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Trypsin for Dissociation of

Limbal Cells for Engineering of
Grafts May Induce DNA Strand
Breaks in the Harvested Cells

Abstract

Aim: Cultures for engineering of fransplantable limbal epithelial
grafts for treatment of ocular surface disorders may be initiated
using dissociation of limbal epithelial cells by trypsin-EDTA or dispase
or by a sequential incubation with these enzymes. The safety of such
procedures is debated, and in the present study we examined levels of
DNA damage in cells dissociated by a commonly used concentration
of frypsin. Limbal samples subjected to the dissociation procedure
were subsequently cultivated and monitored for outgrowth of cells.

Methods: Corneo-limbal rings were retrieved after fransplant
surgery, divided into samples measuring approx. 2x2 mm (n=32), and
incubated in 0.05% trypsin-EDTA for one or three hours in either 250 pl
orin 3 ml of the enzyme solution at 37°C. DNA damage (strand breaks
plus alkali-labile sites) was assessed using single cell gel electrophoresis
(Comet assay) and evaluation of tail intensity (Tl). Outgrowths from
the cultivated samples were monitored by phase contrast microscopy
and cells were subjected to Hoechst.

Results: Noticeable levels of DNA damage were seen regardless
of incubation time and volume of enzyme solution. There was a trend
fowardsincreased levels of damage in cells when using 3 ml compared
to values recorded in cells dissociated in 250 ul of the enzyme solution.
Outgrowth of cells was observed from all of the 32 cultivated samples.

Conclusion: Dissociation of human limbal epithelial cells by a
commonly used concentration of trypsin-EDTA may induce evident
DNA damage in the cell population destined for graft production.
The current methods for cell dissociation should be examined more
closely for induction of damage to essential molecular constituents of
the cells including to the stem cell population. Procedural steps and
components of the ex vivo system that may reduce such damage
and/or facilitate repair should be identified.

Introduction

Corneal transparency and vision depend on intactness and
proper functioning of the corneal epithelium and the limbal epithelial
stem cell population. The stem cells are localized in the basal layer of
the limbal epithelium and also in the limbal crypts, and continuous
renewal of the corneal epithelium relies critically on the health of the
stem cell population [1,2]. A number of conditions and ocular insults
may adversely affect the regenerative potential of these limbal stem
cells and induce a condition called limbal stem cell deficiency (LSCD).
Initially, LSCD is characterized by recurrent epithelial defects and
ocular pain. Ultimately, the normal transparent corneal epithelium
is replaced by vascularized and inflamed conjunctival tissue and the
loss of vision is severe [3]. For these patients, the traditional corneal
transplant procedure is not an option. The corneal surface represents
ahostile microenvironment, and a penetrating donor graft is regularly
subjected to immune rejection despite immune-modulatory therapy.

For patients with LSCD, developments within the fields of tissue
engineering have provided new treatment options. Using samples of
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healthy limbal tissue, Pellegrini et al. and Schwab produced epithelial
grafts ex vivo and transplanted such tissues to diseased eyes after re-
moval of the pathological corneal surface [4,5].

The procedure was found to improve or to restore vision in a
majority of the cases, and subsequent studies from other groups
confirmed the potential of this new therapeutic approach [6-12].

In the first protocol designed by Pellegrini et al., the limbal
samples were incubated in 0.05% trypsin-EDTA at 37°C for 3 hours,
and the dissociated cells were seeded on a feeder layer of 3T3 cells in
a medium containing fetal bovine serum (FBS), a mixture of growth
factors and hormones, and also cholera toxin [4]. Reportedly, such
a protocol regularly secures that more than 3% of the cells in the
generated grafts are positive for p63. Content of p63+ cells above
this level is associated with improved long term outcome after
transplantation [13].

Despite such information, current laboratory procedures for
engineering of grafts differ between clinics. For initiation of cultures,
the epithelial cells may be dissociated by trypsin-EDTA [13-15], by
dispase [16,17], or by a sequential combination of dispase and trypsin-
EDTA with or without accompanying mechanical procedures [12]. In
order to expand the dissociated cells ex vivo, however, most protocols
include use of a medium supplemented with a mixture of hormones,
growth factors, cholera toxin and also FBS.

