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In human corneal epithelium, self-renewal and fate decision of stem cells are highly regulated in a niche
microenvironment called palisades of Vogt in the limbus. Herein, we discovered that digestion with dispase,
which cleaves off the basement membrane, did not remove the entire basal epithelial progenitor cells. In contrast,
digestion with collagenase isolated on cluster consisting of not only entire epithelial progenitor cells but also
their closely associated mesenchymal cells because of better preservation of some basement membrane matrix.
Collagenase isolated more basal epithelial progenitor cells, which were p63a+ and small in the size (8 pm in
diameter), and generated significantly more holoclones and meroclones on 3T3 fibroblast feeder layers than
dispase. Further, collagenase isolated more small pan-cytokeratin— /p63a— /vimentin+ cells with the size as
small as 5pm in diameter and heterogeneously expressing vimentin, Oct4, Sox2, Nanog, Rexl, Nestin,
N-cadherin, SSEA4, and CD34. Maintenance of close association between them led to clonal growth in a serum-
free, low-calcium medium, whereas disruption of such association by trypsin/EDTA resulted in no clonal
growth unless cocultured with 3T3 fibroblast feeder layers. Similarly, on epithelially denuded amniotic mem-
brane, maintenance of such association led to consistent and robust epithelial outgrowth, which was also
abolished by trypsin/EDTA. Epithelial outgrowth generated by collagenase-isolated clusters was significantly
larger in diameter and its single cells yielded more holoclones on 3T3 fibroblast feeder layers than that from
dispase-isolated sheets. This new isolation method can be used for exploring how limbal epithelial stem cells are

regulated by their native niche cells.

Introduction

ONTINUOUS REPLENISHMENT of healthy corneal epithe-
lial cells relies on stem cells (SCs), which are intermixed
with their transient amplifying cells, in the anatomically
distinct structure termed the limbal palisades of Vogt, where
the stroma is highly vascularized and innervated.! All limbal
basal progenitors are devoid of the expression of cornea-
specific differentiation markers such as cytokeratin 3 (CK3),?
CK12,>* and gap junction-mediated connexin 43.° Notably,
some limbal basal cells exhibit the slow cycling label-
retaining property,® and have the smallest cell size”® and a
high proliferative potential in different cultures.”'* Further,
some limbal basal progenitors also preferentially express
putative SC markers such as p63,"® especially its ANp63a
isoform,** ABCG-2,%17 integrin 99,% and N-cadherin
(N-cad).®
Self-renewal and fate decision of limbal epithelial SCs are
highly regulated by a in vivo microenvironment, termed the

“niche,” so as to achieve corneal epithelial homeostasis under
both normal and injured states.’ > SCs in their native niche
are conceivably mediated by a subset of neighboring cells
(including its progeny and subjacent mesenchymal cells),
extracellular matrix, and factors sequestered therein. Serial
histological sectioning revealed a unique epithelial crypt
containing the smallest basal epithelial cells,**2® suggesting
that limbal SCs may lie deeper than expected. The limbal
palisades of Vogt have unique ultrastructural features® and
expresses extracellular matrix components such as laminin
v3, SPARC, and tenascin-C.2° Nevertheless, it remains lar-
gely unknown whether there exist native niche cells (NCs),
and if so whether they may support SC clonal expansion.
Herein, we demonstrate that digestion with dispase,
which cleaves the basement membrane,? fails to isolate all
limbal basal epithelial progenitors, whereas additional di-
gestion with trypsin/EDTA (T/E) disrupts the close inter-
action between limbal basal progenitors and their NCs.
In contrast, digestion with collagenase, which removes
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interstitial collagens, but not basement membrane collagens,
effectively isolates the entire limbal basal progenitors to-
gether with its closely associated NCs. The validity of such a
new isolation method is demonstrated by in vitro clonal as-
says with or without the use of 3T3 fibroblast feeder layers
and by culturing on epithelially denuded human amniotic
membrane (dAM) without 3T3 fibroblast feeder layers. The
significance of this new isolation method is further discussed
regarding how it may be incorporated for ex vivo expansion
to engineer a surgical graft containing limbal SCs for treating
corneal blindness caused by ocular surface diseases with
limbal SC deficiency.

Materials and Methods
Tissue preparation and enzymatic digestion

Human tissue was handled according to the Declaration of
Helsinki. In this study, human corneoscleral rims from donors
aged 23 to 78 (50.1 + 22.3) years were provided by the Florida
Lions Eye Bank. Immediately after the central corneal button
had been used for corneal transplantation, they were trans-
ferred in Optisol-GS (Bausch & Lomb; www.bausch.com) and
transported at 4°C to the laboratory. The rim was then rinsed
three times with Hank’s balanced salt solution containing
50 pg/mL gentamicin and 1.25pg/mL amphotericin B. All
materials used for cell culturing are listed as Supplementary
Table S1 (Supplementary Data are available online at
www liebertonline.com/tec). After removal of excessive
sclera, conjunctiva, iris, and corneal endothelium, the tissue
was cut into 12 one-clock-hour segments, from which a limbal
segment was obtained by incisions made at 1 mm within and
beyond the anatomic limbus (Fig. 2A). An intact epithelial
sheet including basal epithelial cells could be obtained by
subjecting each limbal segment to digestion with 10mg/mL
dispase in plastic dishes containing supplemented hormonal
epithelial medium (SHEM)* or defined keratinocyte serum-
free medium (D-KSEM)**? at 4°C for 16h under humidified
5% CO,. Alternatively, an intact epithelial sheet consisted of
predominant suprabasal epithelial cells was obtained by dis-
pase digestion at 37°C for 2h and the remaining stroma was
then digested with 1mg/mL collagenase A in SHEM at 37°C
for 18 h under humidified 5% CO, to release cells from the
stroma.”’ In parallel, each limbal segment, without any further
trimming off any stromal tissue, was directly digested with
1mg/mL collagenase A in SHEM at 37°C for 18 h under hu-
midified 5% CO, to generate a cell aggregate termed “cluster.”
For the above limbal sheets and clusters, single cells were
obtained by further digestion with 0.25% trypsin and 1 mM
EDTA (T/E) at 37°C for 15 min.

