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Short- and Long-Term Results of Xenogeneic-Free
Cultivated Autologous and Allogeneic Limbal Epithelial
Stem Cell Transplantations
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Purpose: To evaluate the short- and long-term success rates of
xenogeneic-free cultivated limbal epithelial stem cell transplantation
(CLET) for the treatment of limbal stem cell deficiency (LSCD).

Methods: Thirteen patients with LSCD underwent an autologous
(n =9) or allogeneic (n = 4) CLET. The primary end point was to
assess the long-term anatomical success rate of transplanted grafts at
a follow-up of at least 3 years, in comparison with the short-term
outcomes. Secondary end points involved reviewing functional
improvement, patient-reported symptoms, and change in percentage
area of corneal vascularization in both short-term and long-term.

Results: The mean short- and long-term follow-up periods were 2.1
* 0.38 years and 6.7 = 1.81 years, respectively. The total
anatomical success rate was 46.1% in the short-term, but it decreased
to 23.1% in the long-term. A partial success rate of 30.8% was
observed in both short- and long-term, and the failure rate increased
from 23.1% to 46.1%. The mean percentage of vessel area decreased
from 12.11% = 5.29% preoperatively to 7.82% = 6.70% in the
short-term and increased to 8.70% = 6.32% in the long-term. There
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was a significant improvement in best-corrected visual acuity (P =
0.044) in the short-term although not in the long-term (P = 0.865).

Conclusions: This study shows that anatomical and functional
success rates of CLET decrease over time. We believe that the
decline of success is related to the extent of disease, cell origin, and
lack of niche protection because subtotal LSCD and autologous
donor cells confer a higher chance of success in the long-term.

Key Words: limbal stem cell deficiency, cultivated limbal stem cell
transplantation, clinical trial, long-term outcome, cornea, limbal niche
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Limbal stem cells (LSCs) are responsible for maintenance
of the corneal epithelium in healthy homeostasis and after
injury.’? The cells are located in specialized niches at the
limbal junction where they are believed to maintain a physical
barrier between cornea and conjunctiva.®> A wide range of
diseases may result in damage to the LSCs and to their niche,
leading to LSC deficiency (LSCD). When severe, this
condition can result in conjunctivalization and vascularization
of the cornea, chronic inflammation, poor epithelial integrity,
and recurrent epithelial erosions. As a result, these patients
suffer from pain, photophobia, and a decreased visual
acuity.>* Standard corneal transplants tend to fail in these
cases because they require a healthy barrier to prevent
conjunctival overgrowth and a normal functioning population
of stem cells to survive.3

The management of LSCD aims to optimize the
ocular surface and to restore the limbal functions. The
choice of treatment depends on the extent of limbal
involvement and on the laterality of the disease.® Cultivated
limbal epithelial stem cell transplantation (CLET) is one
treatment option indicated for severe LSCD that aims to
restore the limbal barrier and to reconstruct a transparent
corneal surface. The use of this technique in humans was
first reported in 1997 by Pellegrini et al.” Limbal cells are
harvested from a healthy autologous or allogeneic donor
limbus, grown and multiplied in a laboratory over several
days, and then transplanted onto the stem cell-deficient eye.
The CLET technique has been known for more than 20
years, and, to date, there is no consensus on the optimal
protocol for this procedure. Cells can be cultured in either
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a suspension’® or an explant culture system,'®-!3 and
different culture media and substrates exist. Many cell
culture protocols depend on the support of animal products
for nurturing and expansion of the graft. However, animal-
derived culture products such as mouse fibroblast feeder
layers, fetal bovine serum, and cholera toxins carry a risk of
transmitting xenogeneic diseases.!* Although the reported
results of CLET are generally good, the follow-up period is
variable with only a limited number of studies assessing
long-term outcomes of more than 3 years. In this study, we
reviewed our series of CLET procedures performed over
a 10-year period, comparing short- and long-term results of
this technique.

MATERIALS AND METHODS

Study Design and Subjects

The trial was approved by the Antwerp University
Hospital Ethical Committee (approval number: EC7/28/153;
EudraCT no 2008-001543-19) and followed the tenets of the
Declaration of Helsinki. Written informed consent was
obtained from all participants for all of the procedures
described in this study. The study design of the first 2
follow-up years was a prospective, noncomparative case
series. To obtain long-term follow-up data, patients were
contacted for a new follow-up control in our center. In
case of loss to follow up, the most recent charts were
retrospectively reviewed.

