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We developed a two-stage manufacturing process utilizing cultivated auto-
logous limbal epithelial cells (CALEC), the first xenobiotic-free, serum-free,
antibiotic-free protocol developed in the United States, to treat blindness
caused by unilateral limbal stem cell deficiency (LSCD) and conducted a single-
center, single-arm, phase I/l clinical trial. Primary outcomes were feasibility
(meeting release criteria) and safety (ocular infection, corneal perforation, or
graft detachment). Participant eligibility included male or female participants
age 18 to <90 years old and ability to provide written informed consent with
LSCD. Funding was provided by the National Eye Institute of the National
Institutes of Health. CALEC grafts met release criteria in 14 (93%) of 15 parti-
cipants at conclusion of trial. After first stage manufacturing, intracellular
adenosine triphosphate levels correlated with colony forming efficiency
(r=0.65, 95% CI [0.04, 0.89]). One bacterial infection occurred unrelated to
treatment, with no other primary safety events. The secondary outcome was to
investigate efficacy based on improvement in corneal epithelial surface
integrity (complete success) or improvement in corneal vascularization and/or
participant symptomatology as measured by OSDI and SANDI (partial suc-
cess). 86%, 93%, and 92% of grafts resulted in complete or partial success at 3,
12, and 18 months, respectively. Our results provide strong support that CALEC
transplantation is safe and feasible and further studies are needed to evaluate
therapeutic efficacy. Clinicaltrials.gov registration: NCT02592330.

Corneal clarity depends on the regenerative capacity of limbal epi-
thelial stem cells (LESCs)!, which reside in the corneal limbus and
continually provide specialized corneal epithelium while serving as a
barrier between conjunctiva and cornea®. Limbal stem cell deficiency
(LSCD) is characterized by conjunctivalization of the corneal surface
and other signs of diminished integrity of the corneal epithelium, such

as neovascularization, inflammation, scarring and opacity, which lead
to decreased vision and debilitating symptoms (pain, photophobia,
and tearing)’. LSCD management aims to re-establish a healthy ocular
surface and adjacent limbal niche to support limbal epithelial stem
cells*”. In unilateral LSCD, autologous donor tissue can be harvested
from the patient’s unaffected eye®’. Autologous is preferred to
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allogeneic grafting, since it has higher success rates with fewer com-
plications and does not require lifelong  systemic
immunosuppression®’. Surgical strategies include direct grafting of
autologous tissue (conjunctival limbal autograft® [CLAU] and simple
limbal epithelial transplantation' [SLET]) and cultivated limbal epi-
thelial transplantation (CLET). In CLET, epithelial cells from a limbal
biopsy of the donor eye are expanded ex vivo and grafted to the
recipient ocular surface". CLET harvests less donor limbal tissue than
CLAU, reducing the risk for inducing LSCD in the donor eye®. Although
SLET also utilizes less donor tissue, limbal epithelial stem cells are not
expanded before grafting, and limited long-term follow-up is
available'®,

Since the first publication of CLET", multiple trials have supported
its utility and feasibility; however, it is not available in the United
States'. The Food and Drug Administration (FDA) has not yet
approved a CLET procedure because Good Manufacturing Practices
(cGMP)-compliant processes for manufacturing this type of product
and clinical trials to evaluate this approach have not been developed.

To address this barrier, we developed a standardized two-stage
manufacturing technique termed cultivated autologous limbal epi-
thelial cell (CALEC) transplantation'*". Our manufacturing procedure
used only FDA-compliant materials without allogeneic or xenogeneic
feeder cells. Standardized assays were developed to monitor the
manufacturing process and establish rigorous product release criteria.
Development of the CALEC manufacturing process and short-term
(12 months) outcomes of the initial four transplant recipients were
previously reported”. We now report outcomes of the completed
phase I/ll trial designed to evaluate feasibility, safety, and to investigate
the efficacy of this novel technique.

Results

Enrollment, Follow-up, Participant Characteristics

Five participants enrolled during the initial recruitment phase, August
22, 2016, to January 2, 2019, and 10 additional participants enrolled
during open recruitment, August 19, 2019, to September 29, 2021
(Fig. 1). Baseline demographic and clinical characteristics of the 14
participants who received a CALEC transplant are summarized in
Table 1. Age at enrollment ranged from 24 to 78 years, and 10 (71%) had
no epithelial defects at baseline. Clinical photos for all study partici-
pants are provided in Supplementary Fig. 1A. Follow-up through the 18-
month visit was completed by all but one participant who received a
second transplant after the 12-month visit (Fig. 1).