Clonal cultures

The first clonal culture was based on 3T3 fibroblast feeder
layers in serum-containing SHEM. The feeder layer was
prepared by treating 80% subconfluent 3T3 fibroblasts with
6 ng/mL mitomycin C at 37°C for 2h in DMEM containing
10% fetal calf serum, and then by seeding mitomycin
C-treated 3T3 fibroblasts at a density of 2 x 10*/cm?. For
initiating clonal growth, a total of 500 single cells derived
from limbal sheets or clusters were seeded per 100 mm dish,
whereas the same number of cells from the outgrowth de-
rived from limbal sheets or clusters on dAM were seeded in a
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35mm dish. Cultures were maintained in SHEM for 9 days.
The second clonal culture was based on collagen type
I-precoated six-well plates in D-KSFM, that is, a serum-free
low-calcium medium. For initiating clonal growth, 2 x 10*
single limbal epithelial cells were seeded with or without the
same density of mitomycin C-arrested fibroblast feeder lay-
ers as mentioned above. For comparison, 1 x 10° cells dis-
sociated from the remaining stroma were seeded on a
noncoated six-well culture plates with or without the same
3T3 fibroblast feeder layer as mentioned above. The culture
medium was changed every 3 days, and colony-forming ef-
ficiency (CFE) was measured by calculating the percentage of
the clone numbers divided by the total number of cells see-
ded on day 0. Clone morphology was categorized as holo-
clone, meroclone, and paraclone based on published criteria
for skin keratinocytes.” For analysis, all clones were fixed in
cold methanol and subjected to staining with either rhoda-
mine B or crystal violet, or to immunofluorescence staining.

Outgrowth on epithelially dAM

Epithelially dAM was prepared by subjecting cryopre-
served AM (Bio-Tissue, Inc.) to incubation with 0.02% EDTA
in phosphate-buffered saline (PBS) at 37°C for 1h to loosen
amniotic epithelial cells, followed by gentle mechanical
scraping with a toothbrush. dAM was then fastened onto a
culture insert as previously repor’ced.31 On each dAM, a
freshly isolated limbal cluster or sheet was manually trans-
ferred through a pipette. For comparison, a limbal cluster
was rendered into single cells by T/E before seeded on dAM
in SHEM. The culture medium was changed every 2-3 days.
Epithelial outgrowth was monitored under phase-contrast
microscopy, and terminated on day 7 by crystal violet
staining and immunofluorescence staining.

Immunofluorescence staining

Intact limbal segments and dispase-isolated sheet fol-
lowed by dispase digestion at 4°C for 16h were cryosec-
tioned to 6 pm thickness. The remaining stroma for clusters
obtained by dispase or collagenase digestion were similarly
cryosectioned or prepared as a flat mount by air-drying the
specimen on a slide before fixation at —20°C in 100% cold
methanol, respectively. Single cells from limbal sheets or
clusters were also prepared as cytospin onto a slide using
Cytofuge® (StatSpin, Inc.) at 1000 rpm for 8 min at the den-
sity of 4.0 x 10* cells per chamber. The cytospin preparation
was dried at room temperature for 5min followed by fixa-
tion with either 100% cold methanol at —20°C or 4% para-
formaldehyde at room temperature for 15 min.

For immunofluorescence staining, some formaldehyde-
fixed samples were deparaffinized in xylene, hydrated
gradually by graded 100%, 95%, and 80% in ethanol, and
incubated in the citrate-EDTA buffer (Sigma-Aldrich; pH
6.2) at 95°C for 20min to retrieve antigens. Others were
permeabilized with 0.2% Triton X-100 in PBS for 15-30 min
and blocked with 0.2% bovine serum albumin in PBS for 1h
at room temperature before the addition of primary antibody
overnight. Secondary antibodies were then incubated for 1h
before image analysis. Detailed information about primary
and secondary antibodies is listed as Supplementary Table
S2. Isotype-matched nonspecific IgG antibodies were used as
controls. Immunofluorescence micrographs were taken by
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confocal microscopy (Carl Zeiss, LSM700); cell counting, cell
size, and cytolocalization were analyzed using AxioVision
software (Zeiss).

