Koizumi et al., 2001; Utheim et al., 2013). It is
an advantageous method due to the maintenance of LESC native niche
and no need for feeder layer support (typically, mouse embryonic cells),
(Gonzalez and Deng, 2013). However, the lower yield of successfully
growing explants (about 40%), (Lopez-Paniagua et al., 2016), re-
presents the disadvantage of this method. In all our experimental
conditions, 57% (hPLM, plastic) – 80% (COM, plastic) of explants gave
rise to confluent cultures, which corresponds to explant expansion in
FBS supplemented complex medium on amniotic membrane (Kethiri
et al., 2017) or on plastic (Ghoubay-Benallaoua et al., 2011).

The required time for limbal explants to reach confluence in COM

was approximately three weeks in our study, which is in accordance
with previous results (Ghoubay-Benallaoua et al., 2011; Lopez-
Paniagua et al., 2016). However, as far as we know, there are no
published studies comparing the cell growth kinetics of complex and
xeno-free media employing rigorous statistical approach. The shortest
time needed for the growth onset and reaching the confluence was
achieved in both hSM and COM on fibrin. This may reflect the fact that
fibrin promotes better cell attachment and growth (Reinertsen et al.,
2014). On the other hand, cell growth in hPLM on this scaffold was
significantly delayed than in COM and hSM, suggesting that hPLM does
not support LECs growth rate as efficiently as COM and hSM.

Fig. 2. Immunostaining for putative limbal stem cell markers p63α (red), ABCB5 (green) and Bmi-1 (green), differentiated corneal epithelial cell marker K3/12
(green) and proliferating cell marker Ki-67 (green) and fluorescent staining of apoptotic LECs (green) cultivated either on plastic or on fibrin substrate in COM, hSM
or hPLM. The round morphology of cells cultured previously on fibrin is a consequence of cell preparation for immunocytochemistry experiments by cytospin. Cell
nuclei were counterstained with DAPI (blue). Scale bar represents 50 μm.
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The contamination of cultures by other cell types, particularly
stromal fibroblasts (Kethiri et al., 2017; Lopez-Paniagua et al., 2016)
represents another challenge for the explant culture model. In our
cultures, presence of fibroblast-like cells was observed in all conditions
mainly during the later phase of cultivation, similarly as described
previously (Kethiri et al., 2017; Polisetty et al., 2008). Generally, the
contamination was lower on plastic than on fibrin substrate. However,
from a clinical point of view, fibrin but not plastic is a material suitable
for cell transfer to ocular surface. Irrespective of the scaffold, the most
prominent fibroblast-like cell contamination was detected in cultures
grown in hPLM, suggesting that hPL may stimulate their growth more
effectively than human serum. The relatively high levels of con-
tamination observed in our experiment could be also a consequence of
explant preparation: we used a whole twelfth of the limbus (i.e. with
full-thickness stroma). Studies using superficial limbal explants have

reported a lower degree of fibroblast-like cell contamination (Ghoubay-
Benallaoua et al., 2011). On the other hand, presence of stromal fi-
broblast in LEC grafts may not have necessarily negative effect. The
direct contact of basal limbal epithelial cells located in limbal crypts
und underlying stromal cells (Dziasko et al., 2014) as well as main-
tenance of LECs in a progenitor-like state based on cross-talks between
the LECs and stromal fibroblasts (Notara et al., 2010) has been de-
scribed previously. Furthermore, the positive effect of stromal stem
cells on corneal scarring prevention has been demonstrated on animal
model (Basu et al., 2014).

If an LEC graft prepared on fibrin contained more than 3% of p63-
positive, holoclone-forming LESCs, the transplantation of such a graft
achieves a high success rate (about 76%). If not, only 11% of patients
develop a stable ocular surface (Rama et al., 2010). High success rate
was also reported when amniotic membrane was used for LEC grafts

Fig. 3. Colony forming efficiency assay (A). Expression of p63α isotype of TP63, BMI1, K15 and K3 genes (B).
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(Sangwan et al., 2011) or when using complex medium containing ei-
ther FBS or autologous serum (Nakamura et al., 2006).

The presence of putative stem cell markers p63α, Bmi-1 and K15 are
generally used for evaluation of stemness of LEC cultures (Kramerov
et al., 2015; Meyer-Blazejewska et al., 2010; Utheim et al., 2015), and
ABCB5 was recently shown to be required for normal LESC function and
high success rate of grafting (Ksander et al., 2014). In our study, more
than 50% of cells were stained for the used putative stem cell markers
in all conditions. This is in agreement with 40–60% p63-and ABCB5-
positive cells in LEC cultures grown in COM on plastic (Li et al., 2017;
Lopez-Paniagua et al., 2013; Loureiro et al., 2013). There were statis-
tically significantly more p63α-positive cells in COM compared to xeno-
free media on untreated plastic, but we did not find any significant
difference in gene TP63 expression of p63α isotype in cells grown in
these three media. Similarly, Suri et al. did not find any difference in
p63α expression cells cultured in COM with FBS compared to hPL-
containing medium (Suri et al., 2016). In agreement with previous re-
sults (Forni et al., 2013; Han et al., 2002), our data suggest that the
fibrin scaffold maintains LESC stemness, as statistically higher percen-
tages of p63α- and ABCB5-positive cells were detected on fibrin relative
to untreated plastic plates in all three media. LECs cultured in COM on
both plastic and fibrin revealed significantly higher expression of an-
other putative stem cells marker - BMI1- compared to those cultured in
the non-xenogeneic media. The immunostaining, however, did not re-
veal any statistically significant difference. The discrepancy between
the qPCR and immunostaining findings may be explained by the fact
that qPCR reflects the relative amount of mRNA while immuno-
fluorescence analyses the number of positive cells and not the amount
of protein expressed in each sample. Therefore, the qPCR results cannot
be directly compared with the immunostaining findings (Lopez-
Paniagua et al., 2013). The expression of K15 showed no significant
difference in LECs grown in any of tested condition. This correlates well
with results of others (Ang et al., 2011; Pathak et al., 2016) as well as
with expression pattern of p63α isotype of TP63 gene shown in this
study.

The CFE assay revealed no significant difference among the ex-
perimental groups. The total CFE of all tested experimental groups was
2.4–4.5%, which is in agreement with previous reports describing 2–9%
stem cells in ex vivo cultivated limbal grafts (Lopez-Paniagua et al.,
2016; Schwab et al., 2000).

A higher number of K3/12-positive cells during culture indicates
increased progression to differentiation into mature corneal epithelial
cells in vitro (Ghoubay-Benallaoua et al., 2011; Song et al., 2005). About
60–80% K3- and K12-positive cells in COM on untreated plastic has
been reported recently (Li et al., 2017; Lopez-Paniagua et al., 2016;
Loureiro et al., 2013). We found<43% K3/12-stained cells in all
conditions; cultures in hSM on plastic had the lowest population, about
15% of positive cells. Our findings reveal higher K3 gene expression in
the xeno-free media compared to COM on fibrin as well as in hPLM
compared to hSM on both plastic and fibrin, although statistical sig-
nificance was not proved for all values/groups. This indicates that
particularly hPLM, in which hPL is the only supplement, better supports
the cell differentiation towards the corneal epithelium phenotype
compared to other media. Immunocytochemical analysis revealed a
higher percentage of K3/12-stained cells from the cultures in xeno-free
media on fibrin than on plastic. Nevertheless, these results were not
confirmed by gene expression. Fewer K3-positive cells on fibrin as
compared to cells on a non-coated surface has also been reported (Forni
et al., 2013). The discrepancy between the immunostaining and gene
expression results may be explained by the binding specificity of the
antibody used as it binds not only K3 but also K12. Moreover, it is
possible that even though a higher percentage of cells grown on fibrin
were K3/12-positive, the level of K3 gene expression was much lower in
these cells than in those cultivated on plastic.

The cell cycle marker Ki-67 indicating the population of all dividing
cells (Scholzen and Gerdes, 2000) was detected in comparable amounts

in all three media on plastic; nonetheless, the cells grown in COM and
hSM on fibrin exhibited significantly higher proliferative activity,
which corresponds well with a previous report (Forni et al., 2013).

A low rate of apoptosis observed in our cultures, with no significant
difference among the studied conditions, is in agreement with the re-
sults of cultures grown in COM and hSM on untreated plates or amniotic
membrane (Pathak et al., 2016; Shahdadfar et al., 2012). This contra-
dicts other reports describing an increased number of dying cells in
cultures grown on plastic as compared to various biomaterials
(Ahmadiankia et al., 2009; Sun et al., 2006).

5. Conclusion

In this study, we demonstrate that from the two non-xenogeneic
media, hSM combined with fibrin as a scaffold yields LEC cultures of
the same or better quality compared to COM. The use of hPLM showed
to be slightly less efficient. Although conditions employing complex
media containing xenogeneic or otherwise problematic components
have successfully been used in some countries, entirely xeno-free grafts
are necessary to ensure maximum patient safety. Our work contributes
to the establishment of a standardized protocol, which uses non-xeno-
geneic culture conditions and assures adequate growth rate and stem-
ness maintenance of LECs. A xeno-free culture protocol would con-
tribute substantially to improving the safety of LEC transplantations in
patients with LSCD.
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Abstract

To use human limbal explants as an alternative source for generating conjunctival epithe-

lium and to determine the effect of interleukin-13 (IL-13) on goblet cell number, mucin

expression, and stemness. Human limbal explants prepared from 17 corneoscleral rims

were cultured with or without IL-13 (IL-13+ and IL-13-, respectively) and followed up to pas-

sage 2 (primary culture [P0]–P2). Cells were characterized by alcian blue/periodic acid–

Schiff (AB/PAS) staining (goblet cells); immunofluorescent staining for p63α (progenitor

cells), Ki-67 (proliferation), MUC5AC (mucin, goblet cells), and keratin 7 (K7, conjunctival

epithelial and goblet cells); and by quantitative real-time polymerase chain reaction for

expression of the p63α (TP63), MUC5AC, MUC4 (conjunctival mucins), K3, K12 (corneal

epithelial cells), and K7 genes. Clonogenic ability was determined by colony-forming effi-

ciency (CFE) assay. Using limbal explants, we generated epithelium with conjunctival phe-

notype and high viability in P0, P1, and P2 cultures under IL-13+ and IL-13- conditions, i.e.,

epithelium with strong K7 positivity, high K7 and MUC4 expression and the presence of

goblet cells (AB/PAS and MUC5AC positivity; MUC5AC expression). p63α positivity was

similar in IL-13+ and IL-13- cultures and was decreased in P2 cultures; however, there was

increased TP63 expression in the presence of IL-13 (especially in the P1 cultures). Similarly,

IL-13 increased proliferative activity in P1 cultures and significantly promoted P0 and P1 cul-

ture CFE. IL-13 did not increase goblet cell number in the P0–P2 cultures, nor did it influence

MUC5AC and MUC4 expression. By harvesting unattached cells on day 1 of P1 we obtained

goblet cell rich subpopulation showing AB/PAS, MUC5AC, and K7 positivity, but with no

growth potential. In conclusion, limbal explants were successfully used to develop conjuncti-

val epithelium with the presence of putative stem and goblet cells and with the ability to pre-

serve the stemness of P0 and P1 cultures under IL-13 influence.
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Introduction

The conjunctiva is composed of a non-keratinizing stratified epithelium with interspersed

goblet cells (GCs) and a vascularized stroma. It contributes to the integrity of the ocular surface

by producing the mucin component of the tear film, forming a mechanical barrier against

pathogens and being a part of the mucosal immune defense system [1–4]. Mucins are high–

molecular weight glycoproteins that lubricate the ocular surface and stabilize the ocular film.

Human GCs secrete the gel-forming mucin MUC5AC, soluble MUC2, and membrane-associ-

ated MUC16. Corneal and conjunctival epithelial cells express the membrane-associated

MUC1 and MUC16, while MUC4 is prevalently expressed by conjunctival cells [3, 5].

Corneal epithelium is maintained by limbal stem cells located in palisades of Vogt [6]. Con-

junctival stem cells are bipotential and give rise to both epithelial cells and GCs [7]. Stem cells

are distributed throughout the conjunctival tissue, with density being highest in the nasal part

of the lower fornix and the medial canthus [8, 9], where GC density is also the highest [2].

Differentiation into GCs occurs later during the stem cell life cycle at the stage of transient

amplifying cell [7]. GCs can be generated also from limbal epithelial cells influenced by the

conjunctival environment [10].

The effect of interleukin-13 (IL-13), a T helper 2-type cytokine [11], on GCs and mucus

production in healthy and diseased tissues has been intensively studied in other tissues, for

example airway epithelium [12]. In conjunctiva, increase of IL-13 is believed to be involved in

the pathogenesis of conjunctival immune diseases involving stimulation of GC numbers,

mucus production and fibroblasts proliferation (atopic and vernal keratoconjunctivitis, giant

papillary conjunctivitis, mucous membrane pemhigoid) [13–16]. Moreover, it appears that its

presence in healthy conjunctival tissue is necessary for GC differentiation and homeostasis

[17]. In epidermal tissue, IL-13 could be important for protection against environmental

stressors and carcinogenesis [18]. So far, only a few studies have focused on IL-13 and con-

junctival tissue prepared in vitro [19–22]. In in vitro murine experiments, IL-13 stimulated

conjunctival GC proliferation [19–21]; however, its effect on MUC5AC is inconsistent; one

study showed it had no effect on MUC5AC secretion [20], and another reported a stimulatory

effect [19]. The addition of IL-13 to human conjunctival epithelial cell cultures stimulated

MUC5AC secretion [22]; however, its effect on GC numbers or MUC5AC expression in

human conjunctival tissue prepared in vitro has not been studied so far.

Ocular surface deterioration associated with dry eye, conjunctival damage, and scarring is

usually accompanied by decreased or even absent GCs and mucin (for review see [3, 23]).

Most diseases or conditions affecting the ocular surface are related to the destruction of both

the corneal and conjunctival epithelium, i.e., reconstruction in such cases requires the regener-

ation of both tissues [24]. Experiments on the development of human tissue–engineered

conjunctival equivalents have been underway for almost 30 years [25, 26]; the search for con-

venient cultivation conditions continues because engineering full-fledged conjunctival tissue

from two cell types is much more complicated in comparison to that for corneal epithelium

composed of only epithelial cells. Thus, so far experimental studies using cultured conjunctival

epithelial cells for conjunctival reconstruction prevail [26, 27] and studies in patients are very

rare [28]. However, the rationale for improving the culture protocols for human conjunctival

epithelial cell sheets is substantiated by their ability to treat limbal stem cell deficiency (LSCD)

without the need for immunosuppression in cases where autologous limbal tissue is not avail-

able (e.g. bilateral total LSCD) [24, 29–31].

Following the landmark publication by Rama et al. published in 2010 [32] demonstrating

that the percentage of a marker for undifferentiated cells in transplanted sheets is linked to

success following transplantations in patients with LSCD, research on how to support the

IL-13 maintains conjunctival epithelial cell stemness
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maintenance of stemness in cultured sheets intended for ocular surface reconstruction has sig-

nificantly gained momentum. In light of this, we herein explored to what extent IL-13 could

influence the stemness of cultured conjunctival cells. In addition, we tested whether explant

culture from human corneoscleral rims could be used for engineering conjunctival epithelium

and evaluated the influence of human recombinant IL-13 on GC numbers and mucin expres-

sion in the conjunctival cultures.

Materials and methods

Tissue specimens

The study followed the standards of the Ethics Committees of the General Teaching Hospital

and the First Faculty of Medicine of Charles University, Prague, Czech Republic (Ethics Com-

mittee approval no. 8/14 held on January 23, 2014), and adhered to the tenets set out in the

Declaration of Helsinki. We obtained human cadaver corneoscleral rims from 17 donors,

which were surplus from surgery and stored in Eusol-C (Alchimia, Padova, Italy), from the

Department of Ophthalmology, General University Hospital in Prague, Czech Republic, for

the study. On the use of the corneoscleral rims, based on Czech legislation on specific health

services (Law Act No. 372/2011 Coll.), informed consent is not required if the presented data

are anonymized in the form. The mean donor age ± standard deviation (SD) was 63.5 ± 6.5

years. The tissue was collected within 24 h from death. After the surgery, the corneoscleral

rims were stored in Eusol-C at 4˚C until limbal explants were prepared for cultivation. The

mean storage time ± SD (from tissue collection until explantation) was 6.2 ± 3.2 days. Con-

junctival impression cytology was performed on two healthy adult volunteers who had pro-

vided informed consent (EK-2370/14 S-IV approved on 12/11/2014). Conjunctival tissue with

pterygium was harvested from two patients at the Department of Ophthalmology, General

University Hospital in Prague, Czech Republic. Patients provided informed consent before the

pterygium removal surgery (EK-1570/11 S-IV approved on 10/13/2011).

Limbal explants and cell culture

The surplus cornea and sclera of the corneoscleral rims were cut off, and then the limbal por-

tion, including the residual conjunctival tissue, was cut into 12 pieces (approximately 2 × 3

mm) and placed corneoconjunctival epithelial side down in a 24-well plate (TPP Techno Plas-

tic Products AG, Trasadingen, Switzerland). Six explants were placed directly on the plastic

bottom of the plate and six pieces were placed on Thermanox plastic cell culture coverslips

(Nunc, Thermo Fisher Scientific, Rochester, NY, USA) for histological or immunohistochemi-

cal staining of cultured cells. Each explant was covered with one drop (35 μl) of complete

medium and maintained at 37˚C in 5% CO2. Complete medium was changed every day until

cell outgrowth was seen. Then, the tissue was covered with 1 ml complete medium, which was

changed three times a week until the cells were 90–100% confluent.

The complete medium consisted of Dulbecco’s modified Eagle medium mixed 1:1 with

Ham’s F12 (DMEM/F12 with GlutaMAX) and supplemented with 10% fetal bovine serum, 1.5

g/l sodium bicarbonate (7.5% solution), 10 mM HEPES, 1 μg/ml insulin–transferrin–selenium,

1% Antibiotic-Antimycotic solution (100 IU/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/

ml fungizone), and 10 ng/ml recombinant human epidermal growth factor (all, Gibco,

Thermo Fisher Scientific, Paisley, UK). Half of the donor explants were cultured in complete

medium supplemented with 10 ng/ml recombinant human IL-13 (BioLegend, San Diego, CA,

USA). Similarly, after passage, the cells were cultured in complete medium with (IL-13+) or

without IL-13 (IL-13-). At day 1 of passage 1 (P1d1) cultivation, numerous cells with prevalent

GC morphology that were only slightly attached and unattached were found on top of the
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firmly attached epithelial cells. The unattached cells were harvested on P1d1 and designated

the P1d1 subpopulation. When primary (P0) cultures and P1 cultures were 90–100% confluent

and when P2 cultures had been cultured for 12–14 days from the beginning of culture, the cells

were detached using TrypLE Express (Gibco, Thermo Fisher Scientific). P0 and P1 cells

intended for cell passaging were seeded in 24-well plates at concentrations of 1.5 × 104 cells per

well. Experiments were run on P0, P1, and P2 cells, and partially on the P1d1 fraction. All

experiments were repeated at least three times.

3T3 mouse fibroblast feeder layer

3T3 mouse fibroblasts were cultivated in DMEM supplemented with 10% newborn calf serum

and 1% Antibiotic-Antimycotic solution (all, Gibco, Thermo Fisher Scientific). The cultures

were maintained at 37˚C and 5% CO2 and passaged after reaching 90% confluence. The

mouse fibroblasts were growth-arrested by 2-h incubation with 12 μg/ml Mitomycin-C Kyowa

(NORDIC Pharma, Prague, Czech Republic) and plated on a 6-well plate at a density of

2.6 × 105 cells per well.

Cell viability

Cell viability was assessed by staining with 0.4% trypan blue (Gibco, Thermo Fisher Scientific).

Unstained live cells and stained dead cells were counted with a hemocytometer under an

inverted phase contrast microscope. Cell viability was calculated as follows: viability (%) = live

cells/(live + dead cells) × 100.

Colony-forming efficiency (CFE) assay

Cultured cells were detached, centrifuged, single-cell suspended, and plated at a density of 700

or 1000 viable cells per well in 6-well plates containing growth-arrested 3T3 mouse fibroblasts.