Manufacturing Outcomes and Construct Biomarker Data
Fourteen (88%) of 16 biopsies (in 15 participants) resulted in a manu-
facturing success (Supplementary Tables 3, 4). Two failures occurred
in the initial recruitment phase and were previously reported”. CALEC
grafts were successfully manufactured for subsequent patients. Two
constructs were manufactured from 1 limbal biopsy for each patient.
Only one construct did not meet release criteria due to high lactate
dehydrogenase (LDH), indicating low viability and the backup con-
struct that met release criteria was used for transplant.

The number of days from biopsy to final harvest ranged from 13 to
27 with final cell counts ranging from 0.4 x 10° to 1.5 x 10° (Table 2).
Cells obtained at PO consistently expressed high levels (-98%) of epi-
thelial markers (CD49F and CD340), low levels (-2%) of hematopoietic/
endothelial markers (CD45/CD31), and low levels (-3%) of a myeloid/
mesenchymal cell marker (CD13), confirming the predominantly epi-
thelial phenotype of cultivated LEC (Table 2). Exploratory analyses of
in-process manufacturing assays revealed that colony forming effi-
ciency (CFE) percent at PO correlated with days from biopsy to PO
harvest (r=-0.64, 95% CI [-0.87, -0.11]), and intracellular adenosine
triphosphate (iATP) ratio (r=0.65, 95% Cl [0.04, 0.89]) (Fig. 2B-C;
Supplementary Table 5).

Immunohistology of backup CALEC constructs revealed a nar-
row range of biomarker expression, with median positive rates of
4.0%, 4.4%, 2.8%, and 3.0% for p63, p63a, C/EBPS, and Krtl2,
respectively (Supplementary Table 6). These rates indicate that a
small but consistent portion of the cultured epithelial cells express
‘stemness’ markers or are mitotically quiescent. The relatively low
positive rate of Krt12 suggests that few cultured epithelial cells are
fully differentiated. The median RT-PCR copy numbers of p63, p63a,
C/EBPS, Krt12, Krt1l4, Notchl and ABCG2 (relative to 100 copies of
internal control beta-actin) are 3.0, 4.0, 0.1, 5.5, 16.2, 0.1, 0.9,
respectively (Supplementary Table 6). Correlations among RT-PCR
markers ranged from 0.10 to 0.81 indicating varying degrees of
consistency among these putative stem cell markers. The largest
negative correlations were between Krtl4 and Krtl2 (r=-0.64) and
Krt12 and Notch 1 (-0.48). The largest positive correlations were
between C/EBPS and p63 (r=0.77), C/EBPS and p63a (r=0.63), C/
EBPS and Krt12 (r=0.65), C/EBPS and Notchl (r=0.69), p63 and
p63a (r=0.61), p63 and ABCG2 (r=0.64), and Krtl4 and Notch 1
(r=0.81), as would be expected (Supplementary Table 7).

Safety Outcomes

None of the reported recipient eye, donor eye, and systemic adverse
events were serious, related, and unexpected (Supplementary
Tables 8, 9, 10 and 11). One primary safety event occurred in the reci-
pient eye (Supplementary Table 8); a bacterial infection (Cutibacterium
acnes) occurring 8 months after transplant and attributed to chronic
contact lens use. One participant (11) received a penetrating kerato-
plasty at the time of CALEC transplant due to necrotic stromal loss
from chemical injury and one participant (7) underwent elective
penetrating keratoplasty with cataract surgery for visual rehabilitation
(Supplementary Table 12). There were 7 cases of corneal bleeding, 3 of
which were under the graft and resolved early post-operatively (Sup-
plementary Table 9). Epithelial defects in the donor eye 1-day post-
biopsy ranged 2 to 36 mm?; all resolved within 1 week. One participant
developed corneal neovascularization in the donor eye (area 0.8mm?)
4 weeks after biopsy that resolved 6 weeks later (Supplementary
Table 10). Donor eye visual acuity at the final visit was within one line of
baseline for all participants.