The diagnosis of LSCD was made clinically, based on the
patient’s history and on the slit-lamp findings. The presence of
conjunctival and vascular overgrowth on the cornea, with the
absence of a normal limbal architecture, was indicative of LSCD.
The complete absence of limbal architecture with conjunctival-
ization over the entire cornea was termed total LSCD, whereas
the involvement of fewer clock hours was termed subtotal LSCD.

All patients underwent ex vivo cultivated limbal
epithelial transplantation for the treatment of LSCD between
July 2008 and December 2012.

Inclusion criteria for this study were as follows:
1) a documented history of unilateral or bilateral LSCD;
2) when LSCD was documented, it was graded as total or
subtotal. Patients with subtotal LSCD were only included if
there had been at least 3 failed previous attempts at corneal
pannus debridement or reconstruction with amniotic mem-
brane. 3) Patients who underwent autologous or allogeneic
ex vivo cultivated limbal transplantation; 4) postoperative
follow-up data of at least 36 months; and 5) complete
follow-up data.

Patients who were pregnant or lactating, had active
inflammation of the eye, or had uncontrolled glaucoma were
not considered for CLET grafting.

End Points and Outcome Measures

The main study end point was to examine the
anatomical success rate of the transplanted limbal epithelial
stem cell grafts after a follow-up period of at least 36 months
and to compare these results with the short-term outcomes
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after an average follow-up of 2 years. The secondary end
point was to assess the change in visual acuity, change in
percentage area of corneal vascularization, and patient-
reported outcomes including pain and photophobia.

Total anatomical success was defined as a transpar-
ent, intact corneal epithelium without central 8 mm neo-
vascularization. Partial anatomical success was defined as
a relapsed corneal superficial neovascularization, not as
extensive as at the time of admission, without central
4 mm neovascularization and an intact epithelial layer.
Anatomical failure was defined as recurrent epithelial
defects and/or superficial corneal neovascularization or
conjunctivalization encroaching on the central 4 mm of
the cornea.

Data Collection and Quantification of
Outcome Measures

Data retrieved from the medical records included the
patient’s age and sex, etiology of LSCD, degree of limbal
involvement, best-corrected visual acuity (BCVA), pain scale,
photophobia scale, intraocular pressure, corneal vasculariza-
tion, presence or absence of epithelial defects, adverse events,
and follow-up duration.

Visual acuity was recorded using the Snellen eye chart.
For the purpose of this analysis, all visual acuity data were
converted to LogMAR equivalents. Acuities of counting
fingers at 1 m were converted to LogMAR 2.0, hand
movements (HM) at 1 m to LogMAR 2.3, perception of
light to LogMAR 2.75, and no perception of light to
LogMAR 3.0.15:16

A numerical pain scale ranging from 0 to 10 was used
to record pain caused by the stem cell-deficient eye (0
corresponding to no pain and 10 corresponding to the worst
pain possible in the verbal descriptor scale). Similarly, a 4-
point scale was used for the assessment of photophobia (0 =
no photophobia, 1 = mild photophobia, 2 = moderate
photophobia, and 3 = severe photophobia).!” The ocular
surface status was documented using ocular slit-lamp photo-
graphs. All photographs were graded by 5 observers with
corneal expertise (S.N.D., C.K., M.-].T., N.Z., and J.B.). In
case there was no unanimous agreement, the result with the
highest votes was selected. If a consensus could not be
reached, the adjudicator (J.B.) was tasked with making the
final decision.