Similarly, to determine the clonal growth ability of GCs one day after passage, the unattached

GC-enriched subpopulations were harvested and plated at a density of 1000 or 2000 viable

cells per well. All experiments were performed in triplicate for each donor and condition (i.e.,

IL-13- and IL-13+). On day 12 or 13 after the cultures were started, the colonies were washed

with phosphate-buffered saline (PBS; Gibco, Thermo Fisher Scientific), fixed with ice-cold

methanol for 30 min at -20˚C, rehydrated in PBS, and stained for 5 min at 37˚C with 2% rho-

damine B (Merck KGaA, Darmstadt, Germany). After the rhodamine B had been removed,

the colonies were washed with tap water until optimal staining intensity was achieved. The

plates were photographed, and the total number of colonies was counted using NIS Elements

software (Laboratory Imaging, Prague, Czech Republic). The total CFE (%) was calculated as

follows: (total number of colonies formed at the end of growth period/total number of viable

cells seeded) × 100.

Cytospin

Superfrost Plus slides (Thermo Fisher Scientific, Braunschweig, Germany) and filter paper

were placed in the sample chamber of a cytospin centrifuge. Cell aliquots (100 μl) were loaded

into each chamber and centrifuged at 180 ×g for 8 min. After centrifugation, the slides were

air-dried and stored at -20˚C until used.

Alcian blue/periodic acid–Schiff (AB/PAS) staining

At the end of the culture, cells grown on Thermanox coverslips were washed with PBS and

fixed (solution of 2 ml glacial acetic acid, 1.9 ml 40% formaldehyde, 29.5 ml 95% ethanol, 10.5
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ml distilled water) for 10 min and stored in 70% ethanol at 4˚C until used. Cells centrifuged on

Superfrost Plus slides were taken out of the -20˚C freezer and after 30 min on air fixed and

AB/PAS stained. AB/PAS staining for demonstrating GC positivity was performed as follows:

Tap water was used to hydrate fixed cells and to wash cells after each step of staining. Cells

were stained with alcian blue (pH 2.5, Sigma-Aldrich, St. Louis, MO, USA) for 15 min, treated

with freshly prepared 0.5% periodic acid solution for 10 min, stained for 6 min with Schiff’s

reagent (Sigma-Aldrich; diluted 1:3 in distilled water) and counterstained with hematoxylin

solution modified according to Gill III (Merck KGaA) for 5 sec. At the end, the cells were

washed with Scott’s water (0.2 g sodium bicarbonate, 1 g magnesium sulfate, 100 ml distilled

water), air-dried and mounted in Aquatex medium (Merck KGaA). The staining results were

as follows: acidic mucins were stained blue, neutral mucins were stained magenta, and acidic

and neutral mucins were stained purple [33].

All images were acquired with an Olympus BX51 microscope (Tokyo, Japan), a ProgRes

C12 plus camera (Jenoptik Laser, Optik, Systeme GmbH, Jena, Germany), and NIS Elements

software (Laboratory Imaging). Specimens harvested by bulbar conjunctival impression cytol-

ogy and cryosectioned pterygium specimens were used as a positive control for AB/PAS stain-

ing. The absolute number of AB/PAS-positive GCs per image area (0.58 mm2) was counted on

10 randomly captured images per well from at least five independent tissue donors, and the

final results are expressed as absolute cell numbers per 1 mm2. The percentage of AB/PAS-pos-

itive GCs in P1d1 population was counted on at least 500 cells/ donor (range 500–2200 cells/

donor).

Impression cytology

Upper bulbar conjunctival impression cytology specimens were obtained from living healthy

donors after the application of 0.4% oxybuprocaine hydrochloride eye drops as topical anes-

thesia [34]. For immunofluorescent staining, cells were harvested using sterile, single-pack

Millicell inserts (PICM01250, Millipore, Bedford, MA, USA). The inserts with the impressed

cells were stored at -80˚C until analysis. For AB/PAS staining, nitro acetate cellulose filter

papers (GSWP 0.4700, 0.22-μm pore size, Millipore) were used for cell harvesting.

Indirect fluorescent immunocytochemistry

The cells that had been cultured on Thermanox slides or centrifuged on Superfrost Plus slides

were washed twice with PBS and, according to the primary antibody to be used, fixed in 4%

paraformaldehyde for 10 min at room temperature (for keratin 7 [K7], a conjunctival cell kera-

tin [3, 34]; Ki-67, a proliferation marker of a nuclear protein expressed in all phases of the

active cell cycle [35]; and p63α [the p63α isoform encoded by the tumor protein P63 gene

TP63], a p53-related nuclear protein included in the regulation of epithelial cell differentiation

and proliferation [36] and considered a putative marker of limbal epithelial stem cells and

young transient amplifying cells [37, 38]) or in ice-cold methanol for 5 min at -20˚C (for

MUC5AC, a GC-specific mucin [3]), and thereafter hydrated in PBS. Table 1 lists the details of

all primary antibodies. The negative control did not contain primary antibody.

K7 staining and Ki-67 and p63α double staining. After hydration in PBS and washing

three times in 0.5% Tween 20 (Sigma-Aldrich) and three times in PBS, cells were blocked for 1

h in 5% goat serum and 0.3% Triton X-100 (Sigma-Aldrich) diluted in PBS, followed by 1-h

incubation at room temperature with primary antibody diluted in 0.1% bovine serum albumin

(K7) or blocking solution (Ki-67 and p63α). Then, the cells were rinsed three times in 0.5%

Tween 20 and incubated for 1 h at room temperature with the respective secondary antibody

diluted in 0.1% bovine serum albumin (K7) or blocking solution (Ki-67 and p63α): goat anti-
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mouse Alexa Fluor 488 (1:500, A11029), goat anti-mouse Alexa Fluor 594 (1:500, A11032),

and goat anti-rabbit Alexa Fluor 488 (1:500, A11034, all secondary antibodies were from Life

Technologies, Eugene, OR, USA). After rinsing three times in 0.5% Tween 20, followed by

rinsing in PBS, the cells were mounted with VectaShield-DAPI (40 6-diamidino-2-phenylin-

dole) (Vector Laboratories, Burlingame, CA, USA) to counterstain nuclear DNA. Staining was

performed on two wells per condition (i.e., IL-13-/+).

MUC5AC staining. After hydration in PBS, the cells were blocked for 10 min in 2.5%

bovine serum albumin and 0.2% Triton X-100 diluted in PBS, followed by PBS wash and 1-h

incubation at room temperature in primary antibody diluted in 0.25% bovine serum albumin

and 0.05% Tween 20. Then, the cells were rinsed three times in PBS and incubated for 1 h at

room temperature with the secondary antibody goat anti-rabbit Alexa Fluor 488 (1:300,

A11034, Life Technologies) diluted in 0.25% bovine serum albumin and 0.05% Tween 20.

After rinsing three times in PBS, the cells were mounted with VectaShield-DAPI (Vector Labo-

ratories) to counterstain nuclear DNA.

Immunofluorescence detection of MUC5AC on bulbar conjunctival imprints was per-

formed as described previously [34]. Briefly, primary antibody against MUC5AC and the sec-

ondary antibody Alexa Fluor 488 (1:300, A11034, Life Technologies) were diluted in 0.1%

bovine serum albumin; after staining, the cells were mounted with VectaShield-DAPI (Vector

Laboratories).

Immunofluorescent images were acquired with an Olympus BX51 microscope and CCD-

1300 camera (VDS Vosskühler GmbH, Osnabrück, Germany). The images were analyzed with

NIS Elements software (Laboratory Imaging). The percentage of positive cells was counted on

six randomly captured photographs per well (two wells per condition) from at least four inde-

pendent tissue donors.

Quantitative real-time polymerase chain reaction (qPCR)

The expression of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase), TP63,

MUC5AC, MUC4 (a conjunctiva-prevalent transmembrane mucin [5, 39]), K3 and K12 (kera-

tins of differentiated corneal epithelial cells [40]), and K7 genes were detected by qPCR. Cells

from P0, P1 and P2 cultures were collected and transferred into Eppendorf tubes containing

500 μl TRI Reagent (Molecular Research Center, Cincinnati, OH, USA), and total RNA was

extracted according to the manufacturer’s instructions. Total RNA (1 μg) was treated using

deoxyribonuclease I (Promega, Madison, WI, USA) and used for reverse transcription (RT).

First-strand complementary DNA (cDNA) was synthetized using M-MLV (Moloney murine

leukemia virus) reverse transcriptase and random primers (Promega) in a total reaction vol-

ume of 25 μl. The qPCR was performed in a LightCycler 480 Real-Time PCR system (Roche,

Basel, Switzerland).

Table 1. Primary antibodies.

Target protein Animal Clone Manufacturer Catalog Number Original concentration Dilution

K7 mouse OV-TL 12/30 DAKO Cytomation,

Glostrup, Denmark

M7018 243 mg/L 1:50

Ki-67 mouse MIB-1 DAKO Cytomation,

Glostrup, Denmark

M7240 80 mg/L 1:50

p63α rabbit Polyclonal Cell Signalling Technology,

Danvers, MA, USA

4892 17 μg/ml 1:50

MUC5AC rabbit Polyclonal Thermo Fisher Scientific,

Rockford, IL, USA

PA5-34612 1 mg/ml 1:400

https://doi.org/10.1371/journal.pone.0211861.t001
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Table 2 lists the primer sequences used for the amplification. The sequence specificity of the

primers was confirmed via Primer-BLAST (National Center for Biotechnology Information).

Conventional RT-PCR was performed to confirm that only a single band was obtained. The

LightCycler 480 SYBR Green I Master (Roche) was used to perform the qPCR. The qPCR

parameters involved denaturation at 95˚C for 3 min, then 40 cycles at 95˚C for 20 s, annealing

at 60˚C for 30 s, and elongation at 72˚C for 15 s. Fluorescence was monitored at 55–95˚C at

0.5˚C intervals for 10 s. Triplicate reactions were performed for each sample and gene. A rela-

tive quantification model was used to calculate the expression of the target gene in comparison

to the endogenous control GAPDH.

Statistical analysis

Statistical analysis was carried out with GraphPad Prism (Graphpad Software, La Jolla, CA,

USA). Descriptive statistics are reported as N (number of values), the mean ± SD, or the

median with quartile range. Data distribution normality was assessed using the D’Agostino

and Pearson omnibus normality test. Data sets that passed the normality test were analyzed

using a two-tailed unpaired t-test (comparison between IL-13- and IL-13+ groups within pas-

sages) or one-way analysis of variance that in case of significance was followed by Bonferroni’s

multiple comparison test (comparison among either IL-13- or IL-13+ groups). Data sets with

lower numbers of values were analyzed using the two-tailed Mann-Whitney test (comparison

between IL-13- and IL-13+ groups within passages) or Kruskal-Wallis test that in case of sig-

nificance was followed by Dunn’s multiple comparison test (comparison among either IL-13-

or IL-13+ groups). P-values < 0.05 were considered statistically significant.

Results

Cell outgrowth from limbal explants mostly began day 4 after culture initiation, and cells were

90–100% confluent at day 9, with no significant differences between the IL-13- and IL-13+

cultures. At the end of the P0 culture, the IL-13- group had significantly higher cell viability

(89.06 ± 4.6%, N = 17, P = 0.0468) than the IL-13+ group (83.81 ± 9.4%, N = 17). At P1, IL-13-

and IL-13+ cells reached confluence similarly and were harvested on day 9–12. The cell viabil-

ity at the end of the P1 cultures was 91% (N = 17), with no statistical significance between

groups. On P1d1, numerous unattached cells, particularly GCs, were seen in the IL-13- and

IL-13+ cultures and were rinsed and evaluated. Their viability in both the IL-13- or IL-13+

Table 2. Primers used for quantitative real-time PCR.

Gene (human) Sequence (50!30) GenBank accession number Product size (bp)

GAPDH F: GAAGGGGTCATTGATGGCAAC
R: GGGAAGGTGAAGGTCGGAGTC

NM_001289746.1 108

MUC5AC F: CCTGCAAGCCTCCAGGTAG
R: CTGCTCCACTGGCTTTGG

NM_001304359.1 103

MUC4 F: TCCGTGTCCTGCTGGATAACC
R: GTTGCGGCTCAGGAGGACTC

NM_018406.6 104

TP63 (p63α isomers) F: GAGGTTGGGCTGTTCATCAT
R: GAGGAGAATTCGTGGAGCTG

NM_001114980.1 174

K3 F: GGATGTGGACAGTGCCTATATG
R: AGATAGCTCAGCGTCGTAGAG

NM_057088.2 106

K7 F: AGGATGTGGTGGAGGACTTC
R: CTTGCTCATGTAGGCAGCAT

NM_005556.3 116

K12 F: CCAGGTGAGGTCAGCGTAGAA
R: CCTCCAGGTTGCTGATGAGC

NM_000223.3 352

https://doi.org/10.1371/journal.pone.0211861.t002
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groups was significantly lower (about 41%, N = 12, P� 0.001) in comparison to viability of

P0–P2 cultures. At P2, cells were harvested on day 12–14 of culture without reaching conflu-

ence. The cell viability was about 89% (N = 10), with no statistical significance between the IL-

13- and IL-13+ groups (Fig 1A).

In P0, the epithelial cell morphology in the IL-13- and IL-13+ groups was cobblestone in

shape and with a high nuclear-to-cytoplasmic ratio. Round to oval-shaped GCs were present

either as single cells or as groups of cells. Most GCs were interspersed among epithelial cells

and protruded above them (Fig 1Ba and 1Be). A mixture of cuboidal and flattened epithelial

cells with superficially located GCs appeared at P1 (Fig 1Bb and 1Bf); differentiated flattened

epithelial cells with low nuclear-to-cytoplasmic ratio and with superficially located GCs

appeared at P2 (Fig 1Bc and 1Bg). On P1d1, many unattached cells were seen in the IL-13- and

IL-13+ groups (Fig 1Bd and 1Bh).

Characterization of cultured cells: Keratins

Strong K7 immunostaining clearly showed conjunctival epithelial cells and GCs in IL-13- and

IL-13+ cultures at the end of the P0, P1, and P2 cultivation periods and in the P1d1 GC-

enriched population (Fig 2A). There were>99% K7-positive cells in the P0 and P1 IL-13- and

IL-13+ groups and in the P2 IL-13+ group; K7 positivity was 80% only in the P2 IL-13- group

(Fig 2B, descriptive statistics in S1 Table). K7 positivity increased significantly in the P1 IL-13+

(P< 0.05) and P2 IL-13+ (P� 0.01) groups in comparison to the P0 IL-13+ group.

Gene expression was measured for the K7, K3, and K12 genes. Strong K7 expression was

present in IL-13- and IL-13+ conditions and in all evaluated groups (Fig 3A). The median val-

ues of K7 expression were higher in all passages of IL-13+ cells, and that in the P1 IL-13+

group was significantly different (P = 0.0317) compared to the P1 IL-13- group. In the IL-13+

cultures, K7 expression was significantly higher (P < 0.05) at the end of P2 compared to P0.

K3 and K12 genes were expressed in all tested groups (Fig 3B and 3C, respectively) but at

much lower levels, especially low expression was seen for K3. S2 Table presents the descriptive

statistics of K7, K3, and K12 gene expression in the P0, P1, and P2 groups.

Characterization of cultured cells: Mucins

AB/PAS staining revealed the presence of single and grouped GCs in all groups under IL-13-

or IL-13+ conditions (Fig 4A). Pure neutral mucins and a mixture of neutral and acidic

mucins were produced in the P0, P1, and P2 cultures and within the P1d1 GC-enriched sub-

population. The presence of only acidic mucins in GCs was very rare. Bulbar conjunctival

impression cytology specimens and cryosectioned pterygium specimens served as a positive

control for AB/PAS staining (Fig 4B). AB/PAS-positive GCs were counted and are expressed

as medians of absolute cell numbers/mm2. The absolute number of GCs in the P1 IL-13-

group was significantly higher (P = 0.0411) than that in the P1 IL-13+ group. Among the IL-

13- groups, significantly higher numbers of GCs were present at P1 (P� 0.01) in comparison

to P0; among the IL-13+ groups, there were significantly higher numbers of GCs at P2

(P� 0.01) in comparison to P0 (Fig 4C). S3 Table shows the descriptive statistics of the AB/

PAS-positive GCs.

P1d1 GC-enriched population showed AB/PAS-positivity in 27.6% of cells in IL-13- group

and 24.4% of cells in IL-13+ group with no significant difference between groups (Fig 4D). S4

Table shows the descriptive statistics of the AB/PAS-positive GCs in P1d1 population.

MUC5AC immunostaining confirmed the presence of single and grouped GCs in all tested

groups (Fig 5A). Cells harvested by bulbar impression cytology and pterygium sections were

used as positive controls for MUC5AC staining (Fig 5B). qPCR confirmed MUC5AC gene

IL-13 maintains conjunctival epithelial cell stemness

PLOS ONE | https://doi.org/10.1371/journal.pone.0211861 February 11, 2019 8 / 22

https://doi.org/10.1371/journal.pone.0211861


Fig 1. The viability and morphology of IL-13- or IL-13+ cell cultures. (A) Percentages of cell viability at the end of cultivation of P0, P1, and P2 cultures and

percentages of cell viability of the unattached GC-enriched subpopulation harvested on P1d1. Cell viability data are presented in a vertical scatter plot graph with line

indicating mean. �P< 0.05, ���P� 0.001. Blue asterisks indicate significant decrease of viability in P1d1 IL-13- or P1d1 IL-13+ group vs. P0, P1, and P2 IL-13- or IL-

13+ groups, respectively. (B) Cell morphology at the end of cultivation of P0, P1, and P2 cultures observed under inverted phase contrast microscope. P1d1 images

show no attached GC-enriched subpopulations. White arrows show examples of GCs. Scale bars: 50 μm.

https://doi.org/10.1371/journal.pone.0211861.g001
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Fig 2. Immunofluorescent staining of K7 in IL-13- or IL-13+ cell cultures. P0 cells originating from limbal explants, P1 and P2 cells (all fixed at the end of

cultivation), and the unattached GC-enriched subpopulation (P1d1, harvested on day 1 after passage of primary cells) were analyzed by immunofluorescent staining.

(A) K7, green; DAPI-counterstained nuclei, blue; scale bars: 100 μm. (B) Distribution of percentages in P0, P1, and P2 groups for K7 positivity. All data of positive

percentages are presented in the vertical scatter plot graph with line indicating median. �P< 0.05, ��P� 0.01.

https://doi.org/10.1371/journal.pone.0211861.g002
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Fig 3. Relative expression of K7, K3, and K12 genes in IL-13- or IL-13+ cell cultures. At the end of cultivation, P0

cells originating from limbal explants and passaged cells (P1 and P2) were analyzed for K7 (A), K3 (B), and K12 (C)

gene expression by qPCR. All data are presented in a vertical scatter plot graph with line indicating median. �P< 0.05.

https://doi.org/10.1371/journal.pone.0211861.g003
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Fig 4. AB/PAS staining of GCs in IL-13- or IL-13+ cell cultures and P1d1 subpopulation. (A) P0 cells originating from limbal explants, P1 and P2 cells (all

fixed at the end of cultivation), and the unattached GC-enriched subpopulation (P1d1, harvested on day 1 after passage of primary cells) were analyzed by AB/PAS

staining. Green arrows indicate examples of GCs. (B) AB/PAS-positive GCs on the surface of the conjunctiva (impression cytology) (a) and on pterygium

cryosections (b) were used as a positive control. Green arrows indicate examples of GCs. (C) Distribution of absolute numbers of AB/PAS-positive GCs in

individual groups presented in a vertical scatter plot graph with line indicating median. (D) Distribution of percentages of AB/PAS-positive GCs in individual

groups of P1d1 subpopulation presented in a vertical scatter plot graph with line indicating median. �P< 0.05, ��P� 0.01. Scale bars: 100 μm.

https://doi.org/10.1371/journal.pone.0211861.g004
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Fig 5. Immunofluorescent staining of MUC5AC and relative expression of MUC5AC and MUC4 genes in IL-13- or IL-13+ cell cultures. (A) P0 cells originating

from limbal explants, P1 and P2 cells (all fixed at the end of cultivation), and the unattached GC-enriched subpopulation (P1d1, harvested on day 1 after passage of

primary cells) were analyzed by immunofluorescent staining for MUC5AC (green). Nuclei were counterstained with DAPI (blue). (B) MUC5AC staining of GCs on

pterygium cryosection (a) and upper bulbar conjunctival impression cytology (b). qPCR analysis of the relative gene expression of (C) MUC5AC and (D) MUC4. All

data are presented in vertical scatter plot graphs with line indicating median. Scale bars: 50 μm.

https://doi.org/10.1371/journal.pone.0211861.g005
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expression, which was present in all evaluated groups but was not statistically significant

among groups (Fig 5C, S2 Table). MUC4 was expressed in all groups under IL-13- and IL-13+

conditions but with no statistical significance among groups (Fig 5D, S2 Table).