Analternative approach is the explant culture technique [11]. Here
the limbal samples are positioned in medium on a suitable substrate
without initial dissociation of the epithelial cells. In recent studies,
using this approach, we have demonstrated that transplantable grafts
may be generated in a culture system without animal feeder cells
and FBS using autologous serum as the single growth promoting
supplement [18,19].

A number of experimental studies have examined the effect of
dissociation procedures on various critical parameters such as cell
membrane integrity, cell yield, colony forming efficiency (CEF),
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proliferative potential, and percentage of cells presenting markers
associated with stemness [20-27]. While optimal results for clinical
purposes reportedly depend on adherence to the above outlined
protocol [4], the results from experimental studies may indicate
an adverse effect of trypsin-EDTA on viability [25], and on the
proliferative potential of the dissociated cells [23, 27], and such
dissociation may also render the cells dependent on animal feeder
cells for proper colony forming efficiency.

From a clinical point of view, the content of non-human additives
and animal cells in a culture system designed for ex vivo generation of
tissues for transplantation to human patients may increase the risk of
immune rejection and transfer of animal pathogens [19]. The above
mentioned experimental studies may indicate, that such a complex
culture system is needed in order to support repair of damage inflicted
upon essential cellular molecules during the dissociation procedure.

Maintained integrity of cellular and DNA repair mechanisms
is essential for proper cellular functioning including for long term
viability and proliferative potential. In animal eyes a gradient of DNA
damage has been described in the corneal epithelium. Levels of DNA
strand breaks was observed to decrease significantly from the surface
layers towards the basal layer [28]. Scant information is available
about DNA damage in human corneal and limbal epithelium. In a
recent study we found the levels of DNA strand breaks to be very
low in corneo-limbal epithelial cells after storage in Optisol GS close
to the upper recommended limit [29]. Transfer of such samples to
culture was associated with proliferative activity and expression of
markers characterizing differentiated as well as undifferentiated cells
in the limbal epithelium, but also with an increase in the levels of
DNA strand breaks.

The effect of enzymatic dissociation on DNA in the harvested
limbal epithelial cells has not previously been examined. In this
first study our aim is to examine limbal epithelial cells for DNA
damage subsequent to dissociation of cells by incubation in 0.05%
trypsin-EDTA at 37°C for 1 hour, an interval previously used for
dissociation of cells from organ cultured tissues [27], and for 3 hours
routinely used for epithelial dissociation of cells from fresh samples
[4]. Information on volume of the enzyme solution is generally not
provided in the published protocols. For incubation of samples
measuring approximately 2x2 mm, based on pilot experiments,
the samples were incubated in either 250 ul or 3 ml of the solution.
Routinely, the tissues subjected to incubation were cultivated in order
to examine for outgrowth of cells.

Material and Methods

All experiments were conducted in accordance with the
Declaration of Helsinki and all tissue harvesting was approved by the
Local Committees for Medical Research Ethics.

Tissue

Human corneo-scleral tissue was obtained from rings available
after penetrating keratoplasty and preserved in organ culture prior
to use. For age, sex, postmortem time, and time in organ culture, see
Table 1A.

All reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise stated.

The corneo-limbal rings were transferred to a 10 mm dishes
(Nunclon Surface, Nunc, Denmark) with 15 ml of DMEM/F12

Table 1A: Characteristics of the donor rings obtained for the experiment. Ring 2
and 3 were obtained from the same donor.

Ring 1 2 3 4
Age 57 70 70 78
Sex Female Male Male Male

Postmortem time 3h30min|12h30min 12h30min | 22h

Time of storage in organ
culture

20 days 25 days 26 days |14 days

Table 1B: DNA damage values measured by the comet assay in the samples
of four donor rings studied during dissociation procedure in different conditions
of volume and incubation time. The numbers show the scores of 100 comets
(overall score of between 0 and 400 arbitrary units). Each value is the median of
duplicate assessments of DNA damage in duplicate samples.