Further quantification of corneal neovascularization
was performed by an external experienced blinded investiga-
tor (F.B.) at a reading center with corneal angiogenesis
expertise (Cologne Ophthalmological Reading and Image
Analysis Center, University Hospital Cologne). All images
were analyzed morphometrically using a standardized semi-
automatic image analysis software (Cell F; Olympus, Ham-
burg, Germany) based on gray filter sampling, as described
elsewhere.!8-2! Briefly, after contrast and shading optimiza-
tion of each image, the region of interest was determined
along the corneal limbus. The vascularized area (expressed as
a percentage) was then calculated by threshold setting and
normalized to the total region of interest.
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Treatment Protocol £
Surgical techniques, cultivation technique, and post- = i TE Y%= ET 9EgYE
operative management were performed as previously z2|5 Z=EEZE 8% 8= = 5&F &
described.!”?? Briefly, a superficial limbal tissue biopsy of : - meEsEEE s aiaEals
1 mm by 2 mm was harvested from either the superior or the é
inferior limbus of the donor eye under local anesthesia. The g|E
explants were cultured in a CnT-20 medium (CELLnTEC, = f - - _ — =
. . —_—— —_— 8 — S —_ <
Switzerland) supplemented with 1% human AB serum E =S 82 S 8EEE SE=2 E
(Sigma Aldrich, Germany) on a denuded amniotic membrane. 2 el al A B A
No feeder cells or other animal-derived products were used.
All culture processes were performed under conditions of M VRV YR Y
good manufacturing practice (GMP). After a culture period of & =
14 days, the composite graft was transplanted: after dissection
of the pannus tissue, the graft was applied to the surface of the E
cornea using fibrin glue. A secondary amniotic membrane . 2 A~ SawsSSsS S o S
covering the whole graft was secured to the surrounding = %D HelE-aCETER ceRe
conjunctiva, serving as a temporary patch. 2|
In case of unilateral disease, the patient’s contralat- Ei
eral, healthy eye served as the donor eye. In case of 2l
bilateral disease, limbal donor tissue was harvested from 2| 8 AL S ns %S S e
a living relative’s eye. In cases without an appropriate 3|E S Ss s VIS EST sOEs
living-related donor, limbal tissue was harvested from E 7
a cadaveric donor eye. For all allogeneic donors, a human %
leukocyte antigen (HLA) match of at least 50% on loci § ®
HLA-A, HLA-B, and HLA-DR was required. ;3 525549852865 522
Statistical Analysis E
Statistical analyses were performed using SPSS 25 2|5 IR STRC RS I R R e Sryg
(IBM Statistics Inc, Chicago, IL) at a significance level of g §
0.05. A Wilcoxon signed-rank test was used to compare the 3
outcome parameters (percentage area of corneal neovascula- )
rization, visual acuity, pain, and photophobia) before and é §
after CLET. In addition, a McNemar test was used to compare E 3 I T 0TI A=Y ENEREIN
the anatomical success outcomes between the short-term and B
long-term period. &
- = = .
S SEE2EEEEEE TEEE| 2
RESULTS 2| |EEZEEZEEE| (EEEE|S
¢
Patient Characteristics <
Between July 2008 and December 2012, 21 patients E £
underwent CLET. Eight of these patients were lost to follow §> g
up in the long-term or had incomplete follow-up data and g 2
therefore were excluded for further analysis. The remaining & = £
13 patients were included in this study. There were 7 s E g E E) E £ E ‘:fo
(53.8%) men and 6 (46.2%) women, with a mean age of = S3ES - s . <= o I
48.5 = 16.00 years. Eleven (84.6%) patients had total EE @ E g E DE E T ETE|s
LSCD, whereas 2 (15.4%) patients had subtotal LSCD. EEESESEEEE EE-N-E A
Nine (69.2%) patients received autologous LSC trans- g
plantation, and 4 (30.8%) patients received an allogeneic =]
stem cell graft. Two (15.4%) patients underwent the b SEESEE S S S = -
procedure twice, whereas 11 (84.6%) patients were grafted 2 @ &
only once. The etiology of LSCD included chemical burn o z K @
(n=15), aniridia (n = 2), iatrogenic damage (n = 2), keratitis g |FTETHERIBER f_f S A& E
(n = 1), corneal ulcer (n = 1), trauma (n = 1), and S g 3
congenital microphthalmia (n = 1). All patient details are El g S
listed in Table 1. 2l lmcamserwsSz [Z ladom
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Clinical Outcomes

The mean short-term follow-up period was 2.1 * 0.38
years, whereas the follow-up in the long-term period was 6.7
* 1.81 years. In the short-term, 6 of the 13 (46.1%) patients
were graded as anatomical success, 4 (30.8%) patients were
graded as partially successful, and 3 (23.1%) patients were

deemed as failure. After a mean follow-up of 6.7 years, 3 of
the 13 (23.1%) eyes retained anatomical success, whereas 4
(30.8%) eyes were graded as partially successful. Six (46.1%)
eyes failed in the long-term. There was no statistically
significant difference in the long-term compared with the
short-term regarding anatomical outcomes (P = 0.17).

- As A s ¥
FIGURE 1. Representative anterior segment images of patients with total (A, G, |, M) and subtotal (D) LSCD preoperatively.

Photographs of the short-term postoperative outcomes are graded as total (B, E, H, N) and partial (K) success. Photographs of the
same patients in the long-term achieving total success (C, F), partial success (J), and failure (L, O).

(e
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FIGURE 2. Postoperative outcomes in the total N = - . - —-
cohort: pain (A) and photophobia (B), preoperatively & & : o; @ &:
(Pre-op), in the short-term and in the long-term & & & <© & &
* .k N o oS S
(*P < 0.05; **P > 0.05). &° S &° )

Differences were observed between the autologous and
allogeneic groups regarding etiology and outcomes. Of the 4
eyes that received allogeneic CLET, 2 patients had aniridia, 1
patient suffered LSCD resulting from a bilateral chemical
burn, and 1 patient had congenital microphthalmia. In the
short-term, 1 eye of the allogeneic transplant subgroup was
graded as total success, 2 eyes were graded as partial success,
and 1 eye as failure. In the long-term, none of the allogeneic
transplants were graded as total success. Both of the patients
with aniridia failed in the long-term.