Characterization of cultured cells: Proliferation and stemness

Ki-67 and p63α immunostaining demonstrated a high percentage of positivity, particularly in

the P0 and P1 groups, and a low percentage of positivity in the P2 groups (Fig 6A). The P0 IL-

13- (53%) and P1 IL-13+ (51%) groups had the highest Ki-67 and p63α double positivity,

while expression was lowest (<4%) in the P2 IL-13- (P� 0.01) and IL-13+ (P < 0.05) groups.

Between the P0, P1, and P2 IL-13- and IL-13+ groups, P1 IL-13+ cells had significantly higher

(P = 0.0286) Ki-67 and p63α double positivity (Fig 6Ba, S1 Table).

A similar pattern of antigen expression was seen for Ki-67 staining versus Ki-67 and p63α
double staining; indicating almost 100% Ki-67 co-localization with p63α in P0, P1, and P2

cells (Fig 6Bb, S1 Table).

p63α immunostaining was present in around 90% of cells in the P0 and P1 groups, with a

significant decrease (P < 0.05) in p63α positivity to 12% in the P2 IL-13- group and to 38% in

the P2 IL-13+ group. No difference was seen between the P0, P1, and P2 IL-13- and IL-13+

groups (Fig 6Bc, S1 Table).

TP63 gene expression was present in all evaluated groups under the IL-13- and IL-13+ con-

ditions (Fig 6C, S2 Table). All IL-13+ groups had higher median TP63 expression, with the P1

IL-13+ group having significantly higher median TP63 expression (P = 0.0159) than the P1 IL-

13- group.

Colony-forming efficiency

The P0 IL-13- group had about 1% total CFE; that of the P0 IL-13+, P1 IL-13-, and P1 IL-13+

groups were about 8%, 0.5%, and 2%, respectively; in the P2 and P1d1 IL-13- and IL-13+

groups, the total CFE was <0.5% (Fig 7). Statistical analysis of the CFE data demonstrated

higher growth potential in P0 IL-13- (P� 0.01) or IL-13+ cultures (P� 0.001) compared to

that of consequent passages, especially P2. The P0 IL-13+ group had significantly higher

growth potential (P = 0.0048) compared to the P0 IL-13- group. Similarly, the P1 IL-13+

group had significantly higher growth potential (P = 0.037) than the P1 IL-13- group (Fig 7B,

S5 Table).

Discussion

We successfully prepared conjunctival epithelium using limbal explants from surplus tissue

from human corneoscleral rims. The cultured epithelium was composed of K7-positive

epithelial cells and GCs; additionally, the GCs showed AB/PAS and MUC5AC positivity and

MUC5AC expression. Previously published studies have reported inconsistent results, as they

have demonstrated either presence or absence of GCs in cultures derived from human limbal

cells [7, 41]. Conjunctival cultures did not contain GCs if explants were obtained <3 mm from

the limbus [42], but GCs were present in cultures if the biopsy was obtained 3–5 mm from the

corneoscleral rim [43].

Although the number of GCs in our cultures appears low, about 13–15 GCs/mm2, they are

markedly higher compared to the 0.5–0.6 GCs/mm2 reported by Ang et al., who used explants

from the superior bulbar region [44], and lie between the GC levels obtained by Pellegrini

et al. in non-confluent and confluent cultures, respectively [7]. Using flow cytometry, Lužnik

et al. reported a relatively high percentage of GCs (9–11% based on serum concentration) [41]

in limbal explant cultures, which could be an interesting result; unfortunately, their results are
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Fig 6. Immunofluorescent Ki-67 and p63α double staining and the relative TP63 gene expression in IL-13- or IL-13+ cell cultures. (A) At the end of

cultivation, P0 cells originating from limbal explants and P1 and P2 cells were analyzed by immunofluorescent staining for Ki-67 (red) and p63α (green);

nuclei were counterstained with DAPI (blue). Scale bars: 50 μm. (B) Distribution of percentages in P0, P1, and P2 groups for Ki-67 and p63α double staining

(a), and Ki-67 (b) and p63α (c) immunostaining. (C) qPCR analysis of relative TP63 gene expression. All data are presented in vertical scatter plot graphs with

line indicating median. �P< 0.05, ��P� 0.01.

https://doi.org/10.1371/journal.pone.0211861.g006
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expressed as the mean ± standard error of the mean, which does not adequately describe the

actual dispersion of values [45]. Moreover, their error bars are quite large despite the standard

error of the mean, which presumes large variability in the distribution. Concerning the P1 cul-

tures, the P1 IL-13- group had more GCs, i.e., 39 GCs/mm2, and the P1 IL-13+ group had

Fig 7. Comparison of total CFE. At the end of cultivation, P0 cells from limbal explants, P1 and P2 cells, and the unattached GC-enriched subpopulation (P1d1,

harvested on day 1 after passage of primary cells) were cultured with growth-arrested 3T3 mouse fibroblasts to compare their growth ability under IL-13- and IL-13+

conditions. All total CFE data are presented in vertical scatter plot graphs with line indicating median. �P< 0.05, ��P� 0.01, ���P� 0.001. (A) Colonies grown in

CFE assay and stained with 2% rhodamine B (day 12). (B) Distribution of total CFE percentages of the P0, P1, P2, and P1d1 groups.

https://doi.org/10.1371/journal.pone.0211861.g007
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similar GC numbers, i.e., 19 GCs/mm2, as compared to the P1 control group of human con-

junctival epithelial cells of Schrader et al. [43].

The positive influence of IL-13 on GC numbers [19, 20] and MUC5AC secretion has previ-

ously been reported [22]. In the present study, we did not observe differences in the number of

AB/PAS-positive GCs between the P0 IL-13- and IL-13+ cultures. From this point of view, IL-

13 in our P0 cultures did not influence the number of GCs as compared to two studies in mice

[19, 20], which achieved the proliferation of conjunctival GCs. However, the two studies

describe cultures that are far from the natural GC-to-epithelial cell ratio [7], as the reported

GC content was incredibly high, showing GC presence in cultures as high as 100% [19] and

85% [20]. Differences between animal and human studies are not surprising, as it has been

proposed that human conjunctival GCs are post-mitotic terminally differentiated cells [7],

while mouse conjunctival GCs have mitotic activity [8]. Surprisingly, not only did IL-13 not

increase GC numbers in our cultures, there were significantly more AB/PAS-positive GCs in

the P1 IL-13- group. Thus, it appears that IL-13 prevents the differentiation of young transient

cells into GCs, and this finding might support the fact that IL-13 maintained stemness in our

cultures. Here, we evaluated for the first time the relationship between IL-13 and the gene

expression of the human conjunctival mucins MUC5AC and MUC4, and found that, at the

end of the P0, P1, and P2 cultures, IL-13 did not alter their expression.

The determination of GC numbers was done using AB/PAS staining because it is easier to

distinguish individual GCs within cell clusters with AB/PAS staining than with MUC5AC

staining; additionally, histological staining yielded better information on the morphology of

our cultures. On P1d1 under IL-13- and IL-13+ conditions, we observed cells with typical GC

morphology, and these spontaneously unattached cells were collected and characterized by

AB/PAS and MUC5AC staining. AB/PAS staining revealed about 28% and 24% of positive

cells in IL-13- and IL-13+ group, respectively. This P1d1 GC-enriched subpopulation did not

exhibit clonogenic ability, which is consistent with the proposal that human conjunctival GCs

are terminally differentiated [7], especially if they produce MUC5AC [3, 46]. Moreover, the

GC lifespan in culture appeared quite short, as we observed floating detached GCs daily. The

lifespan of conjunctival GCs has not been studied so far; however, for example, intestinal GC

turnover is 3–7 days [47].

The presence of the conjunctival cell marker K7 throughout the cultivation is consistent

with the conjunctival, but not corneal phenotype of epithelial cells [3, 34]. Moreover, our

results clearly show that K7 was present in both conjunctival cell types, i.e., in epithelial cells

and GCs. In the present study, the IL-13+ cell cultures had significantly higher K7 expression

and more histologically stained GCs in P2 cells compared to P0 cells. This finding is consistent

with the increasing differentiation observed throughout P0, P1, and P2.

As we cultured limbal explants that are primarily considered as a source for corneal tissue,

we tested our cultures for the cornea-specific genes K3 and K12, which confirmed their expres-

sion. We also showed that IL-13 does not alter their expression significantly. However, the dif-

ference between K3 (very low) and K12 (higher) expression was present. Although K3 and K12

form a pair at a protein level, at the mRNA level, they are encoded by different genes and

located at different chromosomes. Moreover, their expression is induced by two different

PAX6 isoforms and enhanced by different factors [48]. Therefore, the difference between the

expressions of these two genes is possible, and lower relative gene expression of K3 versus K12
in corneal, limbal and conjunctival tissue was shown [48]. Human conjunctival epithelium

contains ectopically residing clusters of K12-positive epithelial cells [49], conjunctival cultures

initiated from cells from the proximity of the limbal area express K3 and K12 [42], and corneal

and conjunctival lineages both come from PAX6 ectodermal origin [50]. Thus, the mixed

expression of corneal and conjunctival markers in our limbal tissue–derived cultures is not
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surprising. However, due to the predominant expression of K7 over K12 and K3, we believe

that our cultures differentiated primarily to the conjunctival phenotype, which is also sup-

ported by the expression of conjunctiva-prevalent MUC4 and GCs presence. Previously, we

found that K7-positivity in human limbal explant cultures also appeared but it was lower to

K3- and K12-positivity [51]. Tissue with conjunctival markers cultured from human limbal

explants has been also prepared by Luznik et al. [41]. They found that higher percentage of

used human serum lead to higher expression of K7 and MUC5AC in limbal explant cultures.

Thus, the appearance of conjunctival markers in our cultures could also be associated with

usage of serum (FBS). For example, one of active serum components, nerve growth factor

(NGF) increases the presence of GCs and MUC5AC expression in mouse limbal cultures [10]

and increases goblet cell number and their differentiation in human conjunctival cultures [52].

However, the concentration of NGF in serum is much lower (pg/ml) compared to efficient

NGF concentration used in vitro (ng/ml) [52, 53].

Currently, p63α is considered the most important marker characterizing limbal stem cells

and young transient amplifying cells that give rise to holoclones and meroclones, respectively

[37, 38]. Clinical results have shown that limbal transplants containing >3% p63-bright cells

led to successful corneal epithelial regeneration in a higher percentage of eyes with limbal stem

cell deficiency (78%) than transplants with�3% p63-bright cells (11%) [32]. In the present

study, the P0 and P1 cultures contained very high percentages of p63α-positive cells (about

90%), although the IL-13- and IL-13+ groups were not significantly different; however, the IL-

13+ groups had increased TP63 expression, especially the P1 groups, and demonstrating that

IL-13 maintained the stemness of the cultures. p63α is expressed in cells with high proliferative

potential that are slow-cycling in vivo but extensively proliferating in vitro [38]. p63α and Ki-

67 double staining showed the number of p63α-positive cells that had proliferated at the end

of the culture period, and double staining positivity was highest in the P0 IL-13- (53%) and P1

IL-13+ groups (51%). The P1 IL-13- group had a higher percentage of Ki-67–positive prolifer-

ating cells (19%) than conjunctival cultures seeded in plasma or cryoprecipitate scaffolds (P1,

~11%) [22] and a lower percentage than that in P1 cells in another study (39%) [54]. The

increased Ki-67 positivity (52%) in the P1 IL-13+ groups demonstrates the effect of IL-13 on

epithelial cell proliferation.

Our P0 IL-13- cultures had comparable clonogenic ability (1%) with those of some areas

of human conjunctival tissue [9, 54] and limbal explants [55]. IL-13 can inhibit or stimulate

colony formation depending on cell type and dose [56, 57]. In the P0 IL-13+ cultures, clone-

forming ability increased to 8%, which was even higher than that of cultures from the human

inferior forniceal and medial canthal areas [9]. The higher clonogenic capacity of IL-13–stimu-

lated epithelial cells in P0 and P1 corresponds with the same tendency shown in TP63 expres-

sion, particularly in P1. Of note, IL-13 also preserved K7 expression in our cultures. Thus, it

appears IL-13 has a two-fold effect; the maintenance of stemness and the support of differenti-

ation. Differentiation of limbal epithelial cells requires asymmetric cell division [58]. There-

fore, the more stem cells present in the cell culture, the more differentiated cells will be

generated (IL-13+ cultures). Conversely, if the number of stem cells decreases during cultiva-

tion, the number of differentiated cells will also decrease as terminally differentiated cells do

not have the proliferation activity (IL-13- cultures).

In conclusion, we have cultured human limbal explants prepared from corneoscleral rims

and engineered epithelium with a predominant conjunctival phenotype with the presence of

stem/progenitor/proliferating cells and a relatively high density of GCs. We show that IL-13

maintains the stemness of the cultures by increasing their clonal ability and TP63 expression.

IL-13 also preserved the expression of conjunctiva-specific keratin (K7) during passage, with

no other significant changes in conjunctival mucin expression, GC number, and cornea-
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specific keratins. Moreover, we have isolated a subpopulation containing GCs and have dem-

onstrated that mucin-producing GCs are terminally differentiated cells with no proliferative

potential. For the first time, we raise the possibility of using corneoscleral rims as an alternative

source for engineering a conjunctival epithelium that can be used for further research on GCs

and for treating patients with ocular surface disorders.
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The Supportive Role of Insulin-Like Growth Factor-I
in the Differentiation of Murine Mesenchymal

Stem Cells into Corneal-Like Cells

Peter Trosan,1–3 Eliska Javorkova,1,2 Alena Zajicova,1 Michaela Hajkova,1,2 Barbora Hermankova,1,2

Jan Kossl,1,2 Magdalena Krulova,1,2 and Vladimir Holan1,2

This study was focused on characterizing the differentiation of bone marrow-derived mesenchymal stem cells
(MSCs) into corneal-like cells. Mouse MSCs were isolated from the bone marrow, grown in cell culture for 3 weeks,
and purified using a magnetic activated cell sorter. Purified MSCs were cultured with an extract prepared from
excised corneas and in the presence or absence of insulin-like growth factor-I (IGF-I). Analysis by quantitative real-
time polymerase chain reaction showed that the expression of corneal specific markers, such as cytokeratin
12 (K12), keratocan, and lumican, was already induced after a 3-day cultivation and gradually increased during the
10-day incubation of MSCs with the extract. The presence of IGF-I significantly increased differentiation.
Immunofluorescence analysis of differentiated MSCs showed positive results for the K12 protein. The morphology
of the differentiated cells and the expression of cell surface markers CD45, CD11b, CD73, CD44, and CD105 were
comparable in the control and differentiated MSCs. Proliferative activity was even higher in differentiated cells than
in untreated MSCs. Both untreated and differentiated MSCs inhibited the production of interleukin-2 and interferon-
g in spleen cells stimulated with Concanavalin A. The results thus show that MSCs cultured in the presence of
corneal extract and IGF-I efficiently differentiate into corneal-like cells. The differentiated cells possess charac-
teristics of corneal epithelial cells and keratocytes, while at the same time maintaining MSC properties.

Introduction

Severe injuries or damage of the ocular surface can lead
to limbal stem cell deficiency (LSCD). In such cases, as

the cornea cannot heal properly, corneal transparency is de-
creased and the defect cumulates in a loss of vision. The only
way to treat such defects is transplantation of limbal stem
cells (LSCs) from the healthy eye [1–3] or from an unrelated
donor. If the LSCD is bilateral, autologous LSCs are not
available and allogeneic LSCs have to be used. However, the
use of allogeneic cells requires strong immunosuppression,
and treatment results are not always satisfactory [4,5]. To
overcome these problems, various other types of autologous
stem cells have been proposed and tested [6–8]. Among them,
mesenchymal stem cells (MSCs) are the most promising and
prospective cell type.

MSCs represent a population of multipotent stem cells
that can be obtained relatively easily from various sources.
They can be isolated in a sufficient amount from bone

marrow or adipose tissue and are able to differentiate into a
number of various cell types, including those that form
bone, cartilage, muscle, fat, and other connective tissues [9],
or can even transdifferentiate into other cell types, including
corneal epithelial cells [7,10]. Furthermore, MSCs possess
potent immunosuppressive and immunoregulatory proper-
ties [11,12] and are a source of numerous growth and tro-
phic factors [13,14]. All these properties contribute to their
therapeutic potential and make them promising candidate
for cell populations for ocular surface regeneration. Indeed,
numerous studies have demonstrated the ability of MSCs to
treat damaged ocular surface and LSCD [7,15,16].

Although the ability of MSCs to differentiate into corneal
cells is still a matter of debate [17], many authors clearly
demonstrated the expression of markers of corneal epithelial
cells or keratocytes in differentiated MSCs under selective
conditions. For example, Du et al. [18] used reduced-serum
medium supplemented with ascorbate and insulin for dif-
ferentiation, Park et al. [19] cultured MSCs in keratocyte-
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2Department of Cell Biology, Faculty of Science, Charles University, Prague, Czech Republic.
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conditioned medium, and the medium from LSC cultures
was used by Gu et al. [10]. In other studies, the coculture of
MSCs with corneal epithelial cells or with corneal stromal
cells induced the expression of corneal epithelial cell-
associated markers [20,21].

In our previous study, we found that insulin-like growth
factor-I (IGF-I) supports the differentiation of LSCs into
corneal-like cells [22]. In the present study, we tested whether
mouse bone marrow-derived MSCs have the potential to
differentiate into corneal epithelial cells using the extract
from the cornea, and whether the differentiation process is
increased in the presence of IGF-I. We also evaluated the
characteristics of MSCs differentiated with corneal extract
and IGF-I and compared them to the untreated MSCs.

Materials and Methods

Animals

Mice of both sexes of the inbred strain BALB/c at the age
of 2–4 months were used in the experiments. The animals
were obtained from the breeding unit of the Institute of
Molecular Genetics, Prague. The use of animals was ap-
proved by the local Animal Ethics Committee of the Institute
of Experimental Medicine, Prague. The animals were treated
in accordance with the Principles of Laboratory Animal Care.

Isolation, culture, and purification of MSCs

MSCs were isolated from the bone marrow of BALB/c
mice. The bone marrow was flushed out from the femurs
and tibias, and a single-cell suspension was prepared with a
tissue homogenizer. The cells were seeded at a concentra-
tion of 4 · 106 cells/mL in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) containing 10% fetal calf serum
(Gibco BRL), antibiotics (100 U/mL of penicillin and 100mg/
mL of streptomycin), and 10 mM HEPES buffer (after this
referred to as complete DMEM) in 75-cm2 tissue culture
flasks (Trasadingen). After 72-h cultivation, the nonadherent
cells were removed by washing and the remaining adherent
cells were cultured with a regular exchange of medium and
held to optimal cell concentration for an additional 2–3 weeks
at 37�C in an atmosphere of 5% CO2. The adherent cells were
harvested by 5-min incubation with 1 mL of 0.5% trypsin and
gently scrapped. The cell suspension was incubated for
15 min with CD11b MicroBeads and CD45 MicroBeads
(Miltenyi Biotec) according to the manufacturer’s instruc-
tions and immunodepleted CD11b+ and CD45+ cells using a
magnetic activated cell sorter (AutoMACS; Miltenyi Biotec).
The remaining CD11b- and CD45- cells were evaluated in
terms of their purity and differentiation potential.