Quantitative real-time polymerase chain reaction

Fresh limbal sheets and clusters isolated on day 0 as well
as epithelial outgrowth isolated from dAM on day 7 by
dispase digestion at 37°C for 2 h were subjected to total RNA
extraction by RNeasy Mini RNA isolation kit (Qiagen;
wwwl.qiagen.com), and cDNA was reverse-transcribed
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FIG. 1. Double immunofluorescence
staining of pan-cytokeratins (PCK,
green) and Vimentin (Vim, red). PCK+
full-thickness epithelium was present in
the cryosectioned human limbal tissue
(A), whereas scattered Vim+ cells were
subjacent to the epithelium (B). Dispase
digestion at 4°C/16 h removed the entire
PCK+ epithelial sheet (C). There were
no PCK+ cells in the cross section of the
remaining stroma, whereas some Vim +
cells were present in the basement
membrane area (marked by white ar-
rows) and the stroma (D). Wholemount
preparation of the remaining limbal
stroma showed in the en face optical
image aggregations of numerous PCK+
and Vim+ cells at limbus region (E), but
few scattered PCK+ and Vim+ cells in
the peripheral cornea (F). Cytospin
preparation of cells released from the
remaining stroma by collagenase diges-
tion revealed many PCK+ clusters (G)
that were associated with Vim+ cells.
When these cells were further treated
with T/E, PCK+ clusters disappeared
and single PCK+ cells were intermixed
with Vim+ cells (H). Nuclear counter-
staining was performed using Hoechst
33342. Scale bar = 100 um. T/E, trypsin/
EDTA. Color images available online at
www.liebertonline.com/tec

from 1 to 2ug of total RNA by high capacity cDNA tran-
scription kit (Applied Biosystems; www.appliedbiosystems
.com). Quantitative polymerase chain reaction (PCR)
amplification of different genes was carried out in a 20 uL
solution containing cDNA, TagMan Gene Expression Assay
Mix, and universal PCR master Mix (Applied Biosystems).
All TagMan Gene Expression Assays with probe sequences
used are listed as Supplementary Table S3. All assays
were performed in triplicate from each donor; the results
were normalized by an internal control, glceraldehyde-3-
phosphate dehydrogenase.
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Statistical analysis

All assays were performed in triplicate, each with a min-
imum of three donors. The data are reported as means + SD.
Group means were compared using the appropriate version
of Student’s unpaired f-test. Test results were reported as
two-tailed p-values, where p < 0.05 were considered statis-
tically significant.

Results

Dispase cannot isolate all epithelial cells
from the limbal stroma

Digestion with dispase, which cleaves off the basement
membrane, has been commonly practiced to remove an in-
tact human limbal epithelial sheet”” Given that limbal SCs
may lie deep in crypt-like structures in limbal palisades of
Vogt,**** one may question whether dispase actually re-
moves the entire limbal epithelial progenitors. Even if we
assumed that dispase isolated all limbal SCs, we cannot be
sure that NCs are also included. To address these questions,
we first performed double immunofluorescence staining on
cryosectioned human limbal tissues. As expected, the ex-
pression of pan-cytokeratin (PCK, green) was found in the
full-thickness of limbal epithelium (Fig. 1A), whereas the
expression of vimentin (Vim, red) as a mesenchymal cell
marker was found close to the basal epithelial cells adjacent
to the basement membrane (Fig. 1B). Consistent with what
has been reported for the dispase digestion at 4°C/16h,*
PCK+ staining was distributed to all cell layers, confirming

FIG. 2. Limbal clusters ob-
tained by collagenase diges-
tion. A corneoscleral rim was
subdivided into 12 segments,
among which each was fur-
ther trimmed off 1 mm above
and below the limbal region
(A). Each limbal segment was
subjected to collagenase di-
gestion in SHEM at 37°C for
18h to yield a compact pig-
mented limbal cluster (B).
After additional 24 h cultur-
ing on plastic in SHEM, the
remaining cells adhered on
plastic (C). Each cluster could
be manually transferred by a
pipette (D). Tangential sec-
tioning of a cluster showed
the preservation of laminin 5
(green) on the basal layers (E).
Double immunostaining re-
vealed that the cluster con-
tained PCK+ cells (green)
and Vim+ (red) cells, which
were preferentially distrib-

Limbus

Peripheral Cornea

E laminin 5
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the isolation of an intact limbal epithelial sheet (Fig. 1C).
Cryosectioning of the remaining stroma did not reveal any
PCK staining, and Vim+ cells were distributed on the stro-
mal surface (Fig. 1D). However, en face optical image of a
whole mount preparation the remaining stroma surprisingly
showed aggregations of numerous PCK+ and Vim+ cells in
the limbus region (Fig. 1E), but only few scattered PCK+
and Vim+ cells in the peripheral cornea (Fig. 1F). Cytospin
preparation of the entire cells released from the remaining
stroma by collagenase digestion also revealed clusters of
small cells in the midst of scattered single cells (not shown).
Double immunostaining confirmed that small cells in the
cluster were PCK+ and were closely associated with Vim+
cells (Fig. 1G). Additional digestion with T/E rendered them
all into either PCK+ or Vim + single cells (Fig. 1H). Collec-
tively, these results suggested that dispase digestion alone,
even using a more extensive regimen of 4°C/16h, still did
not remove all epithelial cells. These deep-seated small epi-
thelial cells could be isolated by further collagenase diges-
tion. When isolated by collagenase, these small epithelial
cells aggregated in clusters and were closely associated with
Vim+ cells; their close association could be disrupted by
additional digestion with T/E.