Volume 250 pl 3ml
ghoubation 1h 3h 1h 3h
Ring 1 114 115.5 2615 283.4
Ring 2 131 209.1 2737 323
Ring 3 139 203 351.5 200.7
Ring 4 153.5 1215 301.5 167
Median 135 162.3 287.6 246.6

(Invitrogen). Peripheral sclera and cornea were trimmed off, and the
rings were divided into 12 samples that measured approximately 2x2
mm. Samples were washed 3x5 min in 15 ml Hanks Balanced Salt
Solution without Ca?* and Mg** (HBSS) at room temperature (Figure
1A).

Cell dissociation

Duplicate samples from each ring were incubated at 37°C in a
humid atmosphere containing 5% CO, in pre-equilibrated 0.05%
trypsin in HBSS with 0.02% EDTA-4Na and without Ca** and Mg**
for one or three hours (n=32) in 250 pl or in 3 ml of the solution
using 96-well plates (Nunclon Surface, Nunc, Denmark) or 6-well
plates (PerkinElmer Life Sciences) respectively (Figure 1B). At the
end of incubation, enzyme activity was terminated by adding an
equal amount of a growth medium DMEM/F12 containing serum
(see below). Cells were dispersed by gentle pipetting x 20 using a 1000
ul micropipette for samples incubated in 96-well plates and a 3 ml
plastic pipette for samples incubated in 6-well plates. The dissociated
cells in medium/enzyme solution from each well were transferred to
tubes on ice and processed for DNA damage analysis.

Comet assay for evaluation of DNA damage

Using a standard comet assay protocol, the basal levels of strand
breaks (SBs) were measured as described [30]. For procedural
control, human lymphocytes were used. Cells were resuspended in
PBS at 0.25x10°¢ cells/ml. 20 pl of cell suspension was mixed with
94 ul of 1% low-melting point agarose, and 5 ul drops were placed
onto agarose-precoated slides following a format of 12 minigels/slide
[31]. Cells were lysed in 2.5 M NaCl, 0.1 M EDTA, 0.01 M Tris and
1% Triton X-100 (pH 10) at 4°C for at least 1 h. After that, slides
were immersed in electrophoresis solution (0.3 M NaOH and 1 mM
EDTA) for 20 min. Electrophoresis was then carried out at 1.3 V/cm
for 20 min in the same solution. Slides were washed for 10 min in
PBS, 10 min in water, fixed in 70% ethanol for 15 min and in absolute
ethanol for a further 15 min. Comets were stained with SYBR Gold at
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the dilution recommended by the manufacturer in a large dish at 4°C
with agitation. Using a fluorescence microscope we visually classified
100 comets (50 on each gel) into 5 categories, 0-4, representing
increasing relative tail intensities. Summing the scores (0-4) of 100
comets therefore gives an overall score of between 0 and 400 arbitrary
units [31].

Cultivation and examination of outgrowth from limbal
tissue

The limbal samples subjected to the various protocols for cell
dissociation were each positioned epithelial side down in tissue
culture coated 6 well dishes containing 1.5 ml medium DMEM/F12
(Invitrogen) supplemented with 5% FBS, epidermal growth factor
(EGF)(2 ng/ml, R&D Systems, MN), insulin 5 ug/ml, transferrin
5 ug/ml and sodium selenite 5 ng/ml (ITS), cholera toxin A (30
ng/ml, Biomol International, LP), dimethylsulphoxide (DMSO,
0.5%), hydrocortisone (15 uM), gentamicin (50 pg/ml), Penicillin/
Streptomycin (100 U/ml), amphotericin B (2.5 ug/ml), and incubated
at 37°C in a humid atmosphere containing 5% CO, . After one to two
days 1.5 ml medium was added, and medium was then changed every
second or third day up to 14 -16 days.

Cultures were monitored by phase contrast microscopy; micro-
graphs were obtained using a Nikon eclipse TS100 microscope.

After 14 to 16 days, the cultured cells were fixed in 4% formalde-
hyde, washed in PBS, and stored at 4°C for evaluation.

Cultures were either left unstained or subjected to immuno-
histochemistry for detection of cells positive for p63 Ab-4 (Clone
4A4+Y4A3,1:1600, Thermo Scientific). The positive immunoreaction
of the primary antibody was detected by a secondary antibody conju-
gated with the fluorescent marker Alexa Fluor 488 donkey anti mouse
Ig (Cat# A 21202, 1:500, Invitrogen). Hoechst (1:500, Invitrogen) was
used for nuclear staining.