Phenotypic characterization of MSCs
by flow cytometry

Untreated and differentiated MSCs were washed in
phosphate-buffered saline (PBS) containing 0.5% bovine serum
albumin and incubated for 30 min on ice with the following
anti-mouse monoclonal antibodies (mAbs): allophycocyanine
(APC)-labeled anti-CD44 (clone IM7; BD PharMingen), phy-
coerythrin (PE)-labeled anti-CD105 (clone MJ7/18;
eBioscience), APC-labeled anti-CD11b (clone M1/70; BioLe-
gend), fluorescein isothiocyanate-labeled anti-CD45 (clone 30-

F11; BioLegend), or PE-labeled anti-CD73 (clone: TY/11.8;
eBioscience). Dead cells were stained using Hoechst 33258
fluorescent dye (Invitrogen) added to the samples 10 min before
flow cytometry analysis. Data were collected using an LSR II
cytometer (BD Biosciences) and analyzed using a FlowJo
software (Tree Star).

Differentiation of MSCs to adipocytes
and osteoblasts

MSCs were cultured for 2–3 weeks and separated by
magnetic cell sorting. The cells were cultured in a complete
DMEM supplemented with specific adipogenic (contain-
ing 0.1 mM dexamethasone, 0.5 mM 3-isobutyl-1-methyl
xanthine, 0.1 mM indomethacine, and 0.5 mg/mL of insulin)
or osteogenic (0.1 mM dexamethasone, 0.1 mM L-ascorbic
acid, and 10 mM b-glycerophosphate disodium salt penta-
hydrate) reagents [23]. Cell differentiation was confirmed by
staining with Oil Red O or Alizarin Red S.

Preparing the corneal extract

The corneas were harvested and cut into small pieces in
serum-free DMEM (one cornea/125mL of medium) postmor-
tem. The samples were frozen at -80�C and thawed/frozen
in three cycles for 10 min each. The extracts were filtered
through a 0.22mm filter and stored at -80�C until used.

Differentiation of MSCs

MSCs were cultured for 3, 7, or 10 days in complete
DMEM with extract from the corneas and in the absence or
presence of IGF-I (20 ng/mL; PeproTech). The concentration
of the extract in the culture medium was 20% and increased
to 40% during the culturing and exchange of the medium.
The culture medium was exchanged every 2–3 days.

Detecting gene expression

The expression of genes for K12, keratocan, and lumican in
cultured MSCs was detected using a quantitative real-time
polymerase chain reaction (qPCR). The following primers
were used for amplification: K12 (sense: GTGAGTCCGC
TGGTGGTAAC, antisense: CATCAGCACAGCAGGAA
GTG), keratocan (sense: TCCCCCATCAACTTATTTTAGC,
antisense: AGTTTGGGGTTGCCATTACA), lumican (sense:
GGATGGCAATCCTCTCACTC, antisense: TCATTTGCT
ACACGTAGACACTCAT), and GAPDH (sense: AGAACA
TCATCCCTGCATCC, antisense: ACATTGGGGGTAGG
AACAC). Untreated or differentiated cells were transferred
into Eppendorf tubes containing 500mL of TRI Reagent
(Molecular Research Center), and the total RNA was extracted
according to the manufacturer’s instructions. One microgram
of RNA was treated with deoxyribonuclease I (Promega) and
used for subsequent reverse transcription. The first-strand
cDNA was synthesized using random hexamers (Promega) in a
total reaction volume of 25mL using M-MLV Reverse Tran-
scriptase (Promega). qPCR was performed in a StepOnePlus
real-time PCR system (Applied Biosystems) as previously
described [22]. The PCR parameters included denaturation at
95�C for 3 min, 40 cycles at 95�C for 20 s, annealing at 60�C
for 30 s, and elongation at 72�C for 30 s. Fluorescence data
were collected at each cycle after an elongation step at 80�C for
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5 s and were analyzed using StepOne Software version 2.2.3
(Applied Biosystems). Each individual experiment was done in
triplicate. A relative quantification model was applied to cal-
culate the expression of the target gene in comparison to
GAPDH used as an endogenous control.

Determining metabolic cell activity

The metabolic activity of living cells was determined by the
WST-1 assay. The assay is based on the ability of living cells to
cleave tetrazolium salts by mitochondrial dehydrogenases into
water soluble formazan, which is then measured by spectro-
photometry. MSCs (2 · 105 cells/mL) were cultured in com-
plete DMEM with or without extract from the corneas and
IGF-I in 24-well tissue culture plates (Corning) for 7 days at
37�C in an atmosphere of 5% CO2. WST-1 reagent (Roche)
(10mL/100mL of the medium) was added to each well and the
plates were incubated for another 4 h to form formazan [24].
Formazan-containing medium (100mL) was transferred from
each well into the 96-well tissue culture plates (Corning) and
the absorbance was measured using a Sunrise Remote ELISA
Reader (Gr}odig) at a wavelength of 450 nm.

Immunostaining with anti-K12 antibody

Corneal cells (prepared by trypsinization of corneal tis-
sue) and untreated or differentiated MSCs (3.7 · 105 cells/
mL) were fixed for 20 min with 4% paraformaldehyde and

permeabilized for 10 min with 0.1% Triton X-100. The
samples were incubated with goat polyclonal anti-K12 an-
tibody (Santa Cruz Biotechnology) for 1 h at room temper-
ature and then with a secondary donkey anti-goat IgG
antibody conjugated with Alexa Flour 594 (Invitrogen). The
cells were rinsed with PBS containing 0.05% TWEEN and
fixed on glass slides with Mowiol 4-88 (Calbiochem) in the
presence of the nuclear dye 4¢,6-diamidino-2-phenylindole
(DAPI). Visualization of the fluorescent label was per-
formed using a fluorescent microscope (Leica).

Immunostaining with phalloidin

Untreated or differentiated MSCs (2.5 · 105 cells/mL) were
fixed for 20 min with 4% paraformaldehyde and permeabi-
lized for 10 min with 0.1% Triton X-100. The samples were
then incubated with Phalloidin conjugated with Alexa Fluor
568 (Invitrogen) for 1 h at room temperature. Cell nuclei were
stained with DAPI for 1 min and samples were mounted with
VECTASHIELD. Visualization of the fluorescent label was
performed using a fluorescent microscope (Leica).

Comparing the immunosuppressive properties
of untreated and differentiated MSCs

Spleen cells (0.6 · 106/mL) from BALB/c mice were stim-
ulated with Concanavalin A (ConA; Sigma-Aldrich), as de-
scribed previously [25]. Cells were cultured in a volume of

FIG. 1. Characterization of untreated bone marrow-derived MSCs. (A) Flow cytometry analysis of CD11b, CD45, CD44, and
CD105 markers are expressed by MSCs (green curve) in comparison with unlabeled MSCs (gray-tinted curve). One of three
similar experiments is shown. (B) The ability of MSCs to undergo adipogenic differentiation. The cultures without (upper panel)
or with the addition of differentiation agents (lower panel) were stained with Oil Red O (scale bar represents 50mm, original
magnification: 200·). (C) The ability of MSCs to undergo osteogenic differentiation. The cultures without (upper panel) or with
the addition of differentiation agents (lower panel) were stained with Alizarin Red S (scale bar represents 250mm, original
magnification: 40·). MSCs, mesenchymal stem cells. Color images available online at www.liebertpub.com/scd
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0.4 mL of complete DMEM in 48-well tissue culture plates
(Corning) alone or were stimulated with 1mg/mL of ConA.
Untreated or differentiated MSCs were added to these cultures
at a lymphocyte/MSC ratio of 8:1. Supernatants were har-
vested after a 24-h incubation for interleukin-2 (IL-2) deter-
mination and after a 48-h incubation period for interferon-g
(IFN-g) determination. The concentrations of cytokines in the
supernatants were determined by ELISA using cytokine-
specific capture and detection mAbs purchased from BD
Pharmingen and following the manufacturer’s instructions.

Statistical analysis

The statistical significance of differences between indi-
vidual groups was calculated using the Student’s t-test. A
value of P < 0.05 was considered statistically significant.

Results

Characterization of MSCs

The purified cells had a uniform spindle-shaped morphol-
ogy. The purity and phenotypic markers of MACS-separated
MSCs were evaluated by flow cytometry. The results showed
that MSCs were positive for CD44 and CD105, but negative
for CD11b and CD45 (Fig. 1A). In addition, the MSCs were
characterized by their ability to undergo specific adipogenic
(Fig. 1B) and osteogenic differentiation (Fig. 1C). These
observations showed that the adherent MACS-separated bone
marrow-derived cells possess the phenotype and differentia-
tion characteristics of MSCs.

Differentiation of MSCs

The MSCs were cultured in the absence or presence of the
corneal extract and with or without recombinant IGF-I
(20 ng/mL) for 3, 7, or 10 days. The expression of genes for
cornea-associated markers was determined by qPCR. Fig-
ure 2 shows that the expression of genes for K12, keratocan,
and lumican was already upregulated 3 days after the culture
with the extract. Adding IGF-I to the culture medium sig-
nificantly increased the expression of the tested genes.

The differentiation potential of the MSCs was confirmed
by immunostaining for the K12 protein using anti-K12 an-
tibody. As demonstrated in Fig. 3, the K12 protein was
clearly detected in the MSCs differentiated with the extract
(Fig. 3B) and with the extract and IGF-I (Fig. 3C). Un-
treated MSCs were used as a negative control for K12 ex-
pression (Fig. 3D), while isolated corneal epithelial cells
served as a positive control (Fig. 3A).

Morphology, growth, and gene expression
of differentiated MSCs

The morphology of the untreated and differentiated MSCs
is shown in Fig. 4. Both cell types had a typical fibroblast-
like shape and adhered to plastic and glass surfaces. The
expression of cell surface markers CD45, CD11b, CD73,
CD44, and CD105 was determined by flow cytometry. The
analysis revealed that both cell types had a similar expres-
sion profile (Fig. 5). Results from the WST-1 assay showed
that differentiated MSCs have rather better proliferation
activity than untreated cells (Fig. 6).

FIG. 2. The expression of genes for K12, keratocan, and
lumican in untreated and differentiated MSCs was deter-
mined by qPCR. The cells were cultured for 3, 7, or 10 days
untreated (Unt), with the extract from the corneas (Ext) and
in the presence of the extract and IGF-I (Ext+IGF-I). Each
bar represents mean – SD from four to five determinations.
The asterisks represent statistically significant (*P < 0.05,
**P < 0.01) difference in the gene expression between
MSCs treated only with the extract or with the extract and
IGF-I. Freshly purified MSCs are marked as a control (C).
IGF-I, insulin-like growth factor-I; qPCR, quantitative real-
time polymerase chain reaction.
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Immunosuppressive properties of untreated
and differentiated MSCs

Spleen cells were stimulated with T-cell mitogen ConA in
the absence or presence of untreated or differentiated MSCs
(the ratio of lymphocytes to MSCs was 8:1). The production of
IL-2 and IFN-g was determined in the supernatants by ELISA.

As demonstrated in Fig. 7, both cell types significantly in-
hibited production of tested pro-inflammatory cytokines.

Discussion

The integrity of the cornea is ensured by a population of
stem cells that reside in the limbus. When the cornea is

FIG. 3. Immunostaining for K12
protein in corneal cells and untreated
or differentiated MSCs. Single cell
suspensions of corneal cells (A),
MSCs cultured with the extract (B), or
with the extract and IGF-I (C), or
untreated MSCs (D) were stained with
a goat antibody against mouse K12.
The nuclei were stained with DAPI
(blue). One representative experiment
of four similar ones is shown. DAPI,
4¢,6-diamidino-2-phenylindole. Color
images available online at www
.liebertpub.com/scd

FIG. 4. Comparison of
morphology of untreated and
differentiated MSCs. The
growing untreated MSCs (A,
C) or MSCs treated for
10 days with the extract and
IGF-I (B, D) are shown. The
cells for the light microscopy
analysis (A, B) remained
unstained, the cells for the
immunofluorescence analysis
were stained with phalloidin
for F-actin (red filaments) (C,
D). The nuclei were stained
with DAPI (blue). One repre-
sentative experiment of three
similar ones is shown. Scale
bars represent 25 mm. Color
images available online at
www.liebertpub.com/scd
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injured, LSCs start to proliferate, differentiate, and migrate
to the site of injury. To treat corneal defects in patients with
unilateral LSCD, LSCs can be isolated from healthy eyes,
propagated in vitro, and using an appropriate scaffold
transferred to treat the damaged cornea [2,26]. However,
LSC therapy is limited by the low number of cells available
and harmful immunological rejection if the cells are trans-
planted from a genetically unrelated donor. Therefore, other
sources of autologous stem cells have been tested. These
include conjunctival epithelial stem cells [8], oral mucosal
cells [6], dental pulp stem cells [27], hair follicle stem cells
[28], or various types of MSCs [7,15,29].

One of the properties required for stem cells used in the
treatment of LSCD is their capability to differentiate into
corneal cells. Therefore, in the present study, we character-
ized mouse bone marrow-derived MSCs and tested their
ability to differentiate into cells expressing cornea-associated
markers, which were not detected in untreated MSCs.

MSCs isolated by a negative sorting from the population
of adherent bone marrow cells were positive for CD44 and
CD105 and negative for CD11b and CD45, as described
earlier [30]. In addition, these cells effectively differentiated
into adipocytes and osteoblasts, thus fulfilling the basic
criteria for definition of MSCs [31]. Based on screening the
gene expression in untreated MSCs, we identified three

genes, which were not (K12, keratocan) or only weakly
(lumican) expressed in unstimulated MSCs.

Previous studies have demonstrated the effects of the
coculture of MSCs with corneal cells in limbal or corneal
cell-conditioned medium on the differentiation of MSCs
into keratocytes [18,19] or cells with markers and charac-
teristics of corneal epithelial cells [10,20,21,32]. In the
present study, we used the extract from corneas for differ-
entiation of MSCs. We observed that already after a 3-day
culture of the MSCs in the presence of the extract, the cells
started to express corneal markers and their expression
gradually increased. This observation is in accordance with
the above studies showing the expression of corneal markers
in MSCs cultured in the presence of corneal cells or in
corneal cell-conditioned medium. In our previous study, we
found that IGF-I plays an important role in the differentia-
tion of LSCs into corneal epithelial cells. IGF-I, which is
highly expressed in the cornea after the injury, migrates to
the limbus where it binds to its receptor and triggers the
differentiation process of LSCs [22]. Huang et al. [33]
demonstrated that IGF-I can dose-dependently stimulate the
proliferation of MSCs, upregulate the expression of CXCR4,
and accelerate their migration. It has been also observed that
IGF-I is secreted by MSCs after their therapeutic adminis-
tration [34–36]. Therefore, we tested whether IGF-I could
also play a role in the differentiation of MSCs into corneal-
like cells. Adding IGF-I into MSC cultures with extract from
the corneas significantly increased the expression of genes
for K12, keratocan, and lumican. IGF-I alone had no effect
on the expression of these genes (data not shown).

Purified bone marrow MSCs have fibroblastic morphology.
Differentiated MSCs did not change their morphology and
remained in fibroblastic shape, which is comparable to previ-
ous results [20,32]. Both untreated and differentiated MSCs
adhered to plastic and glass surfaces. Comparing the expres-
sion of cell surface markers did not reveal differences between
untreated and differentiated cells. A similar conclusion was
reached in the study where unstimulated MSCs and MSCs
stimulated with a cocktail of pro-inflammatory cytokines were
tested for the expression of endothelial, stromal, and adhesive
markers [37]. In accordance with other studies on the prolif-
erative and metabolic activity of differentiated cells
[33,38,39], we found that MSCs differentiated with corneal
extract and IGF-I have comparable or even slightly enhanced
metabolic activity to untreated cells.

MSCs possess potent immunosuppressive properties and
inhibit the production of various pro-inflammatory cytokines

FIG. 5. Comparison of the expres-
sion of cell surface markers in untreated
and differentiated MSCs. Flow cyto-
metry analysis of CD45, CD11b, CD73,
CD44, and CD105 markers expressed in
untreated (Unt) or differentiated
(Ext+IGF-I) MSCs is demonstrated.
Each bar represents mean – SD from
three determinations.

FIG. 6. Comparison of the metabolic activity of the un-
treated (Unt) and differentiated (Ext+IGF-I) MSCs. WST-1
reagent was added to the cell cultures for 4 h to form for-
mazan. The absorbance was measured using a Sunrise Re-
mote ELISA Reader at a wavelength of 450 nm. Each bar
represents mean – SD from three determinations (**P < 0.01).
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[24,40]. In the present study, we confirmed the suppressive
potential of unstimulated MSCs and we showed that differ-
entiated MSCs inhibit the production of IFN-g and IL-2,
similar to untreated MSCs.

In conclusion, we showed that IGF-I supports differentia-
tion of mouse bone marrow-derived MSCs into cells ex-
pressing markers of corneal cells. Differentiated MSCs
expressed markers of both corneal epithelial cells and kera-
tocytes. This observation makes them a promising source of
stem cells for the regeneration of damaged or diseased cor-
nea. In addition, the differentiated cells maintain character-
istics of unstimulated MSCs and suppress the production of
pro-inflammatory cytokines by activated T lymphocytes.
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Abstract Human amniotic membrane (HAM) is

used as an allograft in regenerative medicine or as a

source of pluripotent cells for stem cell research.

Various decontamination protocols and solutions are

used to sterilize HAM before its application, but little

is known about the toxicity of disinfectants on HAM

cells. In this study, we tested two decontamination

solutions, commercial (BASE�128) and laboratory

decontamination solution (LDS), with an analogous

content of antimycotic/antibiotics for their cytotoxic

effect on HAM epithelial (EC) and mesenchymal

stromal cells (MSC). HAM was processed in a

standard way, placed on nitrocellulose scaffold, and

decontaminated, following three protocols: (1) 6 h,

37 �C; (2) 24 h, room temperature; (3) 24 h, 4 �C. The
viability of EC was assessed via trypan blue staining.

The apoptotic cells were detected using terminal

deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL). The mean % (±SD) of dead EC (%DEC)

from six fresh placentas was 12.9 ± 18.1. Decontam-

ination increased%DEC compared to culture medium.

Decontamination with BASE�128 for 6 h, 37 �C led to

the highest EC viability (81.7%). Treatment with LDS

at 24 h, 4 �C resulted in the lowest EC viability

(55.9%) in the set. MSC were more affected by

apoptosis than EC. Although the BASE�128 expresses
lower toxicity compared to LDS, we present LDS as an

alternative decontamination solution with a satisfac-

tory preservation of cell viability. The basic formula of

LDS will be optimised by enrichment with nutrient

components, such as glucose or vitamins, to improve

cell viability.

Keywords Amniotic membrane � Decontamination

solution � Viability � Apoptosis � Epithelial and
mesenchymal cells

Introduction

The human placenta at term has two distinguishable

fetal membranes that develop separately: the amni-

otic membrane (HAM) on the fetal surface of

placenta and the chorionic membrane underneath

the HAM. The two membranes remain separable due

to the existence of a spongy layer in between. HAM
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consists of a monolayer of epithelial cells (EC),

which resides on a resistant basement membrane, and

of a mesenchymal layer at the bottom. The latter can

be subdivided into the acellular compact layer, the

fibroblast layer with sparsely distributed mesenchy-

mal stromal cells (MSC), and the acellular spongy

layer, contiguous with the chorionic membrane

(Bourne 1960, 1962; Dua et al. 2004; Lindenmair

et al. 2012).

Different mechanisms of action, such as wound-

healing, anti-scarring, anti-angiogenic, anti-inflamma-

tory, antimicrobial effects and low antigenicity, have

been attributed to the soluble bioactive compounds—

cytokines, growth factors, vasoactive peptides etc.,

produced by HAM resident cells (Gruss and Jirsch

1978; Akle et al. 1981; Dua et al. 2004).

The HAM is most often used as a temporary

biologic dressing in ophthalmology, but also in plastic

surgery, dermatology and gynaecology (King et al.

2007; Mamede et al. 2012; Malhotra and Jain 2014).

The HAM is elastic and translucent and is devoid of

nerves, smooth muscle cells, lymph and blood vessels.

Beside its clinical use, HAM is used in tissue

engineering as a cheap and flexible biological 3D-cell

carrier for cell migration, differentiation and delivery

of in vitro cultured cells into ocular wound (Ishino

et al. 2004; Gholipourmalekabadi et al. 2016).