In the autologous subgroup (n = 9), LSCD resulted
from a chemical burn in most of the cases (44.4%). Five
(55.6%) and 2 (22.2%) of the 9 eyes in the autologous
transplant group were graded as total and partial success,
respectively, whereas 2 (22.2%) autologous cases failed in the
short-term. In the long-term, these numbers were 3 (33.3%), 2
(22.2%), and 4 (44.4%) for total success, partial success, and
failure, respectively. In this autologous subgroup, 2 of the 4
patients with a chemical burn were graded as total success and
2 failed in the short-term. On the long-term, the 2 patients that
were initially graded as a total success were now deemed as
partially successful. Representative images are displayed in
Figure 1.

Functional Outcomes

Short-term results showed a significant increase in
BCVA (P = 0.044) and a significant improvement in
photophobia (P = 0.014) after CLET in the total cohort.
There was no significant improvement in pain (P = 0.18).
Long-term results, however, showed no statistically signifi-
cant difference in BCVA (P = 0.865), pain (P = 0.063), and
photophobia (P = 0.288) in the total cohort (Fig. 2).

When we compared the short-term with the long-term
functional parameters, there was a significant decrease in
BCVA (P =0.018) and increase in pain (P = 0.028) although
no statistical difference was noted for photophobia (P =
0.063). Only 2 of the 13 patients experienced an improvement
in BCVA in the long-term. The highest improvement in
BCVA included an improvement from HM to 0.4 and was
observed in allogeneic CLET for LSCD after a bilateral
chemical burn. The patient received stem cells from his
mother. Five (38.5%) of the 13 patients experienced
a decrease in BCVA during the course of the follow-up.
One of these patients (case 5) had aniridia with a progressive

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc.

aniridia-related keratopathy and progressive glaucoma. In
case 3, the decrease in BCVA was contributed to the
occurrence of a dense nuclear cataract, for which the patient
has refused intervention to date. A decompensated corneal
graft after CLET contributed to a decrease in BCVA in case
10. In case 1 and case 11, the decrease in BCVA was related
to the increase in conjunctivalization and, hence, to graft
failure. Case 1, however, was noncompliant with follow-up
care after transplantation. A decrease in BCVA from counting
fingers to HM was observed after a follow-up of 41 months in
case 11, despite careful postoperative care.

Analysis of the Ocular Surface Photographs

The mean percentage of vessel area decreased from
12.11% = 5.29% preoperatively to 7.82% = 6.70% in the
short-term and increased to 8.70% = 6.32% in the long-term.
The decrease in corneal vessel area was significant in the
short-term (P = 0.037) although not in the long-term (P =
0.139), compared with the preoperative photographs. No
significant difference in vascularized area was found between
short- and long-term photographs (P = 0.767). There was no
significant difference in the difference of vascularization per
year (P = 0.200). Nine photographs of 3 patients were
excluded because of technical issues.

DISCUSSION

Although the CLET technique has been evolving over
the past 20 years, there is still a lack of long-term follow-up
data. In this report, we present the outcomes of CLET surgeries
up to 10 years postoperatively and report the effect over time.
Our major finding is a decrease in both anatomical and
functional success rates over time. Total or partial success
was attained in 76.9% (46.1% total + 30.8% partial) of the eyes
in the short-term and subsequently decreased to 53.9% (23.1%
total + 30.8% partial) after an additional mean follow-up of 4.6
years. Analysis of the ocular surface photographs showed an
increase in corneal vessel area in the long-term compared with
the short-term although this was not statistically significant.
Regarding functional results, there was a significant decrease in
BCVA and an increase in pain, although not in photophobia,
comparing short- and long-term data. These results demon-
strate a clear reduction of the clinical effect with time.
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Articles from other groups that included Kaplan—Meier
survival charts indicate in general that failures mainly occur
in the first 1 to 2 years after transplantation, and that, after that
time, the success rate remains constant.?327 The mean
follow-up of these trials is however limited, and long-term
follow-up data (mean follow-up > 3 years) are scarce in the
existing literature. Sejpal et al reported a success ratio of
46.7% after a mean follow-up of 3.4 years. All patients were
children with ocular surface burns.?® Sangwan et al,>® from
the same group, reported a stable ocular surface in 142 of 200
(71%) eyes at a mean follow-up of 3 = 1.6 years. In another
study of Scholz et al,3° an entirely stable corneal surface was
observed in 75.4% of 61 eyes transplanted after a mean
follow-up of 50.8 * 32.7 months. With a mean of 6.7 years,
our follow-up period is almost twice as long compared with
the aforementioned groups.