Collagenase-isolated clusters contain more Vim+
cells than dispase-isolated sheets

Previously, we noted that collagenase digestion alone
differs greatly from dispase or T/E in isolating human cor-
neal endothelial cells by preserving intercellular junctions

Y% Dispase  Collagenase
*PCK+/Vim- 79.3+£1.0 65.6+5.8
PCK+/Vim+ 6.5+£2.1 8.4£2.3
PCK-/Vim- 4.2£1.7 6.5£2.4
*PCK-/Vim+ 3.6+2.2 19.5£4.0
mDispase
% 804 o Collagenase .
4
E
@
2
o
E

Vimentin

uted on the basement membrane side (F, white arrows). Double immunostaining of cytospin preparations derived from
collagenase-isolated clusters revealed more Vim+ cells (G, n = 1200) than those derived from dispase-isolated sheets, which
had more PCK+ cells (H, n = 834). Such a difference was confirmed by counting of PCK+ cells and Vim+ cells using Zeiss
image analysis (I, from 3 different bright fields and each derived from 3 donors, *p < 0.05). qRT-PCR confirmed a significant
sixfold high expression of Vim mRNA in collagenase-isolated clusters than dispase-isolated sheets (J, *p < 0.05, triplicate
from 3 donors). Scale bars = 100 um. SHEM, supplemented hormonal epithelial medium; qRT-PCR, quantitative real-time
polymerase chain reaction. Color images available online at www.liebertonline.com/tec
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mediated by N-cad, connexin 43, and ZO-1 as well as cell
adhesion to such basement membrane components such as
collagen IV, laminin 5, and perlecan.33 Preservation of
basement membrane components during isolation is impor-
tant because we have reported that the success of ex vivo
expansion of limbal epithelial progenitor cells is correlated
with rapid re-synthesis and deposition of basement mem-
brane components, to which cells maintain their adhesion.*?
Because collagenase isolated epithelial cells that are deep-
seated in the limbal stroma (Fig. 1), we decided to use it to
isolate the limbal epithelium directly from each limbal seg-
ment (Fig. 2A). Unlike the sheet configuration generated by
dispase diges’cion,”’29 collagenase digestion yielded a pig-
mented, compacted cell aggregate, herein termed “cluster”
(to distinguish from the “sheet” isolated by dispase) (Fig. 2B).
The remaining cells from the limbal stroma mostly adhered
on the plastic dish on day 1 in SHEM (Fig. 2C). Thus, col-
lagenase-isolated clusters could easily be transferred to an-
other dish with a pipette (Fig. 2D). Cryosections confirmed
the preservation of the basement membrane components, as
evidenced by positive staining to laminin 5 (Fig. 2E). Double
immunostaining further indicated that the full thickness of
epithelial cluster contains PCK + cells along with Vim + cells
on one side of cluster (Fig. 2F, white arrow). The lack of
merge between Vim+ and PCK+ fluorescence in the same
cell suggested that Vim+ cells were mostly of a population
different from PCK+ cells. To obtain more precise quanti-
tation, we prepared cytospin of single cells obtained by
treating dispase-isolated sheets and collagenase-isolated
clusters with T/E. Double immunostaining confirmed that
collagenase isolated significantly more PCK—/Vim+ cells
(Fig. 2G) than dispase (Fig. 2H); PCK-/Vim+ cells com-
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prised 19.5% * 4.0% of cells derived from collagenase-
isolated clusters but only 3.6% + 2.2% of cells from dispase-
isolated sheets (Fig. 21, p < 0.05, n = 1200 and #n = 834 from
3 donors, respectively). Such a difference was further con-
firmed by a significantly higher expression of Vim transcript
in the former using quantitative real-time (qQRT)-PCR (Fig. 2],
p < 0.05, n = 3 donors).

Collagenase isolates significantly more limbal basal
progenitors than dispase

The above data also prompted us to examine whether
collagenase-isolated clusters contained more limbal basal
progenitors, including SCs, than dispase-isolated sheets. To
do so, we compared clonal growth by seeding the same
density of 500 single cells per 100 mm dish on mitomycin
C-arrested 3T3 fibroblast feeder layers. Rhodamine B staining
performed on day 9 indeed showed that significantly more
epithelial clones were generated by collagenase-isolated
clusters compare to dispase-isolated sheets (Fig. 3A). Judged
by the criteria provided by Barrandon and Green,® clones
could be classified into three types: holoclone, that is, large
round clones with a smooth border and uniformly small and
compacted cells in the center and the periphery (Fig. 3B-1);
meroclones, that is, smaller round clones with a less smooth
border and some large cells in the center (Fig. 3B-2); and
paraclones, that is, small irregular clones with an irregular
border and large cells in the center (Fig. 3B-3). Collagenase-
isolated clusters yielded fivefold more holoclones and two-
fold more meroclones (4.5% + 0.4% and 3.9% % 0.9%, n = 6)
than dispase-isolated sheets (0.8% + 0.2% and 1.7% =+ 0.2%,
respectively, p < 0.001 and p < 0.05, Fig. 3C). The actual CFE

FIG. 3. Comparison of clonal growth
between dispase-isolated sheets and
collagenase-isolated clusters. Sig-
nificantly more rhodamine B-stained
clones were generated by collagenase-
isolated clusters than dispase-isolated
sheets when 500 single cells were
seeded in a 100-mm dish containing
mitomycin C-treated 3T3 fibroblast
feeder layers and cultured in SHEM
for 9 days (A). Three different types of
clones, that is, holoclone, meroclone,
and paraclone, were identified based
on the smoothness of the border and
the cell size in the center of the clone
with uniformly small cells, mixture of
small and large cells, and uniformly
large cells, respectively (see 1, 2, and 3
derived from respective insets) (B).
Collagenase-isolated clusters had a
significantly higher percentage of
holoclones and meroclone (C, n = 3,
*p < 0.05, and **p < 0.001). qRT-PCR
revealed that collagenase-isolated
clusters had a significant higher
expression of ABCG2, Msi-1, Bmi-1,
and C/EBPS transcripts (D), but a
lower transcript expression of ANp63a,

u Dispase
OCollagenase

P b o0

o

<

cytokeratin 12 (CK12), connexin 43, and Pax6 (E) when compared to dispase-isolated sheets (1 = 3, **p < 0.001). No significant
difference was found in transcript expression of CK15 (D). Scale bar = 100 pm. Color images available online at www