The HAM is available without an ethical conflict,

typically procured after caesarean section delivery

and decontaminated with solutions containing antibi-

otics and antimycotics (AA). HAM is manually

dissected under sterile conditions, thoroughly

washed from blood clots and debris. During HAM

preparation AA solutions may be used for repeated

rinsing of tissue prior to storage. Alternatively,

gamma irradiation is used for HAM sterilization

(Singh et al. 2007; von Versen-Hoeynck et al. 2008;

Riau et al. 2010).

Despite its putative advantages over preserved

HAM, such as preservation of viable cells, the

transplantation of fresh HAM (tissue not subjected to

preservation, used within 14 days) has not been yet

established. Some attempts have been made in this

matter (Ganatra and Durrani 1996; Mejı́a et al. 2000;

Adds et al. 2001), however, there is a lack of proper

evidence for its safe clinical use, without risk of

transmission of infection to a patient (Khokhar et al.

2001). In most western countries, fresh HAM is not

permitted for use. Donor must be tested for signs of

viral or bacterial infection at the time of delivery and

6 months later to cover window period of infection.

Thus HAM must be preserved during this period.

Cryopreservation is the most common method of

storage, using the standard protocol proposed by Kim

and Tseng (1995). Lyophilisation and storage in a dry

form are other basic preservation methods (Dua et al.

2006; von Versen-Hoeynck et al. 2008; Thomasen

et al. 2009).

The decontamination is highly important when

HAM is intended to be stored cryopreserved in

glycerol, mixture of glycerol with a culture medium

or dimethyl sulfoxide solution (Maral et al. 1999; Tan

et al. 2014; Duan-Arnold et al. 2015; Zidan et al. 2015;

Paolin et al. 2016). During standard preservation, the

morphology of HAM matrix does not seem to be

altered dramatically, but the majority of resident cells

seem to be devitalized (von Versen-Hoeynck et al.

2004; Hennerbichler et al. 2006; Aykut et al. 2014;

Mrázová et al. 2015; Perepelkin et al. 2016).

To our best knowledge, the only commercially

available decontamination solution with certification

based on Directive 93/42/EEC (medical devices) is the

BASE�128 from Alchimia (Italy), which contains AA

(amphotericin B, cefotaxime, gentamicin, van-

comycin) (Gatto et al. 2013). In most cases, labora-

tories prepare their own tissue sterilization solutions,

composed of physiological saline or buffers and added

AA and use various decontamination protocols (Lee

and Tseng 1997; Ashraf et al. 2015; Duan-Arnold et al.

2015; Laurent et al. 2014). The impact of different AA

present in decontamination solutions on HAM tissue is

insufficiently examined (Aykut et al. 2014; Perepelkin

et al. 2016).

The purpose of this study was to compare the

overall effect of the commercial solution BASE�128
and laboratory decontamination solution (LDS), with

analogous composition of AA, on HAM structure,

focused on viability of EC. The BASE�128 is reported
(by producer’s in vitro time-kill studies) to effectively

decontaminate the tissue, if one of the three protocols

is followed: (1) 6 h, 37 �C, (2) 24 h, at room

temperature (RT) or (3) 24 h, 4 �C. The HAM was

incubated under these conditions in both BASE�128
and LDS and the viability of EC cells after decon-

tamination was tested via trypan blue staining. Addi-

tionally, the fresh and cryopreserved samples of HAM

(before/after decontamination) were tested for the

presence of apoptotic (EC, MSC) cells.
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Materials and methods

Tissue

The study followed the standards of the Ethics

Committee of the General Teaching Hospital and First

Medical Faculty of Charles University, and adhered to

the tenets set out in the Declaration of Helsinki. Six

term human placentas (P1–P6) from normal pregnan-

cies were obtained with informed consent after delivery

by elective caesarean section in the Motol University

Hospital, Prague. Only healthy donors, screened for

hepatitis B and C, syphilis, HIV and C-reactive protein

(\10 mg/L), were involved. The placentas with evident

pathologies or visible injuries, such as hematomas,

were excluded. Immediately after delivery, each

placenta was placed in a sterile container and overlaid

with Hank’s Balanced Salt Solution (HBSS, Sigma-

Aldrich, Prague, Czech Republic). Special attention

was paid to the gentle handling of each placenta during

transport and subsequent manipulation.

Processing

The tissue was processed in aseptic conditions within 3

h after the delivery. Briefly, the placenta was cleansed

of blood clots with sterile HBSS under a biosafety

cabinet and two HAM sheets were peeled off by blunt

dissection starting underneath the umbilical cord

insertion and proceeding towards the placental disk

edge (Fig. 1a). They were gently rinsed again with

HBSS to obtain thin smooth HAM and then flattened

onto two sheets (9.5 9 9.5 cm each) of sterile nitro-

cellulose membrane (NCM) carrier (Bio-Rad, Prague,

Czech Republic), the epithelium surface facing up

(Fig. 1b). Prior the use, 24 rectangles were marked on

NCM sheets, 3 circular apertures (3 mm in diameter)

punched in each rectangle and the sheets were auto-

claved. Each of the twoNCMsheetswithHAMwas cut

into 2 9 24 rectangles (samples) (Fig. 1c), represent-

ing 48 subareas of placental amnion. Samples of HAM

were either evaluated for the percentage of dead

epithelial cells (%DEC) immediately after processing

of the tissue (fresh HAM) or forwarded to decontam-

ination procedures (incubated in respective solutions)

and evaluated for %DEC afterwards (Fig. 1d).

Sample preparation, decontamination

and cryopreservation

The HAM samples were placed into the BASE�128
solution (Alchimia, Ponte San Nicolò, Italy) or LDS

with analogous AA composition. Dulbecco’s Modi-

fied Eagle Medium (DMEM) with no AA (Gibco,

Thermo Fisher Scientific, Prague, Czech Republic)

was used as a control solution (Co). The BASE�128 is

composed of a balanced saline solution, vitamins,

minerals, glucose and AA: Amphotericin B sodium

deoxycholate 13,500–16,500 IU/l (14.3–17.5 mg/L;

potency: 944 IU/mg) (Rautmann et al. 2010), cefo-

taxime, gentamicin, vancomycin 115.2–140.8 mg/L

(same for the three), according to the product speci-

fication sheet. The LDS was prepared by mixing the

physiological saline (Fresenius Kabi, Bad Homburg,

Germany) with the AA analogous to BASE�128. The
AA concentrations in LDS were selected as mean

values from AA concentration range published for

BASE�128 by producer: Amphotericin B sodium

deoxycholate 16 mg/L (Bristol-Myers Squibb, Farmar

L’Aigle Usine, France), cefotaxime 130 mg/L, gen-

tamicin 140 mg/L (Lek Pharmaceuticals, Ljubljana,

Slovenia), vancomycin 130 mg/L (Mylan, S.A.S.,

France).

The two NCM sheets with HAM were cut into 48

rectangles (samples) (Fig. 1a–c). 12 samples per

placenta, labelled as fresh HAM, were kept in DMEM

forB1 h at RT, until assessment of%DEC. 24 samples

per placenta were decontaminated with BASE�128 or

LDS (12 samples each) and remaining 12 samples

were stored in Co. Decontamination procedure fol-

lowed three protocols: (1) 6 h at 37 �C in 5% CO2

atmosphere (condition 1, C1); (2) 24 h at RT (condi-

tion 2, C2) and (3) 24 h at 4 �C (condition 3, C3).

After incubation in individual conditions, the %DEC

was assessed by trypan blue (TB) staining. Edge areas

(3 9 10 mm) of all 48 specimens were cut (before/

after decontamination) and either cryopreserved

(-80 �C) embedded in Cryomount embedding med-

ium (Histolab AB, Västra Frölunda, Sweden), or kept

in Co (B1 h at RT) for detection of apoptotic cells

(EC, MSC). Cryomount medium contains water-

soluble glycols and resins that help protect cell

integrity during freezing.
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Assessment of cell survival in HAM

Each HAM sample on NCM, fresh and decontami-

nated, was rinsed with lukewarm phosphate buffered

saline (PBS) and stained with 0.1% TB in PBS

(Sigma-Aldrich, Prague, Czech Republic) for 70 s to

stain dead cells (Fig. 1e) (Pegg 1989). The %DEC

throughout the visible surface of HAM (spanning the

NCM perforations) was examined under light micro-

scope (Olympus BX51, Olympus Co., Tokyo, Japan)

at 2009 magnification. Each aperture was visually

divided into four equal sectors (Fig. 1f) and one image

of each sector recorded. The %DEC of sample was

determined from collected images by computer

assisted manual cell counting via Lucia computer

analysis system (Laboratory Imaging, Prague, Czech

Republic).

Additional staining of HAM epithelium with LIVE/

DEAD� Viability/Cytotoxicity Kit for mammalian

cells (Molecular Probes, Thermo Fisher, Prague,

Czech Republic) was performed following the man-

ufacturer’s instructions and %DEC was determined

from collected images (5-10 images per sample) by

NIS Elements software (Laboratory Imaging for

Nikon Co., Prague, Czech Republic). At least 1000

of EC in one micrograph were examined.

Assessment of apoptotic cells in HAM

The cryopreserved pieces of HAM samples (fresh and

decontaminated, all conditions) were thawed at RT,

washed in PBS, cut into 3 9 5 mm pieces and adhered

to a microscope glass slide by drying at RT for a few

minutes—one piece epithelial side up and the other

Fig. 1 Tissue sampling procedure—scheme. Two sheets (sh) of

human amniotic membrane (HAM) were dissected from

placenta (a), flattened onto nitrocellulose membrane (NCM),

then divided into two halves (b), each of the 4 resulting parts cut
into 12 rectangular pieces (c) and incubated under three

conditions: 6 h, 37 �C, 5% CO2 (C1), 24 h, room temperature

(RT) (C2), 24 h, 4 �C (C3) and two decontamination solutions:

commercial BASE�128 and laboratory decontamination solution

(LDS). Alongside the decontaminated samples of HAM, control

pieces of HAM were stored in a Dulbecco’s modified Eagle’s

medium (DMEM) under same conditions (C1–C3). Four pieces

of freshHAM(F)were stored inDMEMatRT for the assessment

of dead epithelial cells before decontamination. We obtained 10

groups of samples; some pieces were used as spare ones (X).

Three cutouts from each sample were cryopreserved or stored in

DMEM, at RT, for assessment of apoptotic cells (c, d). Each
piece of HAM on NCM with 3 circular perforations was stained

using trypan blue (TB) (e). Each perforationwas visually divided
into four sectors (S1–S4) and photographs of each sector were

taken at 200x magnification (f)
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epithelial side down. Cells were then stained for

fragmented DNA, i.e. free 30-OH ends, via terminal

deoxynucleotidyl transferase (TdT) dUTP nick-end

labelling (TUNEL) method (Gavrieli et al. 1992), with

in situ Cell Death Detection kit, Fluorescein (Roche

Diagnostics, Mannheim, Germany) according to the

manufacturer’s instructions. The positive control, pre-

treated with deoxyribonuclease I (Sigma-Aldrich,

Prague, Czech Republic), and negative control (TdT

omitted) were included and labelled on an extra glass

slide. Samples of fresh HAM (before cryopreserva-

tion) were also TUNEL labelled. Following TUNEL,

specimens were covered with Vectashield—DAPI

mounting medium (Vector Laboratories, Inc. Burlin-

game, USA) to counterstain cell nuclei. Images of

labelled EC and MSC were recorded with Vosskühler

VDS CCD-1300 camera (VDS Vosskühler GmbH,

Osnabrueck, Germany) using fluorescent microscope

Olympus BX51 at 2009 magnification. The EC/MSC

exhibiting apoptotic changes were counted in col-

lected images (5–10 sectors per image) by NIS

Elements software. At least 1000 of EC and 100

MSC in one micrograph (cell nuclei in the same focus

plane) were examined.

Statistical analysis

All data were processed in MS Excel and expressed as

the mean ± SD from values counted from the indi-

vidual micrographs. The Student’s t test (unpaired,

two-tailed) was performed to compare the results of

the individual decontamination conditions with the

control and only the data with p-value \0.05 were

considered statistically significant.

Results

The EC viability in fresh HAM

Epithelial cells with TB positive staining of cell

nucleus were considered non-viable and included in

total %DEC assessment, Fig. 2. Table 1 summarises

the %DEC for six individual placentas before decon-

tamination (fresh HAM). The important dispersion of

average values and high standard deviations values

reflects the significant variability of %DEC both in

individual placentas and among them. The mean

%DEC (±SD) in fresh HAM from all placentas (All,

Table 1) was 12.9 ± 18.1.

The EC viability in decontaminated HAM

The mean %DEC (±SD) values in decontaminated

HAMs (incubated in BASE�128 or LDS) and control

HAMs (Co; incubated in DMEM) from all six

placentas (P1–P6) were determined, Table 2. The

visually confirmed increase in %DEC was observed

when longer decontamination periods (C2, C3) were

used. Compared to Co, decontamination by both

BASE�12 and LDS at all conditions increased the

average %DEC, however, only in LDS at C3 this

increase was statistically significant (p = 0.01).

Due to the fact that relatively high variability in

%DEC was present already in samples of fresh HAM,

Table 1, we compared the mean %DEC of decontam-

inated HAM to the mean %DEC of the fresh HAM and

expressed it as n-fold increase/decrease in %DEC for

individual placentas and conditions (C1–C3;

BASE�128, LDS, DMEM), Table 3. We also deter-

mined the statistical significance of these changes,

relative to fresh HAM. As shown in Table 3, compar-

ing the values of n-fold increase in %DEC (:%DEC)

among LDS, BASE�128 and DMEM in each condition

(C1–C3) individually, the increase was highest for

LDS in 15 out of 18 cases, with the highest values in

C3. The difference in n-fold increase in %DEC

between BASE�128 and DMEM of each respective

group was minimal. The slight decrease in %DEC

Fig. 2 The epithelial surface of the HAM sheet after prepara-

tion and after trypan blue (TB) staining, showing the island of

dead epithelial cells (blue) surrounded by mosaic of polygonal

viable epithelial cells. Pieces of HAM on nitrocellulose scaffold

were stained with 0.1% TB in phosphate buffered saline for 70 s

and observed under the light microscope at 200x magnification.

The scale bar represents 50 lm
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(;%DEC), compared to the fresh HAM, was observed

in some cases of cultivation of HAM in DMEM.

Treatment of HAM with BASE�128 at C1 resulted

in significant %DEC worsening only for one placenta

(P4) out of six, the same situation was observed for

storage in DMEM (Table 3). Similarly, at C2, the

%DEC change was statistically significant in two

placentas (P1, P6) in case of HAM storage in

BASE�128 (:%DEC) and in two placentas (P2:

:%DEC, P6: ;%DEC) in case of storage in DMEM.

When using LDS, the %DEC increased almost for all

placentas at all conditions with exception of P5 in C1

and P3 in C2. On the contrary, HAMs from most

placentas were significantly affected (:%DEC) by

storage at C3.

Assessment of apoptotic EC and MSC

The mean percentage of the apoptotic epithelial cells

(%AEC) and the mean percentage of the apoptotic

mesenchymal cells (%AMC) in HAM before/after

decontamination with solutions (BASE�128, LDS) or
incubation in Co are shown in Tables 4 and 5,

respectively. In the fresh HAM samples (before/after

cryopreservation) from three placentas the mean

%AEC was less than 1% and the mean %AMC was

42.0 ± 18.5 (values from 16.1 to 59.7%). In all

specimens after decontamination and in all conditions

(before/after cryopreservation), the mean %AEC

remained low, about 1–2% (Table 4) and mean

%AMC increased significantly (except C3,

BASE�128) up to 87.9% (C1, Co), compared to fresh

HAM (Table 5). Changes in the mean %AEC among

groups were not statistically significant.

Interestingly, during the microscopic evaluation of

dead cells by TB staining, small intracellular and

extracellular droplets of unknown origin, distributed

throughout the HAM, were observed occasionally.

Therefore we decided to stain HAM samples of all

groups with histological dye Sudan III and Mayer’s

hematoxylin (performed at the Institute of Pathology,

First Faculty of Medicine, Charles University; not

included in ‘‘Materials and methods’’ section). It was

determined that these droplets are of lipid origin and

their presence is rather random (Fig. 3).

Discussion

Using perforated NCM as a carrier for HAM we have

established a sampling scheme which can be used as a

feasible model for the assessment of the quality of

prepared HAM allowing the quick detection and

visualisation of dead epithelial cells. The good adher-

ence of the HAM tissue to the NCM during the whole

procedure limited the HAM folding and thus mini-

mized cell death as the consequence of mechanical

stress.

We observed variations in the mean %DEC

(4.8–28.1%) in the fresh HAM, despite the precautions

we took. We suppose that this could be the result of the

inherent tissue variability, the manipulation with

placenta and stress applied on the cells exposed to

Table 1 The mean percentage of the dead epithelial cells (%DEC ± SD) in fresh HAM (before decontamination) from six placentas

(P1–P6)

Placenta P1 P2 P3 P4 P5 P6 All

%DEC ± SD 28.1 ± 30.3 4.8 ± 8.5 7.9 ± 8.1 10.3 ± 9.1 8.3 ± 12.7 19.4 ± 18.8 12.9 ± 18.1

Samples were stored in DMEM at room temperature and processed within 1 h after dissection

SD standard deviation

Table 2 The mean percentage of the dead epithelial cells

(%DEC ± SD) in decontaminated HAM, from all six placentas

%DEC ± SD C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 18.3 ± 18.3 20.2 ± 12.6 30.2 ± 17.8

LDS 28.6 ± 23.4 31.6 ± 19.3 44.1 ± 19.0

DMEM (Co) 13.2 ± 13.0 12.2 ± 12.5 25.2 ± 20.5

The commercial decontamination solution BASE�128,
laboratory-made decontamination solution (LDS) or

Dulbecco’s modified Eagle medium (DMEM) as a control

solution (Co) were used. The HAM specimens were incubated

for 6 h at 37 �C (C1), for 24 h at room temperature (RT) (C2),

or for 24 h at 4 �C (C3). The statistically significant increase

(p\ 0.05) in %DEC was observed in C3 using LDS

SD standard deviation
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the environment during the experimental procedure.

We could observe the worsened quality of HAM in

cases of less careful tissue handling; these HAMs were

excluded from our experiments. Rather high values of

SD for individual placentas are a consequence of the

heterogeneity of %DEC throughout the sampled

subareas. Nevertheless, in general our results are in

accordance with other studies showing a good viabil-

ity of EC in fresh HAM after processing ([80%)

(Hennerbichler et al. 2006; Laurent et al. 2014).

The viability of EC was higher after decontamina-

tion of HAM with BASE�128 compared to LDS. The

lowest %DEC was found after the treatment with

BASE�128 for 6 h at 37 �C. Storage for 24 h was less

beneficial to the quality of the tissue than storage for

6 h, independent of the type of decontamination

solution (BASE�128, LDS). The worst survival rate

of the EC was observed after storage of HAM in AA

solutions (and DMEM) at low temperature, 4 �C. This
observation is in accordance with some other studies

(Jackson et al. 2015), where the best preservation of

the cell/tissue morphology was observed at tempera-

tures between 12 and 24 �C. Further research on the

effect of storage in various conditions on HAM quality

is necessary.

The LDS showed higher toxicity on cells, despite

having the composition and concentration of AA

(diluted in physiological saline) similar to BASE�128.
Although there is no information about the exact

composition of BASE�128, specifically about the

concentrations of AA, its composition was indicated

in the publication of Gatto et al. (2013), describing

BASE�128 as a mixture of AA and nutrients diluted in

RPMI 1640 medium. It was shown that cells exposed

to the stress, such as nutrient deprivation, accumulate

reactive oxygen species and eventually die after a

relatively short time (Altman and Rathmell 2012;

Cabodevilla et al. 2013). Thus, LDS higher cytotox-

icity, compared to BASE�128, can be explained by the
lack of nutrients, rather than by the presence of AA.

Focused mainly on AA, we used LDS of simplified

composition in t decontamination is study. As we

demonstrated, such solution has no dramatic impact on

HAM epithelial cell viability and is simple to prepare

at any time in the laboratory, when commercial

solution is not available. Moreover, the basic formula

of LDS can be optimised by enrichment with nutrient

components to improve cell viability.