Secondary Outcome to Investigate Efficacy of Treatment

At the 3-month visit, 7 of 14 participants met the definition of complete
success (50%, 95% CI [23%, 77%]), which was based on improvement in
corneal surface integrity (decrease in epithelial defect or decrease in
corneal surface staining if defect not present at baseline). The com-
plete success rate increased to 79% [49%, 95%] at 12 months and
remained similar (77%, [46%, 95%]) at 18 months (Table 3). Two parti-
cipants (15%, [2%, 45%]) met the definition of partial success at
18 months based on the decrease in neovascularization or decrease in
participant symptomology as measured by OSDI and SANDI scores,
one participant was not a success, and one participant received a
second CALEC transplant prior to 18 months (Table 3).

All participants were a complete success during at least one of the
six protocol visits, and 9 of those remained a complete success at all
subsequent visits (Fig. 3A-D, Supplementary Fig. 1A). Of the 5
remaining participants (2 examples shown in Supplementary Fig. 1B), 3
went on to second CALEC. Individual components of the efficacy
outcome measure (epithelial defect surface area, corneal surface
staining, neovascular area, OSDI score, and SANDE score) improved
over time on average, (Fig. 4), were fairly stable upon improvement
within participants (Fig. 3E-G, Supplementary Fig. 2), and mildly cor-
related with each other (Fig. 3H, Supplementary Fig. 3). Secondary
clinical measures of recipient eye visual acuity and corneal opacifica-
tion generally showed improvement from baseline (Supplemen-
tary Fig. 4).
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Fig. 1| Enrollment Flow Chart. Flowchart of N =15 participants who enrolledinthe  proceeding to biopsy. One participant enrolled in the randomized CLAU group and
trial and completed a biopsy for CALEC. For simplicity of presentation of results, completed the study through 18 months; this was the only CLAU participant prior
two additional participants who enrolled in the study are not counted in these 15:  to discontinuation of the randomized CLAU arm of the study.

One participant in the open enrollment phase discontinued the study before
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Table 1| Baseline Demographic and Clinical Characteristics

Participant Characteristics

N=14

Table 2 | Manufacturing Data Summary (conforming

constructs)

Age at Enrollment (years) - Median [range]

42.0 [24.0, 78.0]

Sex: Female - n (%)

1(7%)

Race/Ethnicity - n (%)

White 12 (86%)

Asian 1(7%)

Unknown/Not Reported 1(7%)
Recipient Eye Characteristics N=14
Epithelial Integrity

Epithelial Defect- n (%) 4 (29%)

Epithelial Defect Surface Area (mm?), in 4 eyes with
defect - All epithelial defects

0.3, 6.5,16.0, 21.6

Cornea Surface Staining (NEI Grade Scale of O to 15)° -

Median [range]

15.0 [10.0, 15.0]

Neovascularization

Neovascular Area (% of Total Area)® - Median [range]

75[0.5,24.2]

Clock Hours of Limbal Involvement - Median [range]

12.0 [8.0, 12.0]

Central 5 mm involved - n (%)

12 (86%)

Symptomatology

N=14 Biopsies

Definition

Days from Biopsy
to PO°

Mean (SD)

9.7 (1.6)

Median [range]

10.0[7.0,13.0]

Date of Biopsy to Date of End of
Primary Culture (PO)

Days from PO to
End of Culture®

Date of End of Primary Culture
(PO) to Date of CALEC Final
Product

Mean (SD) 8.9 (3.0)
Median [range] 8.0 [5.0,14.0]
Days from Biopsy Date of Biopsy to Date of CALEC
to End of Culture® Final Product
Mean (SD) 18.6 (3.9)
Median [range] 18.5 [13.0, 27.0]
PO Cell Cell Viability of Primary Culture
Viability (%) determined by trypan blue dye
Mean (SD) 79.4 (8.2) Sl

Median [range]

78.7[67.1,94.8]