Although our patient numbers are too small to draw
major conclusions, there were several observations regarding
the factors influencing the outcome. In this series, none of the
allogeneic transplants succeeded in the long-term. Eyes with
autologous CLET grafts tend to show better outcomes
compared with allogeneic cases, which is also the experience
of other research groups.?*3! Reasons for failure in allogeneic
cases include the risk of immunoreactivity. Diagnosis of graft
rejection is however difficult because aspecific symptoms
such as perilimbal congestion, epithelial haze, or epithelial
breakdown are hard to attribute directly to an immune
rejection rather than primary failure of the CLET graft.

In the total cohort, only 3 patients achieved total success
in the long-term. Of these, all were unilateral autologous cases
with different underlying etiologies including corneal ulcer,
keratitis, and iatrogenic LSCD. These conditions are in general
related to less severe LSCD, which is supported by the
observation that 2 of these patients were graded as subtotal
LSCD. We believe that the extent and etiology of LSCD affect
the outcome after CLET, probably because of the presence of
surviving stem cells in the less severe forms.

Also culture protocols may influence the clinical out-
comes. In this trial, an explant system was used for cultivation
of the cells, which is suggested to be a less efficient method in
isolating LSCs compared with the suspension culture system
by some laboratory studies.?>3* However, there is currently
no evidence of superiority regarding clinical outcomes, and
therefore, it is hard to attribute poor long-term total success to
our explant culture system. Although a comparative clinical
trial could answer this question, this is made difficult in LSC
research by the rarity of the clinical entity and the heteroge-
neity of the etiologies.

Furthermore, we believe that failure could be preceded
by the presence of subclinical ocular surface inflammation,
resulting in a harmful environment for the transplanted cells.
Identification of inflammatory biomarkers in the extracellular
milieu of the ocular surface (eg, by tear sampling) that are
correlated with failure could improve patient selection or help
to target therapy.3>

Because of the observed decrease in effect over time,
we also have to question the long-term effect of CLET in
general. The mechanisms by which the CLET regenerates
corneal epithelium are still unclear, and there is uncertainty
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about the question of whether the cells continue to survive
after transplantation.3%-37 We speculate that a gradual loss of
the transplanted cells over time may account for the decrease
in clinical outcomes. This hypothesis can only be validated by
labeling and tracking the cells after transplantation although
this is currently not technically possible in clinical practice.38
In addition, we believe that the absence of physiological niche
structures may contribute to the loss of cells and the decrease
in success rates over time because there is no supporting
environment to protect transplanted cells in the long-term.
The limbal niche plays a major role in the biological
regulation of the LSCs?*® and in maintenance of the LSC
pool.*® A recent study has shown that geometry alone
influences stem cell differentiation in a 3D printed stem cell
niche,*! which illustrates the importance of its precise
microarchitecture on the LSC function. There is, however,
no evidence that the normal limbal niche features reform after
limbal tissue transplantation.*> We believe that recreation of
the crypt structures should be addressed to increase chances
of long-time survival of the LSCs. Recent progress has been
made in this field, and engineered artificial stem cell niches
are being designed such as the Real Architecture For 3D
Tissues technique.*344

Finally, the progressive course of nontrauma LSCD
etiologies such as genetic disorders may be another reason for
(late) deterioration of an initial good result, which may
explain why patients with aniridia present with poor results
in the long-term.

Our findings have to be considered in the context of the
limitations of this study, which include its retrospective
nature, the high number of patients lost to follow up, the
small number of eyes studied, and the heterogeneous study
population. The limited patient numbers did not allow the
formation of subgroups, and because of this small sample
size, P values should be interpreted with caution. Further-
more, variability in surgical techniques, culture protocols,
inclusion criteria, outcome parameters, and follow-up periods
among groups limits the direct comparison of the reported
results. These limitations are inherently encountered by all
groups working in the field.

By analyzing 2 time points over a long follow-up
period, this study has shown that anatomical and functional
success rates of CLET decrease over time. The extent of the
disease and origin of the cells likely contribute to the success,
where subtotal LSCD and autologous stem cells seem to give
higher chances of successful grafting in the long-term. In
general, however, our overall long-term total success rate was
low. Recreation of the protective LSC niche would likely
improve long-term results in the future.
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