In our study we selected the TB staining as the

fastest and simplest procedure for the detection of

dead cells. Combined with the light microscopy we

obtained information also about morphological

Table 4 The mean percentage of the apoptotic epithelial cells

(%AEC ± SD) after HAM decontamination, related to fresh

HAM

%AEC ± SD C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 1.15 ± 0.68 0.72 ± 0.52 0.95 ± 0.17

LDS 1.17 ± 0.63 0.50 ± 0.07 1.63 ± 1.95

DMEM (Co) 1.73 ± 0.42 0.86 ± 0.26 1.28 ± 1.23

HAM was treated with BASE�128 or laboratory-made

decontamination solution (LDS) or stored in Dulbecco’s

modified Eagle medium (DMEM) as a control solution (Co).

The HAM specimens were incubated for 6 h at 37 �C (C1), for

24 h at room temperature (RT) (C2), or for 24 h at 4 �C (C3).

Samples from three placentas were analysed. Changes in the

mean %AEC were not statistically significant (p-values are

thus not indicated)

SD standard deviation

Table 5 The mean percentage of the apoptotic mesenchymal cells (%AMC ± SD) after HAM decontamination, related to fresh

HAM

%AMCs ± SD (p-value) C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 84.9 ± 14.0 (1.22E-04) *** 86.2 ± 10.2 (3.38E-05) *** 63.2 ± 31.5 (0.131)

LDS 82.2 ± 19.2 (7.853E-04) *** 77.7 ± 18.3 (0.002) *** 73.7 ± 17.6 (0.004) ***

DMEM (Co) 87.9 ± 12.3 (3.823E-05) *** 85.9 ± 8.2 (2.359E-05)*** 75.3 ± 16.5 (0.002) ***

HAM was decontaminated with BASE�128 or laboratory-made decontamination solution (LDS) or stored in Dulbecco’s modified

Eagle medium (DMEM) as a control solution (Co). The HAM specimens were incubated for 6 h at 37 �C (C1), for 24 h at room

temperature (RT) (C2), or for 24 h at 4 �C (C3). Samples from three placentas were analysed. Statistical significance (Student’s t-test,

unpaired, two-tailed): * p\ 0.05; ** p\ 0.01; *** p\ 0.005 (p-value indicated in brackets)

SD standard deviation
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changes in evaluated tissue. Fluorometric cell viability

assay has been shown to have higher efficiency than

TB staining (Mascotti et al. 2000), however, this

technique is time demanding and does not routinely

allow to assess multiple specimens in a short time, as

we needed for our experiment. Nevertheless, in order

to verify the efficiency and reliability of TB staining,

we assessed %DEC also via LIVE/DEAD� Viability/

Cytotoxicity test of the selected samples. The results

were very similar to those obtained by TB staining

(data not shown). The final values of %DEC were

slightly lower using LIVE/DEAD, however the ten-

dency of increase in %DECwith prolonged incubation

time and lower temperature was maintained. On the

other hand the fluorescent staining showed to be rather

impractical, when high number of samples has to be

processed in limited time (not mentioning the cost

aspect) and therefore we decided to continue process-

ing the samples by TB staining.

Using TUNEL method we found that MSC (ex-

hibiting about 42% apoptotic cells before and 63–88%

after decontamination, respectively) are more suscep-

tible to external stress stimuli than EC. The apoptosis

of EC did not exceed 2% at both conditions. Partially,

this result could be explained by the fact, that AEC are

released from the basement membrane (Kumagai et al.

2001) during the procedure, whilst dead MSC remain

confined in the stroma. The other plausible explana-

tion is that the cells die by other, rather fast,

mechanism than apoptosis (necrosis) and therefore

cannot be identified using TUNEL assay. The poten-

tial effect of AA on induction of apoptotic cell death

was thus not confirmed.

During the microscopic assessment of %DEC tiny

droplets through HAM layers have been observed,

independent of solution, time and temperature used.

They were also present in fresh HAM. Using standard

Sudan III staining, we identified them as lipid

particles. Their presence can reflect the cellular

damage or they can be naturally present in HAM.

Further investigation will be necessary in order to

explain this phenomenon.

In conclusion, we have shown that there are only

small differences in cell survival between the appli-

cation of commercial and laboratory decontamination

solution (BASE�128 and LDS) and we examined

various decontamination protocols. These findings

may help to better understand the impact of conditions

used for the processing and preservation of HAM on

the final quality of the potential tissue graft.
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Fig. 3 The light micrograph of the HAM epithelium, with lipid

droplets (arrowheads) occurring over and inside the cells in

fresh HAM (a) and in HAM after incubation in BASE�128
solution for 6 h at 37 �C (b, c). HAM epithelial cells were

stained with trypan blue (b) or Sudan III and Mayer’s

hematoxylin (a, c). Magnification 400x. Scale bar represents

20 lm
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Abstract Two decontamination solutions, commer-

cially produced BASE•128 and laboratory decontam-

ination solution (LDS), with analogous content of

antibiotic and antimycotic agents, were compared in

their antimicrobial efficiency and stability (pH and

osmolarity). Both solutions were compared immedi-

ately after thawing aliquots frozen for 1, 3 or

6 months. Agar well diffusion method was used to

test their antimicrobial efficiency against five human

pathogens: Staphylococcus aureus, Pseudomonas

aeruginosa, Proteus mirabilis, Escherichia coli and

Enterococcus faecalis. The difference in the inhibition

of growth between the two decontamination solutions

was mostly not statistically significant, with few

exceptions. The most pronounced difference between

the LDS and BASE•128 was observed in their

decontamination efficacy against E. coli and E.

faecalis, where the LDS showed to be more efficient

than BASE•128. The osmolarity value of LDS

decreased with cold-storage, the osmolarity values of

the BASE•128 could not be measured as they were

below the range of the osmometer. Slight changeswere

found in pH of the less stable LDS solution, whose pH

increased from initial value 7.36 ± 0.07 to

7.72 ± 0.19 after 6 m-storage. We verified that

BASE•128 and LDS are similarly efficient in elimi-

nation of possible placental bacterial contaminants and

may be used for decontamination of various tissues.

Keywords Tissue decontamination � Amniotic

membrane decontamination � Antimicrobial

efficiency � Decontamination solution

Introduction

The therapeutic potential of human amniotic mem-

brane (HAM) is increasingly appreciated in a variety

of clinical indications, particularly in ophthalmology

and chronical wounds treatment due to its positive

effect on wound healing—accelerated regeneration

with minimal inflammation and scarring (Ilic et al.
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2016; Herndon and Branski 2017; Jirsova and Jones

2017). Despite HAM wide-spread use, the general

standardized protocol for handling HAM before

transplantation surgery has not been adopted yet

(Hopkinson et al. 2006; Rahman et al. 2009).

Prior grafting, the sterility of the tissue must be

assured. It was demonstrated that the type of the tissue

processing and preservation has an impact on final

concentrations of endogenous soluble proteins and

overall survival of HAM cells (Solomon et al. 2002;

Hopkinson et al. 2006; Hennerbichler et al. 2007;

Wolbank et al. 2009). It was found that the process of

decontamination may be affected by several variables

such as temperature, contact period, pH and concen-

tration of the disinfectant, bioburden, organic soil and

hardness of water used for dilution (Singh et al. 2012).

When processing HAM several important steps

have to be implemented, such as the evaluation of the

donor’s medical and social history, serological screen-

ing of the maternal blood or microbiological screening

of HAM before and after its aseptic preparation and

processing (Lee and Tseng 1997). Placentas retrieved

by vaginal delivery are not considered suitable source

of HAM for grafting due to the higher bioburden of

pathogens from the vagina compared to placenta

obtained during the elective caesarean section delivery

(Dua and Azuara-Blanco 1999; Adds et al. 2001). The

Gram-positive Staphylococcus species are the most

prevalent pathogens found on HAM obtained from

placentas after both vaginal deliveries and caesarean

sections (Gannaway et al. 1984; Aghayan et al. 2013;

Binte Atique et al. 2013). Gram-positive bacteria have

been also determined as the most frequent cause of

microbial infections of HAM transplants in ocular

surgery (Marangon et al. 2004). Interestingly, no fungi

nor yeast have been detected on HAM samples

retrieved either way of the delivery (Gannaway et al.

1984; Adds et al. 2001). In any case, HAM with any

positive microbiology result after decontaminating

step are unsuitable for grafting (Keitel 2017). Despite

sterile processing and grafting of HAM, together with

the pre-operative microbiological screening, post-

operative contamination by Gram-positive isolates in

rates of 1.6–8.0% have been reported (Khokhar et al.

2001; Messmer 2001; Marangon et al. 2004).

The decontamination is a crucial step especially

when final sterilisation step is not performed during

HAM processing. The tissue can be stored by cryop-

reservation, lyophilisation or air-drying, the last two

procedures being often followed by gamma irradiation

as a final tissue sterilisation step (Burgos and Sergeant

1983; Singh et al. 2003, 2006; Rodriguez-Ares et al.

2009; Mrázová et al. 2016). HAM is typically cryop-

reserved in glycerol (Maral et al. 1999; Riau et al. 2010;

Zidan et al. 2015), in a cultivation medium, e.g.

Dulbecco’s modified Eagle’s medium (DMEM) or

Minimum Essential Medium with added glycerol (Kim

and Tseng 1995; Lee and Tseng 1997; Thomasen et al.

2009) or in a buffer with added dimethyl sulphoxide

(DMSO) (Hanada et al. 2001; Paolin et al. 2016;

Perepelkin et al. 2016). The HAM can be cryopreserved

also in medium without glycerol (Hennerbichler et al.

2007). Before cryopreservation, HAM is decontami-

nated typically by treatment with sterile aqueous

solutions containing antibiotics and antifungal drugs

(Kim et al. 2000; Niknejad et al. 2011; Malhotra and

Jain 2014; Keitel 2017). Various decontamination

protocols have been published (Lee and Tseng 1997;

Laurent et al. 2014; Ashraf et al. 2015; Duan-Arnold

et al. 2015; Paolin et al. 2016), but none is generally

accepted as a ‘‘gold standard’’. Several certified ready-

to-use decontamination solutions are now available, e.g.

BASE•128 or X-VIVO 10 media, but there is a lack of

optimized decontamination protocols (Rama et al.

2001; Gatto et al. 2013; Perepelkin et al. 2016).

As only a limited number of certified tissue decon-

tamination solutions is commercially available, we

have recently proposed an alternative decontamination

product with cytotoxicity (as assessed by viability of

HAM epithelial cells) comparable with commercial

solution BASE•128 (Smeringaiova et al. 2017). The

decontamination solution prepared in our laboratory

(LDS—Laboratory Decontamination Solution) con-

tains only components (physiological saline, antibi-

otics) approved as medical drugs and therefore it can be

readily accepted by national authorities. The purpose of

this fellow study was to compare the antimicrobial

efficiency and stability (assessed as change of pH and

osmolarity) of BASE•128 and LDS, after 1-, 3- and

6-month lasting storage of their respective aliquots.

Materials and methods

Decontamination solutions

The main components of the commercial solution

BASE•128 (Alchimia, Ponte San Nicolò, Italy) are
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Amphotericin B sodium deoxycholate

13,500–16,500 IU/l (14.3–17.5 mg/l; potency:

944 IU/mg) (Rautmann et al. 2010), cefotaxime,

gentamicin, vancomycin 115.2–140.8 mg/l (same for

the three). Vitamins, glucose, and balanced RPMI

1640 solution are also present in BASE•128 (Gatto

et al. 2013). The normal pH of BASE•128 ranges

between 7.20 to 7.40 and its osmolality values are

280–320 mOsm/kg (product accompanying

information).

The LDS was prepared by mixing a physiological

saline (Fresenius Kabi, Bad Homburg, Germany) with

the concentrations of the antibiotics and antimycotic

selected as the average values of concentration ranges

published for BASE•128: Amphotericin B sodium

deoxycholate 16 mg/l (Bristol-Myers Squibb, Farmar

L’Aigle Usine, France), cefotaxime 130 mg/l, gen-

tamicin 140 mg/l (Lek Pharmaceuticals, Ljubljana,

Slovenia), vancomycin 130 mg/l (Mylan, S.A.S.,

France), as described previously (Smeringaiova et al.

2017).

Three lots of both solutions were used for exper-

iments. Because the BASE•128 is supplied in frozen

form, LDS was also frozen after its preparation.

Before the experiments, both solutions were thawed

(T0) and then frozen in a form of appropriate aliquots.

Solutions were then tested after 1 (T1), 3 (T2) and 6

months (T3) of storage at - 20 �C. Tested solutions

were thawed at 4 �C overnight, before the day of

antimicrobial and stability testing.

Bacterial strains

To verify antibacterial activity of the two tested

decontamination solutions the multi-resistant isolates

from clinical material (Motol University Hospital) or

bacteria deposited by a non-profit organization The

Czech Collection of Microorganisms (CCM), with

defined antibiogram, were used—Table 1. The deter-

mined sensitivity to selected antibiotics was inter-

preted according to the recommendations of Clinical

breakpoints—Bacteria, v 8.0 of The European Com-

mittee on Antimicrobial Susceptibility Testing

(EUCAST) (EUCAST v 8.0 2018) and the Perfor-

mance Standards for Antimicrobial Susceptibility

Testing, 28th Edition of the Clinical and Laboratory

Standards Institute (CLSI) (CLSI 28th edn. 2018).

Antimicrobial activity

Antimicrobial activity test of the solutions was carried

out by agar well diffusion method (AWDM). The

AWDM is the second well-established method used

for antimicrobial susceptibility testing, after the agar

disk-diffusion method, used in many clinical micro-

biology laboratories. Both methods are equally valid

for antimicrobial testing (Holder and Boyce 1994;

Balouiri et al. 2016).

Three lots of both solutions were used for exper-

iments. The Petri dishes with Mueller–Hinton agar

(Oxoid Ltd., Hampshire, England) were inoculated

with the bacterial pathogen, grown up to a density of

an 0.5-McFarland Standard, then 1-cm wells were cut

into the surface of the agar using a cork borer and

100 ll of the decontamination solution, either

BASE•128 or LDS, was added into each well. The

agar plates were incubated at 36 �C for 18 h (in an

appropriate atmosphere) to allow the antimicrobial

agents to diffuse in the agar medium and inhibit the

growth of the microbial strain tested. The experiment

was performed twice in triplicates. The diameter (mm)

of clear zone around the wells, called the zone of

inhibition or inhibitory zone (IZ) was measured by a

digital caliper.

Osmolarity and pH

The pH and osmolarity values of both solutions were

tested at T0–T3 directly after thawing of respective

aliquot. The pH was determined by pH meter InoLAB

pH 720 (WTW, Weilheim, Germany). The osmolarity

values were measured using TearLAB� Osmometer

(TearLAB Corporation, San Diego, CA), following

manufacturer’s instructions. Both values, pH and

osmolarity, were measured at room temperature.

Statistical analysis

The statistical analysis of collected data was per-

formed using The Excel� (Microsoft). The data were

expressed as mean ± standard deviation (SD). The

differences in IZ were evaluated using the Mann–

Whitney test (BASE•128 9 LDS at every time point

T0–T3) and by Wilcoxon matched-pairs signed-ranks

test (aliquot at T0 9 T1 9 T2 9 T3) using the

GraphPad Prism software (version 7.04, GraphPad

Software, CA, USA). A probability of 5% or less was
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considered significant. The change of pH and osmo-

larity was expressed as mean ± SD, but the statistical

analysis was not performed due to lack of data (two

measurements in each sample group).

Results

Antimicrobial activity

The antimicrobial activity of tested decontamination

solutions, BASE•128 and LDS, was assessed by

AWDM and expressed as the IZ value (mean ± stan-

dard deviation), Table 2.

Both solutions were the most effective at elimina-

tion of P. mirabilis, whereas the activity of both

solutions against P. mirabilis remained stable through-

out the experiment, Table 2. Both solutions had the

second highest antimicrobial activity against P.

aeruginosa. There was not any statistical difference

between the antimicrobial efficacy of both solutions at

any time, Table 2.

The BASE•128 and LDS had the lowest antimi-

crobial activity against S. aureus. The only statistically

significant difference was observed between the IZ

(mm) of BASE•128 and LDS at T0, Table 2.

The BASE•128 showed slightly lower antimicro-

bial efficiency against E. coli and E. faecalis,

compared to LDS. Both solutions were less efficient

against E. faecalis, compared to their efficacy against

E. coli. The differences between the two solutions

were statistically significant in all cases, Table 2.

We further compared the IZ between the aliquots of

BASE•128 and LDS, after various periods of cold-

storage (T0–T3). In a case of P. mirabilis and E. coli,

comparing values of IZ assessed for different periods of

storage of solutions, i.e. T0 9 T1 9 T2 9 T3, showed

no statistically significant differences, Table 3.

The antimicrobial activity of both solutions against

S. aureus slightly decreased with cold storage, being

the lowest for both solutions at T2, Table 2. As shown

in Table 3, when BASE•128 at T1/T2/T3 was com-

pared to BASE•128 at T0, the decrease was statisti-

cally significant in all three cases. When LDS at T1/

T2/T3 was compared to LDS at T0, the decrease was

not statistically significant in any case, Table 3.

In case of P. aeruginosa, the antimicrobial efficacy

of BASE•128 did not change significantly with

prolonged storage (T1–T3), compared to solution at

T0, Table 3. However, the antimicrobial efficacy of

LDS against P. aeruginosa slightly decreased with

prolonged storage, with lowest mean IZ (mm) value

for LDS at T3, Table 2. This decrease was statistically

significant, when compared to LDS at T1/T2/T3,

Table 3.

Compared to BASE•128 at T0, the efficacy of

BASE•128 against E. faecalis did not significantly

change with prolonged storage. The highest efficacy

against E. faecalis had the BASE•128 at T1 and this

efficacy decreased with cold storage (T2, T3). This

decrease was statistically significant only in two cases,

Table 3. Antimicrobial efficacy of LDS against E.

faecalis did not significantly change with prolonged

storage, Table 3.