PO iATP ratio®

The proliferative potential of
limbal epithelial cells at PO is

e (E10) eBE) evaluated by measuring iATP-
OSDI Score (Scale of O to 100) - Median [range] 40.6 [6.8, 100.0] Median [range] 0.5[0.1,1.9] (Intracellular adenosine tripho-
SANDE Score (Scale of 0 to 100)° - Median [range] 35.4[6.5, 82.0] sphate) in cultured cells.
Other Recipient Eye Characteristics PO CFE % Total colonies after 14-day culture
Cause of LSCD - n (%) Mean (SD) 4.8 (4.5) eliities [yl el iizes
measures clonal potential.
Chemical burn 9 (64%) Median [range] 4.1[0.0,16.6]
Thermal burn 2 (14%) CD45_CD31 CD45 is expressed on hemato-
- S poietic cells. CD31 is expressed on
Other 3 (21%) Mean (SD) 1.70.5) endothelial cells and some
Time from Injury to CALEC (years) - Median [range] 2(0, 32) Median [range] 11[0.3, 4.7] hematopoietic cells. These mar-
Number of Reconstructive Surgeries Prior to CALEC - 0.5 (0.0, 4.0) kers are tested together.
Median [range] CD13 CD13 is expressed on mesenchy-
Corneal Opacification (Fantes Scale of O to 4) - n (%) Mean (SD) 32 (31) mal lineage cells (fibroblasts) and
some hematopoietic cells.
2 2 (14%) Median [range] 2.3[0.5,10.3]
3 6 (43%) CD340 CD340 is expressed on epithe-
4 6 (43%) Mean (SD) 99.1(0.9) lial cells.
Visual Acuity - n (%) Median [range] 99.4 [97.4, 99.9]
20/40 to 20/100 3 (21%) CD49F CDA49F is expressed on epithe-
20/300 to 20/400 2 (14%) Mean (SD) 98.5 (2.0) lial cells.
Hand motion or count fingers 9 (64%) Median [range] 99.2 [91.8, 99.5]

IOP (mmHg)

N =28 Constructs

Definition

Median [range]

14.5 [8.0, 24.0]

Positive Culture Growth from Conjunctival Swab - n (%)®

10 (77%)

?Based on clinical assessment.

®Based on digital slit lamp photos using mathematical software to calculate.
°Based on multiplying 2 scores from 2 questions and taking square root.

dConjunctival swab was performed 3 months prior at initial screening visit, and not repeated at
baseline. If positive, participants were treated with preoperative antibiotics (vancomycin).

°Other causes include contact lens use and Herpes Zoster Ophthalmicus.

Final LDH Viability
(ULY

Lactate dehydrogenase (U/L) in
supernatant from final CALEC
culture is a surrogate marker of

D (610 S (1) viability. Low values indicate
Median [range] 30.3[6.3,130] high viability.
Final Cell Mean cell count from 5 fields of
Count (x10°)f the final amniograft.
Mean (SD) 0.8(0.2)
Median [range] 0.7[0.4,1.5]

“N/A for one participant since the initial culture did not produce sufficient numbers of cells.
°N/A for two participants since the cells did not grow on the amniograft.

Although baseline clinical and manufacturing factors were not
strongly associated with complete success at the 3-month visit,
patients who were early complete successes tended to have less cor-
neal opacification, shorter duration of disease, fewer reconstructive
surgeries prior to transplant, fewer days from biopsy to end of culture,
and higher iATP and CFE values (Supplementary Table 13). The high
long-term success rate precluded a meaningful assessment of factors
related to efficacy at 12 and 18-month visits.

Second CALECs

Three participants received a second CALEC transplant (Supplementary
Table 14). No primary safety events were observed (Supplementary
Table 15). One of the three reached complete success by the common
study end visit (Supplementary Table 16, Supplementary Fig. 5).

°Cannot be calculated for two participants due to lack of growth after PO.
9Unavailable for three participants due to incomplete/failed assay.
®Unavailable for one participant due to failed assay.

fUnavailable for one non-conforming construct.

Discussion

Although transplantation of ex vivo-cultivated autologous limbal stem
cells is performed in other countries on a limited basis, procedures
used to manufacture these products do not meet rigorous FDA stan-
dards and these products are not available in the United States. For
example, CLET product approved in EU (Holoclar) and inJapan (Nepic)
utilize 3T3 feeder cells along with serum and antibiotics in the cell
growth media. To address this gap, we developed a novel standardized
manufacturing protocol that met FDA requirements and undertook a
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Fig. 2 | Manufacturing Data. A Schematic representation of CALEC preparation
from the limbal biopsy of the donor eye, harvesting, and isolation of limbal epi-
thelial cells into single cell suspension at PO; followed by cell seeding onto the
denuded human amniotic membrane, AmnioGraft, draped over a transwell into the
secondary (P1) culture. The resulting CALEC construct is then transplanted on the
diseased eye (1). Phase contrast images cultivated autologous epithelial cells at PO

(2) and P1(3), Scale - 100 um. B Spearman Correlation of Colony Forming Efficiency
(CFE)% at PO with Intracellular Adenosine Triphosphate (iATP) ratio (N=11).