Jliebertonline.com/tec
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FIG. 4. Correlation between cell size
and p63a expression. Cytospin prepa-
rations were used to measure the cell
size in diameter (um) and for im-
munostaining. Double immunostain-
ing confirmed coexpression of p63a
(red) and PCK (green) in all small and
medium epithelial cells (nuclear
counterstaining by Hoechst 33342)
and revealed the presence of small
PCK - /p63a.— cells (circled by white
dotted lines) (A). p63a nuclear staining
could be subdivided into bright (red
arrows), weak (white arrows), and
negative, of which the latter tended to
be small (B, white arrows in the lower
panel). Dispase isolated more
p630° 8" cells in the size from 10 to
25pum (C, D), whereas collagenase
isolated more p63a— cells in the size
spreading from 8 to >25um (C, E).
Total cells counted in Dispase n = 675
and in Collagenase n = 952, *p < 0.05,
**p < 0.001). Scale bar = 25 um in (A)
and (C), and 10 pm in (B). Color
images available online at www
Jiebertonline.com/tec
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for both holoclones and meroclones should be even higher if
we discounted Vim + cells, which were significantly more in
collagenase-isolated clusters than dispase-isolated sheets
(Fig. 2). qRT-PCR further illustrated that the mRNA levels of
such markers as ABCG2, musashi-1(Msil), Bmi-1, and C/
EBPS in collagenase-isolated clusters were significantly
higher than dispase-isolated sheets (Fig. 3D, n = 3, *p < 0.05
and **p < 0.001). Interestingly, because of the inclusion of
more Vim+ cells in collagenase-isolated clusters (Fig. 2), the
mRNA levels of ANp63a (Fig. 3D, n =3, **p <0.01) and
those of CK12, connexin 43, and Pax6 were significantly less
than dispase-isolated sheets (Fig. 3E, n =3, **p < 0.001).
Collectively, these data suggest that collagenase isolated
more limbal basal epithelial progenitors expressing more
putative SC markers than dispase.

Collagenase isolates more smaller and p63s.— NCs
than dispase

To further characterize basal epithelial progenitor cells and
PCK - /Vim+ cells, we prepared single-cell cytospin prepa-
rations of both collagenase-isolated clusters and dispase-
isolated sheets. Double immunostaining of PCK and p63a, of
which the latter is considered a marker for epithelial progen-
itor cells,>* confirmed their colocalization as well as the
presence of small PCK - and p63o.— cells (Fig. 4A). When we
subdivided the intensity of nuclear p63o immunostaining
into bright, weak, and negative (Fig. 4B), we noted that
p630°8™ cells were preferentially isolated by dispase,
whereas p630"°™* cells were preferentially isolated by col-
lagenase (Fig. 4C). When nuclear expression of p63o was
correlated with the cell size, we noted that p63o(bright cells
were significantly more in dispase-isolated sheets in the cell
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size of 10-12 um (10.7%), 12-15um (13.8%), and 15-25pum
(28.4%) in diameter, which was about five-, six-, and sev-
enfold higher than collagenase-isolated clusters, respectively
(Fig. 4D, p < 0.001). In contrast, p63o.— cells tended to be
small in the cell size of 8-10pum (19.2%) and 10-12 pm
(18.2%) in diameter, and were significantly more in collage-
nase-isolated clusters, that is, five- and sixfold, respectively,
compared to dispase-isolated sheets (Fig. 4E, p < 0.001).
Terminally differentiated large p63o.— cells with cell size
>25um were more in collagenase-isolated clusters than
dispase-isolated sheets. No differences were observed in the
p63"°™ population (not shown). These data collectively
suggest that collagenase isolated more small p63o.— cells
than dispase.

Phenotypic characterization of small
PCK- and p63vo.— cells in limbal clusters

To further characterize the small p63a.— cells in collagenase-
isolated limbal clusters, qRT-PCR confirmed that mRNA levels
of Vim, Nestin, Rex1, Nanog, Sox2, and Oct4 were significantly
higher in collagenase-isolated cluster than dispase-isolated
sheets (Fig. 5A, n =3, p < 0.05, 0.001), suggesting that non-
epithelial cells expressed SC markers more in collagenase-
isolated clusters than dispase-isolated sheets. No difference was
noted in the mRNA level of N-cad between the two (Fig. 5A).
Double immunostaining between PCK or p63a to identify
epithelial cells or Vim to identify mesenchymal cells and the
above SC markers showed that these small nonepithelial cells
expressed Oct4, Nanog, SSEA4, Sox2, Rex1, Nestin, N-cad,
and CD34 (Fig. 5B). These SC markers were not uniformly
expressed in these small nonepithelial cells, and were also
expressed in some small epithelial cells (not shown). The latter
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notion could be better appreciated in the staining for Oct4,
Nanog, SSEA4, Rex1, and N-cad (Fig. 5B). Cells expressing
PCK+ and those expressing CD34 + were mutually exclusive
(Fig. 5B); CD34 is expressed in early hematopoietic SC/
progenitor in the bone marrow.> These CD34+ cells were
further confirmed to coexpress with Vim+ cells. Some CD34 +
cells were also ABCG2+ (not shown). Collectively, these data
suggested that small PCK—, p630.—, Vim+, and CD34 + cells
in collagenase-isolated clusters heterogeneously expressed
embryonic and other SC markers.