Table 1 Bacterial pathogens and their susceptibility to antibiotics (ATB), used in the present study

Bacterial strain (in-text

abbreviation)

Source Gram

±

ATB susceptibilitya ATB resistancea

Proteus mirabilis (P. mirabilis) Clinical

isolate

- Cefotaxime Gentamicin, fluoroquinolones

Pseudomonas aeruginosa (P.

aeruginosa)

ATCCb

27853

- Gentamicin Piperacilin, ceftazidime,

carbapenems, fluoquinolones

Staphylococcus aureus—

methicillin resistant (S. aureus)

Clinical

isolate

? Vancomycin Beta-laktam agents, gentamicin,

clindamycin, fluoroquinolones

Escherichia coli (E. coli) ATCCb

25922

- Cefotaxime (cephalosporins),

gentamicin (aminoglycosides)

Only natural resistance

Enterococcus faecalis (E. faecalis) ATCCb

29212

? Vancomycin (glycopeptides and

lipoglycopeptides)

Only natural resistance

aBased on the data from EUCAST and CLSI
bSource of bacterial strain: American Type Culture Collection (ATCC)
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Table 2 The effect of cold storage of BASE•128 and LDS, on their antimicrobial activity against five bacterial strains

Organism IZ (mm), mean ± SD

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

P. mirabilis 49.8 ± 0.4 49.0 ± 0 49.0 ± 0 49.2 ± 0.8 49.8 ± 0.4 49.3 ± 0.5 50.0 ± 0

(0.001)***

49.0 ± 1.1

P. aeruginosa 39.6 ± 2.9 39.4 ± 3.1 39.7 ± 2.5 39.1 ± 3.8 40.3 ± 2.9 40.0 ± 2.5 39.5 ± 2.0 38.3 ± 3.3

S. aureus 30.5 ± 0.5

(0.015)*

29.0 ± 0 27.3 ± 0.5 28.2 ± 0.1 29.2 ± 0.8 28.7 ± 0.5 27.2 ± 0.4 27.3 ± 0.5

E. coli 35.3 ± 0.5 36.7 ± 0.5 36.0 ± 0 35.3 ± 0.5 37.8 ± 0.4

(0.003)**

37.8 ± 0.4

(0.007)*

37.3 ± 0.8

(0.009)*

36.5 ± 0.5

(0.013)*

E. faecalis 32.3 ± 0.5 32.7 ± 0.5 31.5 ± 0.5 31.0 ± 0.6 37.0 ± 0

(0.002)**

36.0 ± 0.6

(0.004)**

36.7 ± 0.5

(0.004)**

36.5 ± 0.5

(0.004)**

The effect is expressed as a mean ± standard deviation (SD) of a diameter (mm) of the inhibitory zone (IZ), assessed by agar-well

diffusion method. Statistically significant difference between the IZ of the two solutions, cold-stored for a period of 0 (T0), 1 (T1), 3

(T2) or 6 months (T3), was counted—the P values: *P B 0.05; **P B 0.005; ***P B 0.001. The P values B 0.05 are indicated in

brackets, below the numerically higher mean IZ value out of a pair of means, relevant to compared solutions

Table 3 Statistical significance of difference in inhibitory zones (IZ) between 0 (T0), 1 (T1), 3 (T2) or 6 months (T3)-stored solution

(BASE•128, LDS). The antimicrobial efficiency was tested against five bacterial strains

Organism Wilcoxon test – IZ (P value)

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

P. mirabilis Difference not significant between any of the compared groups

T0 T1 T2 T3 T0 T1 T2 T3

P. aeruginosa ns T0 – ns ns 0.001***

T1 ns – 0.001***

T2 ns ns – 0.039*

T3 0.001*** 0.001*** 0.039* –

S. aureus T0 T1 T2 T3 T0 T1 T2 T3

– 0.031* 0.031* 0.031* T0 – ns ns ns

0.031* – 0.031* ns T1 ns – 0.031* 0.031*

0.031* 0.031* – ns T2 ns 0.031* – ns

0.031* ns ns – T3 ns 0.031* ns –

E. coli Difference not significant between any of the compared groups

E. faecalis T0 T1 T2 T3 T0 T1 T2 T3

– ns ns ns T0 ns

ns – 0.031* 0.031* T1

ns 0.031* – ns T2

ns 0.031* ns – T3

Statistical significance (P value): *P B 0.05; **P B 0.005; ***P B 0.001, ns not significant
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Physical parameters

The LDS had higher pH values after storage, com-

pared to BASE•128, Table 4. The most pronounced

difference could be seen between the pH value of T3-

LDS (pH 7.72 ± 0.19) and T3-BASE•128 (pH

7.58 ± 0.07), and between the T3-LDS and T0-LDS

(pH 7.36 ± 0.07). The osmolarity values of the

BASE•128 were mostly below range of the osmolarity

measurement instrument, used in the study. However,

the osmolarity values of LDS could be measured and

they dropped from 392.00 units (T0) to 277.50 units

(T3), Table 4.

Discussion

We evaluated and compared the antimicrobial efficacy

and stability in time of two solutions, BASE•128 and

LDS, which can be used for the decontamination of

HAM prior to its surgical application. This study is a

follow-up to our previous research (Smeringaiova

et al. 2017), in which we compared the effect of the

same solutions on viability of cells present in HAM.

We used both standard and clinical bacterial strains

to investigate antibacterial property of the decontam-

ination solutions by simple and quick method, the

AWDM, which allows a comparison of inhibitory

activity levels of the tested substances.

Both solutions were the most effective at elimina-

tion of P. mirabilis, the Gram-negative bacterium,

which is susceptible to most antibiotics, except

tetracyclines (EUCAST v 8.0 2018; CLSI 28th edn.

2018). Proteus species are part of normal human

intestinal flora, but can also colonize both the skin and

oral mucosa of patients and hospital personnel. P.

mirabilis causes 90% of Proteus infections (Gonzales

2017). According to the data from EUCAST and

CLSI, the P. mirabilis is sensitive to cefotaxime, with

the following susceptibility breakpoints: IZ C 20 mm

(EUCAST); IZ C 26 or 23 mm (CLSI), assessed by

the disk diffusion method. Our data shows that both

solutions had sufficient antimicrobial efficacy against

the P. mirabilis, with the IZ about 49 mm, and that

they both retained antimicrobial efficacy against P.

mirabilis after prolonged storage.

The decontamination efficacy of the two solutions

against the remaining three common bacterial species

was as follows: P. aeruginosa[E. coli[E. faecalis.

The Gram-negative bacteria P. aeruginosa is a multi-

drug resistant pathogen, susceptible to gentamicin. P.

aeruginosa is one of the most frequent bacteria linked

with ventilator-associated pneumonia (Friedrich 2017;

Ramirez-Estrada et al. 2016). The P. aeruginosa was

also detected in patients following HAM transplanta-

tion (Marangon et al. 2004). The susceptibility break-

points of gentamicin for P. aeruginosa are:

IZ C 15 mm (EUCAST, CLSI). Despite small numer-

ical differences, the efficacy of both solutions against

P. aeruginosa was similar and the IZ reached values

greater than the susceptibility breakpoints. The

BASE•128 retained its antimicrobial efficacy after

prolonged storage, thus being more stable than LDS.

The E. coli, present in normal human gastrointesti-

nal tract, is responsible for common (extra-) intestinal

bacterial infections, such as urinary tract infection,

wound infections, neonatal sepsis, etc. It is a Gram-

negative bacterium, most frequently found in the

genital tract of women (Guiral et al. 2011), thus the

E. coli is present on HAM after normal vaginal

delivery (Gannaway et al. 1984; Adds et al. 2001).

Standardly, these bacteria are sensitive to

Table 4 Stability of the tested solutions (BASE•128, LDS), stored for different time-periods, i.e. 0 (T0), 1 (T1), 3 (T2) or 6 months

(T3), expressed as changes in pH and osmolarity

Parameter Mean ± SD

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

pH 7.46 7.61 ± 0.03 7.52 ± 0.09 7.58 ± 0.07 7.36 ± 0.07 7.61 ± 0.07 7.60 ± 0.03 7.72 ± 0.19

Osmol

(mOsm/l)

BR 288.50 ± 19.90 BR BR 392.00 285.00 ± 4.24 285.00 ± 8.49 277.50 ± 2.12

BR below range of TearLAB� Osmometer
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cephalosporins (cefotaxime) or aminoglycosides (gen-

tamicin) (Madappa 2017). The EUCAST and CLSI

susceptibility breakpoints of cefotaxime for E. coli are

the same as for the P. mirabilis, the susceptibility

breakpoints of gentamicin for E. coli are as follows:

the IZ C 17 mm (EUCAST) and IZ C 15 mm

(CLSI).

Enterococci are part of the normal human intestinal

flora. These Gram-positive bacteria can cause life-

threatening infections in humans. The E. faecalis can

be found on HAM after both vaginal and caesarean

section delivery (Adds et al. 2001). These bacteria are

resistant to many commonly used antimicrobial

agents; resistance to vancomycin is becoming more

common (Faron et al. 2016). The susceptibility

breakpoints of vancomycin for E. faecalis are as

follows: the IZ C 12 mm (EUCAST) and IZ C 17

mm (CLSI). Both tested solutions were efficient

against the E. coli and E. faecalis. However, the

LDS was more efficient against the E. coli and E.

faecalis than BASE•128, and this difference was

statistically significant. The efficacy of BASE•128
against E. coli was better than that against E. faecalis.

The S. aureus is Gram-positive bacteria causing

serious infections with growing incidence, accompa-

nied by a rise in antibiotic-resistant strains, such as

methicillin-resistant S. aureus and vancomycin-resis-

tant strains (WHO 2018; Baorto 2017; de Kraker et al.

2011). The S. aureus is present on HAM after both

vaginal and caesarean section delivery (Adds et al.

2001; Marangon et al. 2004; Aghayan et al. 2013). The

susceptibility breakpoints of vancomycin are reported

only in a form of minimum-inhibitory concentrations

by EUCAST and CLSI. In our study, both tested

solutions showed the lowest efficacy against S. aureus.

At T0, the BASE•128 was slightly more efficient in

elimination of S. aureus than LDS, and the efficacy of

BASE•128 decreased after cold storage. Of note, the

vancomycin is a glycopeptide with a large molecule

(molar mass 1449.3 g mol-1) thus its diffusion rate in

the Mueller–Hinton agar is slower than that of

cefotaxime (molar mass 455.5 g mol-1) and gentam-

icin (molar mass 477.6 g mol-1). This may partially

explain the lowest diameters of the IZ detected in case

of E. faecalis and S. aureus, both susceptible to

vancomycin. On the other hand, the bactericidal

in vitro effect of vancomycin is enhanced, when used

in combination with cefotaxime and gentamicin (Lam

and Bayer 1984).

We observed the changes in pH and osmolarity of

the two decontamination solutions, which are stan-

dardly cold-stored as batches before use. The reason of

such storage is primarily the preservation of the

substances, such as antibiotics or vitamins, in their

active state. The starting pH of BASE•128 (T0) was

7.46, and slightly increased after cold storage (pH 7.58

after 6 months). The normal pH of fresh BASE•128 is
pH 7.20–7.40. The BASE•128 was used as a reference
solution to LDS, thus was frozen and thawed more

than one time, as recommended by manufacturer. The

pH change of LDS was more prominent, with an

increase from pH 7.36 (T0) to pH 7.72 after 6 months

(T3). Thus, the use of both solutions in fresh state is

preferred, especially if the preservation of vital cells in

HAM is important. Due to lack of data for BASE•128
it is difficult to compare the differences in osmolarity

values between the two tested solutions. From a

collected data, specifically the pH values, it seems that

the BASE•128 is, with its current formula, a slightly

more physiochemically stable solution than LDS,

however, the improvement of formula of LDS is

possible in the future.

There is a lack of solutions for decontamination of

HAM before its use, which is essential to avoid

transmission of pathogens from donors to patients. In

our previous study (Smeringaiova et al. 2017) we

offered the LDS, as an alternative solution to com-

mercial BASE•128, with a sufficient preservation of

viable epithelial cells in HAM. In this study we

showed that the antimicrobial efficacy of LDS against

common clinical pathogens is comparable to the one

of BASE•128, and that the stability of LDS is good,

but can be improved by proper changing of the current

formula. In general, the differences between the two

solutions are very weak and both solutions are

suitable for successful HAM decontamination.
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Abstract

The human amniotic membrane (HAM) is widely used for its wound healing effect in clinical

practice, as a feeder for the cell cultivation, or a source of cells to be used in cell therapy.

The aim of this study was to find effective and safe enzymatic HAM de-epithelialization

method leading to harvesting of both denuded undamaged HAM and viable human amniotic

epithelial cells (hAECs). The efficiency of de-epithelialization using TrypLE Express, trypsin/

ethylenediaminetetraacetic (EDTA), and thermolysin was monitored by hematoxylin and

eosin staining and by the measurement of DNA concentration. The cell viability was deter-

mined by trypan blue staining. Scanning electron microscopy and immunodetection of colla-

gen type IV and laminin α5 chain were used to check the basement membrane integrity. De-

epithelialized hAECs were cultured and their stemness properties and proliferation potential

was assessed after each passage. The HAM was successfully de-epithelialized using all

three types of reagents, but morphological changes in basement membrane and stroma

were observed after the thermolysin application. About 60% of cells remained viable using

trypsin/EDTA, approximately 6% using TrypLE Express, and all cells were lethally damaged

after thermolysin application. The hAECs isolated using trypsin/EDTA were successfully

cultured up to the 5th passage with increasing proliferation potential and decreased stem

cell markers expression (NANOG, SOX2) in prolonged cell culture. Trypsin/EDTA technique

was the most efficient for obtaining both undamaged denuded HAM and viable hAECs for

consequent culture.

PLOS ONE | https://doi.org/10.1371/journal.pone.0194820 March 27, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Trosan P, Smeringaiova I, Brejchova K,

Bednar J, Benada O, Kofronova O, et al. (2018) The

enzymatic de-epithelialization technique determines

denuded amniotic membrane integrity and viability

of harvested epithelial cells. PLoS ONE 13(3):

e0194820. https://doi.org/10.1371/journal.

pone.0194820

Editor: Alexander V. Ljubimov, Cedars-Sinai

Medical Center, UNITED STATES

Received: October 6, 2017

Accepted: March 9, 2018

Published: March 27, 2018

Copyright: © 2018 Trosan et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The authors confirm

that all data underlying the findings are fully

available without restriction. All relevant data are

within the paper.

Funding: This work was supported by the

Norwegian Financial Mechanism 2009-2014 and

the Ministry of Education, Youth and Sports under

Project Contract no. MSMT-28477/2014, project

7F14156 (http://www.msmt.cz/vyzkum-a-vyvoj-2/

financial-andreporting-issues-in-the-czech-

https://doi.org/10.1371/journal.pone.0194820
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194820&domain=pdf&date_stamp=2018-03-27
https://doi.org/10.1371/journal.pone.0194820
https://doi.org/10.1371/journal.pone.0194820
http://creativecommons.org/licenses/by/4.0/
http://www.msmt.cz/vyzkum-a-vyvoj-2/financial-andreporting-issues-in-the-czech-norwegian
http://www.msmt.cz/vyzkum-a-vyvoj-2/financial-andreporting-issues-in-the-czech-norwegian


Introduction

The human amniotic membrane (HAM) is the inner layer of the fetal membranes. It consists

of a single layer of epithelial cells, basement membrane (BM), and an avascular stroma [1].

The two cell types of different embryological origin are located in the HAM: human amniotic

epithelial cells (hAECs) derived from the embryonic ectoderm, and mesenchymal stromal cells

(hAMSCs) derived from the embryonic mesoderm [1].

The wound healing effect of HAM mediated by numerous growth factors and cytokines

and the presence of stem cells continuously increase interest in its potential in the medical

treatment and tissue engineering [2–7]. The application of HAM is best established in ophthal-

mology, where it is used clinically for its wound-healing effect and as a substrate for limbal

stem cells (LSCs) cultivation and consequent treatment in limbal stem cells deficiency (LSCD)

[8].

Many published reports discussed whether intact or denuded HAM is more suitable for cul-

ture of LSCs. It has been shown that intact HAM mostly supports the growth of limbal explants

[9–11], while denuded HAM is more suitable as a substrate for enzymatically dispersed LSCs

[12–17]. Koizumi et al. found that denuded HAM supported the growth of well-stratified and

differentiated LSCs, while on intact HAM a monolayer of less differentiated limbal cells was

formed [18]. LSCs cultured on denuded HAM were better attached to the stroma [18].

The expression of stemness genes, e.g. octamer-4 (OCT-4), sex determining region Y-box 2

(SOX2), fibroblast growth factor 4, zinc finger protein 42 (REX-1), nanog homeobox

(NANOG), ATP-binding cassette sub-family G member 2 (ABCG2) and bone marrow stromal

cell antigen-1 (BST-1), was reported in hAECs [19]. The hAECs have highly multipotent dif-

ferentiation ability and could be differentiated into all three germ layers [20]. Furthermore,

these cells have immuneprivileged characteristics, expressing only very low levels of class IA

and II human leukocyte antigens [21]. The ability to differentiate, low immunogenicity and

anti-inflammatory effect indicate their potential to be used in the treatment of a various dis-

eases and disorders, such as the treatment of Type I diabetes [22] or cardiovascular regenera-

tion [23]. The hAECs can also be utilized for tissue engineering of skin [24] or as a feeder for

expanding of various stem cells types, including human LSCs [22], or human and murine

embryonic stem cells [25, 26]. Li et al. found that supernatant from hAECs inhibited the che-

motactic activity of neutrophils and macrophages as well as reduced the proliferation of T and

B cells after mitogenic stimulation [27].

Denuded HAM and hAECs can therefore be used separately for various purposes. Several

approaches and methods exist to denude HAM. The most frequently used method is treatment

with the trypsin/ethylenediaminetetraacetic acid (EDTA) [28, 29]. Besides that, sodium dode-

cyl sulphate (SDS) [30], Tris/EDTA followed by incubation with SDS [31], Tris/EDTA/aproti-

nin [32], EDTA [18], thermolysin [33], dispase [14] NaOH [34], or ammonium hydroxide

[35], were successfully used.

The best established method for the isolation of viable hAECs is the trypsin/EDTA treat-

ment [36–40], and its modified forms like several trypsin/EDTA incubation steps [41] or treat-

ment with dispase [42, 43].

Each of the mentioned techniques has different effects on biological and physical properties

of both HAM and hAECs. Many of these treatments take hours and may damage denuded

HAM integrity, or viability of hAECs and hAMSCs or decrease the activity of growth factors.

EDTA itself does not remove epithelium completely [14, 17], treatment with dispase can dam-

age BM structure [13]. However, these studies were focused on either de-epithelialization or

on obtaining of viable hAECs only.
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In this study, TrypLE Express, trypsin/EDTA and thermolysin were applied to obtain both

viable hAECs and undamaged denuded HAM at the same time. TrypLE Express is a recombi-

nant fungal trypsin-like protease with similar dissociation kinetics to porcine trypsin, which

has been successfully used for dissociation of human pluripotent stem cells [44]. Trypsin/

EDTA application is generally used to detach seeding cells from the culture flask and for de-

epithelialization of HAM [13, 36, 39]. Thermolysin is a zinc neutral, heat-stable metalloprotei-

nase isolated from the Bacillus strearothermophilus, and it has been demonstrated that its use

generated fully denuded HAM without any mechanical scrapping [33].

The aim of our study was to identify an enzymatic method which would result in two simul-

taneous advantages: 1) a complete HAM de-epithelialization safe for BM and stroma, and 2)

harvesting viable hAECs usable for subsequent culture.

Materials and methods

Tissue

The study followed the standards of the Ethics Committee of Motol University Hospital,

Prague and the General Teaching Hospital and 1st Medical Faculty of Charles University in

Prague, and adhered to the tenets set out in the Declaration of Helsinki. Twelve term human

placentas were obtained after the delivery by elective caesarean section (with donor informed

consent) from the Motol University Hospital, Prague (study EK-503/16 approved on 04/14/

2016). The donors were tested negative for hepatitis B, C, syphilis, HIV, and with CRP less

than 10 mg/l. Each placenta was immediately placed in a sterile container filled with Hank´s

Balanced Salt Solution without calcium and magnesium (HBSS, Sigma-Aldrich, St. Louis, MO,

USA). Special attention was paid to the gentle handling of each placenta during procurement,

transport and subsequent manipulation. The preparation of HAM started at most within 2 h

after the delivery. HAM was mechanically peeled off of the chorion and washed several times

with HBSS to remove blood clots and debris. HAM was flattened onto a sterile nitrocellulose

membrane (Bio-Rad, Hercules, CA, USA) with the epithelium surface facing up, cut into 2 x 2

cm (for consequent de-epithelialization) or 9 x 9 cm pieces (for the cell culture after de-

epithelialization).

HAM de-epithelialization and hAECs isolation

Three different protocols were used for HAM de-epithelialization: 1) incubation with TrypLE

Express (Gibco, Grand Island, NY, USA) at 37˚C for 10 min; 2) incubation with 0.1% w/v tryp-

sin (Sigma-Aldrich)/0.25% w/v EDTA (Sigma-Aldrich) at 37˚C for 30 min; 3) incubation with

125 μg/ml thermolysin (Sigma-Aldrich) at 37˚C for 9 min. The incubations were stopped with

the Dulbecco´s modified Eagle medium (DMEM; Gibco) containing 10% fetal calf serum

(FCS; Gibco), and antibiotics mixture (10 μl/ml of Antibiotic-Antimycotic (100X); Gibco),

hereafter referred as the complete DMEM medium. After each de-epithelialization process,

HAM pieces were gently scrapped with the cell scraper (Biologix, Shandong, P.R. China) to

remove hAECs in sterile petri dish. The medium with cells was collected, centrifuged at 140g

for 8 min and resuspended in complete DMEM medium. All experiments were done in dupli-

cates from 8 placentas.

The viability of the hAECs was determined by exclusion of 0.1% w/v trypan blue dye

(Gibco) and hAECs were counted with a hemocytometer. De-epithelialized and intact (used as

a control) HAMs were frozen in Cryomount (Histolab AB, Askim, Sweden) and stored at

-80˚C. Tissues were cryosectioned at a thickness of 7 μm, and four slices were mounted per

slide.
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Hematoxylin and eosin staining (H&E)

HAMs and HAM cryosections of the control and de-epithelialized HAMs were stained using

H&E for the morphological assessment. The samples were examined by light microscopy with

the use of Olympus BX51 (Olympus Co., Tokyo, Japan) at a magnification of 100 and 200x.