Results

DNA damage, in form of SBs was observed after cell dissociation
regardless of incubation time and volume. The levels of DNA damage

Organ culture bottle with
donor cornea

A

96-well plates with 250 ul
trypsin- EDTA (0.05%)

‘ LA X

—_—

were higher in all samples when incubation was performed using
250 pl of enzyme solution in 96-well plates compared with levels
recorded when using 3 ml in 6-well plates. In some cases increasing
the incubation time when using the same volume did not cause any
overt increase in the levels of DNA damage (Table 1B, Figure 2,
Figure 3).The DNA median value, in form of SBs, in the lymphocytes
used as a control of the procedure was 10 arbitrary units.

Incubation of samples subjected to enzyme dissociation in
culture medium revealed that incubation using 0.05% trypsin-EDTA
for 1 and also for 3 hours failed to release part of the epithelial cell
population. After 14 to 16 days confluent zones were produced in
all of the 32 cultures. Although variation in extent of outgrowth was
observed, all the samples produced confluent cultures extending
more than 5 mm from the limbal cut edge at each side of the sample
(Figure 4).

Discussion

The present study demonstrates for the first time, that dissociation
of cells from the corneo-limbal epithelium using 0.05% trypsin-EDTA
at 37°C is associated with noticeable levels of DNA damage in the
harvested cells. DNA damage was observed regardless of incubation
time and volume of enzyme solution. There was a trend towards
higher levels of strand breaks when incubating the samples in 3 ml
compared to values recorded in cells dissociated in 250 pl.

In patients with one healthy eye, fresh autologous limbal tissue
may be harvested for ex vivo generation of grafts. In cases with bilat-
eral LSCD, limbal donor tissue may be obtained from an Eye Bank.
For experimental studies on the human limbal epithelium, the tissues
are - with few exceptions - derived from donor corneas that have been
subjected to Eye Bank storage using a cold preservation or an organ
culture system. In both systems, cell death is observed during pro-
longed storage and a number of parameters may influence the viabil-
ity and proliferative potential of the epithelial tissue and also increase
the sensitivity of the cells towards insults [32-35].

The results obtained in the present study may therefore not
apply to freshly harvested and dissociated cells. Although the culture

Ring divided in samples measuring
approximately 2x2 mm.

o S AE

6-well plates with 3 ml
trypsin- EDTA (0.05%)

~me

Figure 1: Four human corneal-limbal rings were obtained after corneal transplant surgery. The rings were divided in 12 samples (A). Duplicate samples were
incubated individually at 37°C for 1 or 3 hours in either 250 pl or 3 ml trypsin- EDTA (0.05%) using 96-well plates or 6-well plates respectively (B).
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Figure 2: DNA damage in the form of SBs in cells dissociated with trypsin in 250 pl in 96-well plates or in 3 ml in 6-well plates for 1 or 3 hours.

Figure 3: DNA damage visualised with comet assay after dissociation procedure of samples with trypsin (A) in 96-well plates or (B) in 6-well plates.

conditions may contribute to some levels of DNA damage [29],
the findings in previous experimental studies, and in the present,
underline the need for a continuous critical examination of the
effect of the various dissociation protocols on essential molecular
constituents of the harvested cells.

Viability of the epithelial tissue in samples subjected to
dissociation is documented by the outgrowth of cells from all samples
after transfer to culture dishes and incubated in SHEM medium at
37°C and 5% CO,. This is in line with findings reported by Xie et al.
[22,26]. In their studies, dissociation using dispase at 4°C failed to
detach a substantial number of limbal cells including cells positive for
markers associated with stemness.