Loss of clonal growth and outgrowth
in collagenase-isolated clusters when their close
contact with NCs are disrupted by T/E

Our recent study showed that the proliferative capacity,
clonogenicity, and p63-positive progenitors are better pre-
served when ex vivo expansion executed by dispase-isolated
epithelial sheets were compared to single cells achieved by
T/E treatment.®® Therefore, it is conceivable that intercellular
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FIG.5. Phenotypic characterization of
putative niche cells from collagenase-
isolated clusters. qRT-PCR showed that
collagenase-isolated clusters expressed
significantly more Vim, Nestin, Rexl,
Nanog, and Sox2 transcripts than
dispase-isolated sheets (A, n =3,

*p < 0.05, **p < 0.001). Double im-
munostaining between PCK (green)

or p63a (red), of which both were
colocalized in epithelial cells (Fig. 4A)
or between Vim (red) and other
markers revealed that small none-
pithelial cells shown in Figure 4 were
N-cad + (red), Sox2+ (red), Nestin+
(green), Oct4+ (green), Rex1+ (red),
Nanog+ (red), CD34 + (red), and
SSEA4 (green) (B, arrows). Scale bar =
10 um. Color images available online
at www liebertonline.com/tec

junctions disrupted by T/E digestion potentially runs the
risk of causing an adverse effect on subsequent expansion of
limbal SCs. To examine if disruption of intercellular inter-
action between limbal epithelial progenitors and surround-
ing PCK-/Vim+ cells by T/E (Fig. 1) might affect
subsequent clonal growth, we first tested it in a serum-free,
low-calcium medium, that is, D-KSFM, which we have pre-
viously noted to support human and murine corneal/limbal
epithelial clonal growth.*”*® Our results showed that clonal
growth was absent for dispase-isolated epithelial sheets
(without including deep-seated progenitors) if intercellular
junction was disrupted by T/E unless 3T3 fibroblast feeder
layers were added (Fig. 6A, T/E+). A similar result was
noted for cells released from the remaining stroma by col-
lagenase with additional T/E (Fig. 6B, T/E+), which re-
sulted in a mixture of single PCK+ or Vim + cells (Fig. 1). In
contrast, if T/E was not used, cells released from the re-
maining stroma by collagenase yielded vivid clonal growth
(Fig. 6B, T/E—, 3T3—), which contained small PCK+ epi-
thelial clusters closely associated with Vim+ cells (Fig. 1).
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FIG. 6. Loss of clonal growth and out- A
growth by disrupting close contact with

niche cells by T/E. In defined keratinocyte
serum-free medium, single cells derived &
from dispase-isolated sheets (37°C/2h) by 5
T/E did not generate any clonal growth as
judged by crystal violet staining on day 10 in
six-well plates, unless 3T3 fibroblast feeder
layers were added (A). Similarly, single cells
derived from the remaining stroma released
by collagenase and treated with T/E (Fig. 1)
also did not generate any clonal growth un-
less 3T3 fibroblast feeder layers were added
(B, T/E+). In contrast, cells released from
the remaining stroma by collagenase without
T/E, which showed epithelial clusters asso-
ciated with nonepithelial cells (Fig. 1), could
generate vivid clonal growth without 3T3
fibroblast feeder layers (B, T/E—). Clones
generated on 3T3 fibroblast feeder layers
consisted of a monolayer of epithelial cells,
whereas those without 3T3 feeder layers ex-
hibited compacted small cells with scattered
mounts (B, Phase). In SHEM, an outgrowth
on dAM inserts in six-well plates, judged by
crystal violet staining on day 7, was consis-
tently generated by collagenase-isolated

3T3-
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clusters without T/E (C-T/E) but abolished with T/E (C+T/E), and to a lesser extent by dispase-isolated sheets without
T/E (D-T/E) (C, two representative segments from the same donor). Using more limbal segments from different donors,
C-T/E gave an overall success rate of 84% and achieved a round shape outgrowth within the diameter of 19.9 + 2.7 mm
in 7 days. In contrast, C+T/E gave a success rate of 11% and no measurable diameter, whereas D-T/E yielded a 46%
success rate and generated an uneven round shape with a smaller diameter of 12.3 = 3.6 mm (D, p < 0.05). Scale bar = 100 um
in (B). dAM, denuded amniotic membrane. Color images available online at www liebertonline.com/tec

Phase image illustrated that clones generated by T/E-dis-
rupted single cells cocultured on 3T3 feeder layer (Fig. 6B, T/
E+, 3T3+) contained a monolayer of small and large cells,
whereas those generated without T/E treatment yielded
compact small epithelial cells with scattered elevated
mounds (Fig. 6B, Phase).