DNA analysis

After each de-epithelialization processes, the tissues of size 1 x 1 cm were placed into Eppen-

dorf tube and cut out with scissors. Intact HAM of the same size was used as a control. Tri

Reagent (Molecular Research Center, Cincinnati, OH, USA) was added to the tissues, and total

DNA was extracted according to the manufacturer´s instructions. The concentration of the

DNA was measured with NanoDrop (Thermo Scientific, Waltham, MA, USA).

Immunostaining

Cryosections of the control and de-epithelialized HAMs from five independent experiments

were fixed with iced acetone for 10 min. The samples were incubated with mouse anti-collagen

type IV α2 chain (MAB1910; 1:300, Chemicon International, Billerica, MA, USA) or mouse

anti- laminin α5 chain antibody (M0638; 1:25, DakoCytomation, Glostrup, Denmark) for one

h at room temperature, washed three times with phosphate-buffered saline (PBS) and then

incubated with a secondary donkey anti-mouse IgG antibody conjugated with fluorescein

(FITC) (715-095-151; 1:200, Jackson ImmunoResearch Laboratories, West Grove, PA, USA).

The samples were rinsed with PBS and mounted on slides and DNA counterstained using Vec-

tashield—propidium iodide (Vector Laboratories, Inc. Burlingame, USA). Visualization was

performed using Olympus BX51 fluorescence microscope (Olympus Co., Tokyo, Japan) at a

magnification of 200x. Images were recorded using a Vosskühler VDS CCD-1300 camera,

(VDS Vosskühler GmbH, Germany), and NIS Elements software (Laboratory Imaging, Czech

Republic) was used for image analysis.

Scanning electron microscopy (SEM)

Samples of intact and denuded HAM scaffolds (from two placentas) mounted in a CellCrown™
inserts (Scaffdex Oy, Tampere, Finland) were fixed in PBS buffered 3% glutaraldehyde, washed

in PBS, postfixed with 1% OsO4, dehydrated in a graded ethanol series (25, 50, 75, 90, 96, and

100%) and critical point dried in a K850 Critical Point Dryer (Quorum Technologies Ltd,

Ringmer, UK). The dried samples were sputter-coated with 3 nm of platinum in a Q150T

Turbo-Pumped Sputter Coater (Quorum Technologies Ltd, Ringmer, UK). The final samples

were examined in a FEI Nova NanoSEM scanning electron microscope (FEI, Brno, Czech

Republic) at 5 kV using ETD, CBS and TLD detectors. Stereo-pair images were taken at tilts of

-6˚, 0˚ and +6˚ of compucentric goniometer stage. Final R-GB anaglyphs were constructed in

a “Stereo module” of AnalySis3.2 software suite (EMSIS GmbH, Germany).

Cell culture

The hAECs harvested from three placentas after trypsin/EDTA de-epithelialization from 9 x 9

cm HAM pieces were cultured in complete DMEM medium in 25-cm2 tissue culture flasks

(Techno Plastic Products, Trasadingen, Switzerland). Medium was changed every 3–4 days.

When the cell culture confluence reached about 80–90%, the cells were passaged with 1 ml of

TrypLE Express for 5 min in 37˚C. The hAECs were collected, centrifuged at 140g for 8 min

and counted with hemocytometer. After every passage, the cells (10 x 103 cells) were used for

the WST-1 assay, approximately 100 x 103 cells were transferred to the Eppendorf tubes with
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Tri Reagent (Molecular Research Center, Cincinnati, OH) and one third of the cells were put

back to the culture flask and cultured to the next confluence and passage. The cell images were

taken before each passage, and similarly the metabolic activity and gene expression of the cells

was determined.

Determination of metabolic cell activity

The metabolic activity of living cells was determined by the WST-1 assay as we described before

[45]. In brief, the hAECs (10 x 103 cells) were cultured in complete DMEM medium with or

without epidermal growth factor (EGF) (Gibco) in 96-well tissue culture plate (VWR, Radnor,

PA, USA) for 24 h at 37˚C in an atmosphere of 5% CO2. WST-1 reagent (Roche, Mannheim,

Germany) (10 μl/100 μl of the medium) was added to each well, and the plates were incubated

for another 4 h to form formazan [46]. Formazan-containing medium (100 μl) was transferred

from each well into the new 96-well tissue culture plate and the absorbance was measured using

a Tecan Infinite M200 (Tecan, Männedorf, Switzerland) at a wave-length of 450 nm.

Isolation of RNA and reverse transcription PCR (RT-PCR)

The cells were transferred into Eppendorf tubes containing 500 μl of TRI Reagent and total

RNA was extracted according to the manufacturer´s protocol as was described previously [47].

RNA quality was analyzed by λ260/λ280 spectrophotometer analysis (Nanodrop). One μg of

RNA was treated with deoxyribonuclease I (Promega, Madison, WI) and used for subsequent

reverse transcription. The first-strand cDNA was synthesized using random hexamers (Pro-

mega) in a total reaction volume of 25 μl using M-MLV Reverse Transcriptase (Promega).

The first strand cDNA product (2μl) was amplified in a total volume of 20 μl PCR assay,

containing 10 μl PPP Master Mix (Top Bio, Vestec, Czech republic), 1 μl of each primer and

was filled up to a total volume with PCR water (Top Bio). The primers for β-ACTIN, SOX2,

OCT-4, OCT-4A and NANOG were selected from previous works and specificity was examined

with Primer-BLAST software (NCBI) [20, 39, 48]. Two pairs of primers for OCT-4 were used,

because there are two possible spliced variants (OCT-4A and OCT-4B). Product sizes, anneal-

ing temperatures and primer sequences are listed in Table 1. The PCR cycles included denatur-

ation at 94˚C for 2 min followed by 35 to 40 cycles as follows: denaturation at 94˚C for 30 s,

annealing 57˚C to 64˚C for 30 s, elongation at 72˚C for 1 min and 72˚C extension for 10 min

at the end of the program. RT-PCR products were visualized with Gel Red (Biotium, CA,

USA) on a 1% agarose gel. Amplification of the housekeeping gene β-ACTIN transcripts was

performed simultaneously in order to confirm RNA integrity. Induced pluripotent stem cells

(iPS) were used as positive control and corneal fibroblasts as negative control for expression of

stem cell markers. Both cell types were prepared as was described previously [49, 50]. Non

template control (NTC) reactions were used without cDNA.

Statistical analysis

The statistical significance of differences between individual groups was calculated using the

Student’s t-test.

Results

De-epithelialization of HAM and BM integrity

The integrity of HAM, the quality of de-epithelialization, and potential presence of hAECs

were verified by H&E staining and SEM analysis. The surface of intact HAM consists of cuboi-

dal epithelial cells, mesenchymal cells were observed scattered in the stroma (Fig 1).
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All three enzymatic methods (TrypLE Express, trypsin/EDTA, and thermolysin) were com-

parable in term of efficiency of HAM de-epithelialization. Only few epithelial cells occasionally

rested on denuded HAM with no difference of the used treatment. The hAMSCs from non-

treated HAM exhibited spindle-shaped morphology, similarly as hAMSCs after TrypLE

Express and trypsin/EDTA treatments. The thermolysin application led to loss of mesenchy-

mal spindle-shaped cell morphology, showing rather round cell shape (Fig 1).

The DNA concentration in denuded HAM was significantly lower after the treatment with

all de-epithelialization agents compared to control untreated samples (Fig 2). The small resid-

ual amount of DNA in treated specimens represents DNA of hAMSCs.

The mosaic layer of hAECs covered with dense microvilli was determined at the surface of

intact HAM by SEM analysis (Fig 3A, 3B and 3C). BM is well preserved after trypsin/EDTA

treatment, some residues of extracellular matrix (ECM) from epithelial cell layer are clearly

detectable (Fig 3G, 3H and 3I). Partial damage of BM was observed after applying TrypLE

Express treatment, but BM stayed still mostly intact (Fig 3D, 3E and 3F). When thermolysin

was used for decellularization, the BM was damaged and numerous lesions were observed

revealing the collagen network of compact layer under BM (Fig 3J, 3K and 3L), suggesting

aggressive proteolysis.

Table 1. Primer sequences used for real-time PCR.

Primer Sequence (5´-3´) Product size (bp) Annealing temperature (˚C) Cycles References

β-ACTIN F: cgcaccactggcattgtcat
R: ttctccttgatgtcacgcac

208 57 35 [20]

SOX2 F: gccgagtggaaacttttgtc
R: gttcatgtgcgcgtaactgt

264 57 40 [20]

NANOG F: ctgtgatttgtgggcctgaa
R: tgtttgcctttgggactggt

153 57 35 [39]

OCT-4 F: gaggagtcccaggacatgaa
R: gtggtctggctgaacacctt

151 57 40 [20]

OCT-4A F: cttctcgccccctccaggt
R: aaatagaacccccagggtgagc

496 64 35 [48]

https://doi.org/10.1371/journal.pone.0194820.t001

Fig 1. Comparison of the intact and denuded HAMs and HAM cryosections. Comparison of the intact (Control) and denuded HAMs (A) and HAM cryosections (B)

after TrypLE Express, trypsin/EDTA and thermolysin treatment stained with H/E for light microscopy. Scale bar represents 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g001
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Collagen type IV and laminin α5 chain showed clear positivity in BM of all control speci-

mens and specimens after TrypLE Express and trypsin/EDTA treatment (Fig 4). After thermo-

lysin application, two staining patterns were observed: in HAM specimens from three

placentas, the staining for both proteins was properly localized just in BM without any visible

integrity deterioration, on the other hand, the positive signal of collagen type IV and laminin

α5 was spread throughout the whole amniotic stroma in specimens from other two placentas.

In these samples the positive line representing BM was not apparent (Fig 4A and 4B). Intact

HAM was used as a negative control without using primary antibody.

Viability, morphology, growth and expression pattern of hAECs

The viability of obtained hAECs immediately after de-epithelialization reached approximately

6% after TrypLE Express, and about 60% after trypsin/EDTA treatment (Fig 5). Only dead

cells and cellular fragments were observed after de-epithelialization using thermolysin.

The hAECs harvested after trypsin/EDTA treatment were successfully cultured from all

three HAMs. The morphology of hAECs changed from cuboidal shape at the beginning of the

culture to more mesenchymal shape cells in the 4th and 5th passage (Fig 6). The higher prolifer-

ation activity was observed in later passages. When hAECs were co-cultured with EGF for 24

hours, the metabolic activity was slightly, but not significantly increased (Fig 7).

The expression of three stem cell markers in cultured hAECs was detected. SOX2 was pres-

ent up to 2nd passage, NANOG up to 4th passage, and OCT-4 was present in all passages (Fig 8).

No band was observed when primers for transcription variant specific for stem cells (OCT-

4A) were used.

Discussion

The three tested de-epithelialization approaches were efficient to remove epithelial cells from

HAM surface. However, only the treatment with trypsin/EDTA was effective for simultaneous

harvesting of viable hAECs. We have shown, that gentle mechanical scrapping necessary to

Fig 2. Comparison of the DNA concentrations. Comparison of the DNA concentration in the tissues form the intact

(Control) and denuded HAMs with TrypLE Express (TrypLE), trypsin/EDTA and thermolysin treatment directly after

de-epithelialization. Each bar represents mean ± SD from 3 determinations (���P< 0.001).

https://doi.org/10.1371/journal.pone.0194820.g002
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remove up to 100% of hAECs after each treatment does not affect the integrity of BM. The

staining of HAM and DNA concentration measurement demonstrated the efficiency of all

three de-epithelialization processes, with no significant difference between the methods.

Fig 3. Topography of intact and denuded HAM. Scanning electron micrographs (A, D, G, J) and stereo anaglyphs (B, C, E, F, H, I, K, L) of the intact (A, B, C) and

denuded HAM by TrypLE Express (D, E, F), trypsin/EDTA (G, H, I) and thermolysin (J, K, L). Areas of damaged BM are marked by arrows, ruptured gaps by �, the

residues of ECM by Δ. Red-green or red-cyan glasses required for proper view of stereo anaglyphs.

https://doi.org/10.1371/journal.pone.0194820.g003
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On the other hand, the detections of collagen type IV and laminin α5 as ubiquitous compo-

nents of BM [51, 52] revealed some differences between used protocols. The regular staining of

BM after TrypLE Express and trypsin/EDTA treatment indicates its integrity and is in agree-

ment with previously published data [13]. We have shown that relatively low trypsin concen-

tration (0.1% w/v) in trypsin/EDTA mixture does not affect BM integrity and cell vitality. BM

degradation has been documented after treatment with higher (0.25% w/v) trypsin concentra-

tion [13]. The results from SEM analysis thoroughly confirm our original conclusions based

on histology and immunohistochemistry data. Smooth surface and the presence of BM after

trypsin/EDTA treatment were also already detected [13]. In our experiments only partial dam-

age of BM has been noticed when TrypLE Express was used.

Different situation was observed after de-epithelialization using thermolysin, where almost

50% of specimens showed, beside integral BM staining, signal of collagen type IV and laminin

α5 dispersed in HAM stroma. Also loss of hAMSCs spindle shape morphology is consistent

with damages induced by thermolysin. SEM analysis showed that BM was damaged and rup-

tured. The collagen fibres of the underlying compact layer were seen at locations where BM

was missing. The similar image of collagen fibres was observed after de-epithelialization by dis-

pase when entire BM was absent [13]. Thermolysin is a heat-stable metalloproteinase which

acts specifically at hemidesmosome complex at the level of BM [53], most likely targeting

Fig 4. Immunostaining of BM. Distribution of BM collagen type IV α2 chain (green; A) or laminin α5 (green; B) in intact (Control) and denuded HAM: TrypLE

Express, trypsin/EDTA, thermolysin treatment. Intact HAM (primary antibody omitted), was used as negative control. Cell nuclei were stained with the propidium

iodide (red). Scale bar represents 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g004
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collagen IV but not laminin [53, 54]. Hopkinson et al. also noted certain damage of BM when

thermolysin in combination with mechanical scrapping was used [33]. The improvement of

BM integrity was achieved, when mechanical removal was replaced by simple washing [33].

Fig 5. The viability of hAECs. Comparison of the hAECs viability after TrypLE Express, trypsin/EDTA and

thermolysin treatment. Cells were stained with trypan blue and counted via hemocytometer. Each bar represents

mean ± SD from 15 determinations (���P< 0.001).

https://doi.org/10.1371/journal.pone.0194820.g005

Fig 6. The morphology of hAECs. The comparison of morphology of cultured hAECs after trypsin/EDTA treatment in complete DMEM medium. The cells for the

light microscopy were photographed before each passage (after de-epithelialization, before 1st, 2nd, 3rd, 4th and 5th passage). Results of one out of 3 identical experiment

is shown. Scale bars represent 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g006
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Unfortunately, we were unable to denude the HAM completely with thermolysin only. The

fragility and difficult handling of HAM after thermolysin treatment has been also reported in

another study [34]. We consider that the damage of the BM is caused by the natural activity of

this enzyme due to cleavage of collagen IV. Moreover the lesions are often of round or oval

shape (see Fig 3K and 3L), but not cracks, as it would correspond to scrapping damage.

De-epithelialization using thermolysin resulted in complete loss of hAECs viability. On the

other hand thermolysin was successfully used for the isolation of epidermal or intestinal epi-

thelial cells [53, 55], which are probably less sensitive to enzymatic treatment than the hAECs.

The highest viability of hAECs (about 60%) after trypsin/EDTA indicates that this method

is gentle and safe. We have also tried to culture hAECs harvested after TrypLE Express method

Fig 7. The metabolic activity of hAECs. Comparison of metabolic activity of the epithelial cells unstimulated (Uns)

and stimulated with EGF (EGF) after each passage. WST-1 reagent was added to the cell cultures for 4 h to form

formazan. The absorbance was measured at a wave-length of 450 nm. Each bar represents mean ± SD from 3

determinations.

https://doi.org/10.1371/journal.pone.0194820.g007

Fig 8. The RT-PCR analysis of hAECs. The RT-PCR analysis of hAECs after de-epithelialization and each passage (P0-P5). The

iPS cells were used as a positive (iPS) and corneal fibroblasts as negative control (CF). Sample without cDNA (NTC) was used as

non-template control. One representative experiment of 3 (with identical results) is shown.

https://doi.org/10.1371/journal.pone.0194820.g008
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(6% viability), but these cells (probably due to low initial amount of cells) were growing very

slowly and reached full confluence only after extended time periods. The viability of hAECs

after TrypLE Express treatment did not changed even if we used a prolonged time period (30

min). The hAECs obtained by trypsin/EDTA treatment were successfully cultured up to 5th

passage and their proliferation activity increased after each passage up to the 4th one. It was

reported that addition of EGF as mitogenesis promoter [56] significantly increases prolifer-

ative capacity of hAECs [41]. The addition of EGF for to 24-h culture period did not change

proliferation activity significantly. The longer cultivation periods in our study was omitted as

it has been found that 7-day cultivation of hAECs with EGF led to significantly increased pro-

liferation, but lower expression of pluripotent genes OCT-4, SOX2 and NANOG [57]. Our

hAECs, isolated with trypsin/EDTA method, changed their morphology during culture and

passaging from more cuboidal morphology at the beginning of culture to more mesenchymal

shape from the 3rd passage. Similar observation was also described repeatedly [36]. Morphol-

ogy and proliferation changes could be caused by epithelial to mesenchymal transition by

autocrine production of transforming growth factor-β during the culture of hAECs [58].

It has been shown that hAECs express molecular markers of pluripotent stem cells:

NANOG, SOX2 and OCT-4 [20, 39]. We detected the expression of NANOG in cells after de-

epithelialization and throughout cultivation; SOX2 was present in two first passages only. The

detection of OCT-4 was more complex due to its nature. OCT-4 plays a crucial role in regulat-

ing the self-renewal and maintaining pluripotency [59, 60] and encodes two main variants

known as OCT-4A and OCT-4B [61]. While the expression of OCT-4A is restricted to embry-

onic stem cells and embryonal carcinoma cells, OCT-4B can be detected in various nonpluri-

potent cell types [48, 62, 63]. In recent studies some authors still used the primers fitted on

both variants for PCR analysis [39, 57, 64]. Using primers suitable for both variants, we

detected expression of OCT-4 in each passage, but OCT-4A spliced variant (primers selected

based on the work of Atlasi et al. [48]), was not detected in any passage of the cells. On the con-

trary, Izumi et al. confirmed OCT-4A expression in naive (but not cultured) hAECs by using a

commercially available primer and probe set that matches OCT-4A specific exons by quantita-

tive RT-PCR [65]. In summary, our data on detection of expression of pluripotent stem cell

markers suggest that stemness of cultured hAECs decreases with each passage.

Out of three tested de-epithelialization protocols (TrypLE Express, trypsin/EDTA, thermo-

lysin) trypsin/EDTA application showed to be the most efficient when both viable hAECs and

intact BM are requested. We would like to stress here, that the term “intact” is used for visibly

least damaged BM (judged by the SEM analysis) where no observable lesions were detected

contrary to BM obtained by other two methods (see Fig 3). This does not necessarily mean,

that some eventual minor structural modification do not occur during trypsin/EDTA treat-

ment (e.g. collagen fiber structure modification), however, these have not an impact on the

integrity of BM. The major goal of this study was to establish the conditions under which both

undamaged BM and viable hAECs can be obtained and our results demonstrate, that the tryp-

sin/EDTA treatment is the most efficient approach. It leads to successful de-epithelialization of

HAM with undamaged BM with well-preserved integrity and at the same time to harvesting of

viable epithelial cells which can be cultured up to 5th passage with gradually increasing prolif-

eration capacity. The stemness properties of these cells, however, decrease with higher pas-

sages. The cell viability, on the other hand also correlates well with level of BM damage. The

method which yields no viable cell (thermolysin) also provides BM with most profound

lesions, while intact BM (Trypsin/EDTA, Fig 3G, 3H and 3I) correlates with the best viability

of harvested cells (Fig 4). Therefore, we suggest that the trypsin/EDTA method is the method

of choice when both intact HAM and viable hAECs are needed for subsequent use.
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