Using organ cultured donor corneo-limbal tissue, Zito-Abbad et
al. examined the effect of incubation in 1.2 TU/ml dispase II and in a
0.05% trypsin-0.01% EDTA solution at 37°C for 1 hour. Age of the

donors, time from death to corneal retrieval, and also time in organ
culture is similar to those in the present study [27]. They found that
incubationofsamplesin trypsin-EDTA, butnotindispase, significantly
decreased cell proliferation at two and three weeks. Further, the
duration of corneal organ culture did not influence the cell growth.
Kim et al. dissociated limbal cells from corneo-sceral rings obtained
after five days of cold storage using 0.05% trypsin-0.01% EDTA at
37°C with gentle agitation and observed that a CFE of 6.63+2.35%
was maintained until passage four. The discrepant results may be
due to source of tissue and storage procedure prior to dissociation,
and also to differences in composition of culture medium and type
of feeder cells. The latter group used DMEM/F12 supplemented with
10% FBS, 10 ng/ml EGF, 5 ug/ml insulin, 0.1 nM choleratoxin, 50 IU/
ml penicillin-streptomycin, 0.18 mM adenine, 4 mM glutamine, 0.4
pg/ml hydrocortisone, and 2 nM triiodothyronine (SHEM) and 3T3
feeder cells. By Lindberg et al. [36], this culture system was shown to
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Figure 4: A) Photo of outgrowth from the limbal cut edge in samples subjected to enzyme dissociation. Areas with high density of nuclei were regularly observed
(50X). B) Photo of outgrowth close to the limbal edge (400X). C) Photo 5 mm outside of the limbal edge (400X).

support a mean of 23 population doublings prior to senescence after
dissociation of the cells in a 1:1 mixture of 0.1% trypsin and 0.02%
EDTA in isotonic phosphate-buffered saline. Slightly modified, these
culture conditions were adapted by Pellegrini et al. [4].

Similarly, divergent results have been obtained in studies using
increased concentration of trypsin for dissociation. In a comprehen-
sive study Meyer-Blazejewska et al. examining the effect of various
dissociation methods on biopsies obtained from donor corneas. For
trypsin-EDTA, the concentrations were 0.25% trypsin-0.02% EDTA
and the samples were minced and incubated at 37°C for 1.5 hours
under continuous agitation or magnetic stirring. Specimens were also
incubated in a 2.4 U/ml dispase II solution at 37°C for 1.5 hours fol-
lowed by incubation in 0.25% trypsin-0.02% EDTA at 37°C for 10
minutes. In this study, the combined dispase II/trypsin-EDTA dis-
sociation procedure yielded a consistently high number of viable cells
(85%-90%) than the single step incubation in 0.25% trypsin-EDTA
with agitation. When seeded on 3T3 feeder cells, the CFE for dis-
pase II/trypsin-EDTA was 0.37%, for trypsin-EDTA with magnetic
stirring 0.35%, and for trypsin-EDTA with agitation 0.34%. Colony
density and size were highest with a combined extraction method us-
ing dispase II/trypsin-EDTA and a single extraction method using
trypsin-EDTA with agitation. However, the culture media tested dif-
fered in composition from SHEM.

In contrast, Arpitha et al. showed that a sequential incubation of

limbal tissues in 0.25% trypsin in Ca,/Mg, free phosphate buffered
saline at 37°C for 50 min and subsequently in 2 mg/ml dispase II in
DMEM at 37°C for 30 min yielded a cell population with a significant
increase in density of cells positive for p63, a high percentage of
intact cells when tested with the trypan blue dye exclusion test (mean
viability of 93.2% + 6.2%), and also a high capacity for generation of
large colonies with a compact morphology when cultivated in SHEM
medium on 3T3 feeder cells [20].

Finally, Chen SY et al. provided evidence, that dissociation of
cells from sheets or clusters by incubation in 0.25% trypsin and 1 mM
EDTA at 37°C for 15 min may render the isolated cells dependent on
3T3 feeder layers for maintained clonal formation capacity [21].

Results from experimental studies, including the present, may
indicate that varying results in assays using trypsin-EDTA for
dissociation may in part be related to the ability of the ex vivo system
including composition of medium and presence of feeder cells to
support repair of molecular damage inflicted upon the cells by the
dissociation procedure.

Tissue engineering provides a potent novel tool for treatment
of ocular disorders and the clinical results are promising. However,
the procedures are still new and in their shaping. Results from
experimental studies, including the present, emphasize the need for
evaluation of the various steps included in commonly used protocols
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in order to improve the procedures and safeguard the quality of the
tissue generated for transplantation.
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