Consistent successful outgrowth was generated by
collagenase-isolated clusters on dAM (Fig. 6C, C-T/E). In
contrast, no outgrowth was noted if collagenase-isolated
clusters were treated with T/E before seeding on dAM
(Fig. 6C, C+T/E). As a comparison, outgrowth generated by
dispase-isolated sheets was smaller (Fig. 6C, D-T/E). Col-
lagenase digestion yielded a higher success rate of 84% in
generating an outgrowth with a significantly larger diameter
of 19.9 + 2.7mm. In contrast, dispase digestion achieved
a success rate of 46% and outgrowth diameter of 12.3 +
3.6mm from 26 limbal segments obtained from 5 donors
(Fig. 6D, p < 0.05). When collagease-isolated clusters were
treated with T/E, the success rate was reduced to 11% with
negligible growth (p < 0.001).

Outgrowth of collagenase-isolated clusters
on dAM generates higher clonal growth
than that of dispase-isolated sheets

The overall growth curve of collagenase-isolated clusters
was slow between day 1 and 3 after seeding on dAM, but
faster from day 5 to 7, reaching a significantly larger out-
growth size (Fig. 6D). On day 7, epithelial cells of the out-
growth of collagenase-isolated clusters were smaller than
those of dispase-isolated sheets (not shown). Immunostain-

ing confirmed universal expression of ABCG2 in cell mem-
branes and p63o in nuclei of these small epithelial cells,
whereas Pax6 was expressed in nuclei and CK12 on some
scattered suprabasal cells (Fig. 7A). These results confirmed
the expansion of progenitor cells and adoption of a corneal
fate for some differentiated cells. When 500 single cells ob-
tained from such outgrowth removed from dAM by dispase
followed by T/E were seeded on 3T3 fibroblast feeder layers
in a 35 mm dish, we noted that clonal growth on day 9 from
collagenase-isolated clusters was significantly more than that
from dispase-isolated sheets (Fig. 7B). Outgrowth generated
by collagenase-isolated clusters yielded a significant higher
CFE of holoclones (1.6% * 0.4% vs. 0.3% * 0.1%, p < 0.001),
meroclone (3.7% + 0.3% vs. 0.5% + 0.2%, p <0.001), and
paraclone (4.2% + 0.8% vs. 2.3% * 0.6%, p < 0.05) than that
generated by dispase-isolated sheets.

Discussion

In this study, we have identified a potential pitfall of using
dispase digestion for isolating human limbal epithelial pro-
genitor cells. Although dispase can successfully isolate intact
human limbal” and murine corneolimbal epithelial
sheets,®®% it failed to remove all limbal basal epithelial
progenitors from the human limbus (Fig. 1). Given that
dispase primarily cleaves basement membrane compo-
nents,””*’ we speculate that the aforementioned failure
might be contributed by the unique features noted in the SC-
harboring limbal palisades of Vogt such as undulated and
fenestrated basement membrane,?**! unique ultrastructural
features,””> and enrichment of laminin v3, SPARC, and



NEW ISOLATION OF HUMAN LIMBAL SCs WITH THEIR NICHE

tenascin-C.2° Further, we cannot ignore the likelihood that
limbal SCs might actually reside in unique epithelial crypt
structures on a plane deeper than the general basement
membrane.?**>*? Nevertheless, digestion with collagenase,
which removes interstitial collagens, but not basement
membrane collagens,**** presents with several advantages.
Besides the fact that the underlying stroma did not need to
be trimmed before digestion, the entire limbal epithelium
was isolated as a cluster from most unwanted stromal cells
left on the dish. In addition, the collagenase-isolated clusters
retained adhesion to the basement membrane (Fig. 2E),
hence not only retaining all basal progenitors, including SCs,
but also subjacent Vim+ mesenchymal cells (Fig. 2F).

The evidence that collagenase-isolated clusters included
more epithelial progenitors, including SCs, than dispase-iso-
lated sheets was supported by higher clonal growth with
significantly higher numbers of holoclones and meroclones on
3T3 fibroblast feeder layers (Fig. 3). Such a difference was
supported by the findings that collagenase isolated more
small epithelial progenitor cells with a cell size in the range
from 8 tol12 pm (not shown), p630*** nuclear staining (Fig.
4C), and significantly higher transcript levels of SC markers
such as ABCG2, Bmi-1, Musashi-1, and C/EBP$ (Fig. 3D).
Previously, several studies have demonstrated that p63 is a
transcription factor heralding the onset of stratified epithelial
morphogenesis,*>*® and that its ANp63a. isoform is a putative
marker for human limbal SCs."**” Our finding of p630™**
nuclear staining in the smallest epithelial progenitors in the
cytospin preparation of collagenase-isolated clusters was new,
highlighting the likelihood that such cells might escape the
detection in cryosectioned specimens. C/EBP6 has been noted
to help induce GO/G1 cell cycle arrest and promote self-re-
newal of SCs in the mammary gland***’ and the human
limbus.*” Therefore, a notably higher ratio between the tran-
script level of C/EBPS and that of ANp63a (Fig. 3D) might
suggest the presence of more quiescent SCs in collagenase-
isolated clusters than dispase-isolated sheets, which contained
epithelial cells with p630cbright nuclear staining (Fig. 4C).
Hence, collagenase-isolated clusters are a better source for
future investigation of SC subpopulations and the function of
the above SC markers to resolve whether there exists a bona
fide marker for labeling human limbal epithelial SCs.

Collagenase
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Dispase FIG. 7. Comparison of outgrowth on
dAM generated by collagenase-isolated
clusters and dispase-isolated sheets. Im-
munostaining confirmed universal ex-
pression of ABCG2 in cell membranes
and p63a and Pax6 expression in nuclei
of small basal epithelial cells, whereas
CK12 was expressed by few large su-
prabasal cells (A). Single cells derived
from the outgrowth isolated from dAM
by dispase followed by T/E gave sig-
nificantly more clones comprising all
three classes of holoclones, meroclones,
and paraclones from collagenase-isolated
o3 clusters when compared to dispase-
isolated sheets (B, rhodamin B staining
on day 9, *p < 0.05, **p < 0.001). Scale
bar = 100 um. Color images available
online at www liebertonline.com/tec
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Compared to dispase, collagenase also enriched a popu-
lation of PCK—/Vim+ nonepithelial cells subjacent to the
basement membrane (Figs. 1 and 2F). Based on a strong
correlation in the coexpression of PCK and p63a in epithelial
cells (Fig. 4A), cytospin preparations further revealed that
these PCK— /p630.— nonepithelial cells comprised around
20% of collagenase-isolated clusters, significantly >3.6%
found in dispase-isolated sheets (Fig. 2). We were surprised
to note that some PCK— /p630.— cells had a cell size ranging
from 5 to 10um in diameter (Fig. 4E), which was even
smaller than the smallest p630™*** cells with a cell size of 8 to
12um in diameter previously reported for limbal SCs.”
Using qRT-PCR and double immunostaining, we confirmed
that these small nonepithelial cells indeed expressed Oct4,
Nanog, SSEA4, Sox2, Rex1, Nestin, N-cad, and CD34 (Fig. 5),
markers expressed by embryonic SCs as well as other types
of SCs. They were heterogeneously expressed in the entire
population of PCK—/p63a— cells, suggesting that future
characterization of the differentiation status among them
might help understand their inter-relationship. In addition,
we were surprised by the finding that some of the afore-
mentioned markers were also expressed by PCK+ or p63o.+
epithelial cells (Fig. 5B). Whether such expression in epithe-
lial progenitors represents genuine SCs needs to be further
investigated. The expression of embryonic and other SCs
markers in cells isolated from the limbal regions with the
potential of adopting neuronal and other fates have been
reported by others.’*>* Herein, for the first time, our data
point out that one likely source is the small nonepithelial
cells subjacent to the limbal basement membrane. As a result,
one should be cautious in using nestin, N-cad, and ABCG2 as
a marker to define limbal SCs.

We speculate that the aforementioned nonepithelial cells
contain native NCs that may support limbal epithelial SCs.
This speculation was supported by their close association
(Figs. 1 and 2) and expression of a set of SC markers (Fig. 5).
More importantly, maintenance of such close association by
collagenase digestion (Fig. 1) was sufficient to support clonal
growth in a serum-free, low-calcium D-KSFM medium
without 3T3 fibroblasts (Fig. 6). In this system, dispase-
isolated sheets failed to yield any clonal growth unless 3T3
fibroblast feeder layers were added (Fig. 6). However, when
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the association of NCs and SCs was disrupted by T/E (Fig.
1), clonal growth depended on 3T3 fibroblast feeder layers
(Fig. 6). Hence, these nonepithelial cells, mimicking NCs,
function like 3T3 fibroblast feeder layers in promoting clonal
expansion of epithelial progenitors. Further investigation to
identify factors involved in the interaction between SCs and
NCs can be pursued using the ground work established in
our study. Thus, our finding that SC expansion in vitro relies
on close interaction with its adjacent mesenchymal NCs bear
resemblance to SKP cells in the epidermal dermal papilla,®
myofibroblsts in the intestinal crypt,”® and vascular endo-
thelial cells in the bone marrow.”

Several ex vivo expansion protocols have been employed
to engineer a surgical graft containing limbal epithelial pro-
genitors for human transplantation in treating corneal
blindness caused by limbal SC deficiency.”®** In contrast to
the protocols that used limbal explants as the source,®*** we
used collagenase-isolated clusters without including those
fibroblast-like cells adherent onto the plastic dish. At this
moment, it remains unclear whether there is any benefit or
harm of including these cells during ex vivo expansion as well
as in clinical transplants that are used directly without ex vivo
expansion. Based on the line of reasoning provided above,
one may understand why 3T3 fibroblast feeder layers are
routinely used to achieve expansion for those protocols using
T/E alone or dispase followed by T/E to dissociate the hu-
man limbal epithelium into single cells.’®***? Besides one
group, which uses fibrin gel as the substrate,®*®® all others
use either intact AM® or dAM.”*"*® We®®® and others®”’
have reported that the resultant epithelial phenotype ex-
panded on intact AM resembles the limbal epithelium,
whereas that on dAM turns into the corneal epithelium. That
is why 3T3 fibroblasts are also used in a coculturing system
when human limbal epithelial progenitors are expanded on
dAM.?#*%* The inclusion of 3T3 fibroblasts casts a regula-
tory concern of transmitting murine viral diseases. Although
less and slower, dispase-isolated sheets also generated out-
growth on dAM without 3T3 fibroblast feeder layers (Fig.
6C). However, outgrowth derived from collagenase-isolated
clusters yielded higher and faster (Fig. 6C), expressed more
presumed SC markers (Fig. 6D), and reached a transplant-
able size within 1 week larger than dispase-isolated sheets
(Fig. 7). Compared to CFE on 3T3 feeder layers derived from
collagenase-isolated cluster on day 0, CFE for three types of
clones from the outgrowth on dAM was significantly lower,
suggesting that further improvement of this new method for
better ex vivo expansion of limbal SCs is needed for treating
corneal blindness caused by limbal SC deficiency.
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