C Spearman Correlation of Colony Forming Efficiency (CFE) % with Days from
Biopsy to PO Harvest (N =13).Includes data for all conforming constructs (N =14
biopsies). Missing values are detailed in Supplementary Table 3.

clinical trial to evaluate the safety and to investigate the efficacy of
CALEC tissue grafts in patients with LSCD". Our findings show that
transplantation of CALEC constructs in patients with both mild and
severe forms of LSCD achieved corneal surface restoration with limbal
epithelial cells and improved clinical symptoms. Fourteen participants
received CALEC transplants and there were no serious safety events in
the donor or recipient eye. Of these patients, 86% were a complete or
partial success at 3 months, and 93% and 92% were a complete or
partial success at 12 and 18 months, respectively, based on improve-
ment in corneal epithelial surface integrity (complete success) or
improvement in corneal vascularization and/or participant sympto-
matology as measured by OSDI and SANDI (partial success). This
indicates that autologous CALEC grafts reconstituted epithelial cell
homeostasis leading to improvement in corneal surface integrity,
neovascularization, and patient symptomatology.

CALEC performed well in achieving the efficacy outcome for
corneal surface integrity, 77% at 18 months. A recent meta-analysis of
LSCT (Limbal Stem Cell Transplantation) outcomes by Le et al.
reported that CLET similarly has an epithelial integrity success rate of
72%’. It is notable that all CALEC participants met complete success
criteria during at least one visit, and most remained a complete success
at all subsequent visits, indicating stability of corneal surface integrity

over 18 months. Of the five exceptions, one (-07) became a partial
success, attributable to expected ocular surface changes following an
elective penetrating keratoplasty for visual improvement at 15 months.
One (-14) became partial success due to the recurrence of epithelial
defects, despite improved neovascularization and symptomatology
(OSDI/SANDE). Three underwent second CALEC with varied outcomes
at their final closeout visit (complete success at 9 months, partial
success at 3 months, and not a success at 6 months, respectively. The
same factors that made patients a candidate for second CALEC pro-
cedure likely selected patients with more severe underlying corneal
damage and consequently result in diminished efficacy outcomes.

Lack of clinical endpoint standardization in LSCD has led to sig-
nificant variation in reported outcomes in previous studies’**'¢"1§,
Newly developed objective clinical parameters of CALEC's efficacy
outcomes (corneal epithelial defect area, corneal fluorescein staining,
and neovascular area) correlated well with each other, which may
inform eligibility and outcome for future trials in LSCD. While the two
symptom scores SANDE and OSDI were moderately correlated with
each other, they were only weakly correlated with objective signs; a
finding that is similar in dry eye disease'*?".

A favorable safety profile was demonstrated for the recipient eyes
and the only primary safety event to occur was a bacterial infection
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Table 3 | Secondary Outcome to Investigate Efficacy of Treatment

3 Month Visit
N=14

12 Month Visit
N=14

18 Month Visit
N=13*

Efficacy Outcome - n (%), (95% Cl)

Complete Success

7 (50%), (23%, 77%)

11 (79%), (49%, 95%)

10 (77%), (46%, 95%)

Partial Success

5 (36%), (13%, 65%)

2 (14%), (2%, 43%)

2 (15%), (2%, 45%)

Not a Success

2 (14%), (2%, 43%)

1(7%), (0.2%, 34%)

1(8%), (0.2%, 36%)

Component Measures of Efficacy- n (%), (95% Cl)

Improvement in corneal surface integrity

Decrease in epithelial defect surface area by >75%"

2 (50%), (7%, 93%)

3 (75%), (19%, 99%) 4 (100%), (40%, 100%)

Decrease in cornea surface staining score by >50%

8 (57%), (29%, 82%)

11 (79%), (49%, 95%) 10 (77%), (46%, 95%)

Decrease in neovascular area by >25%

12 (86%), (57%, 98%)

11(79%), (49%, 95%) 10 (77%), (46%, 95%)

Decrease in either symptom score by >25%

9 (64%), (35%, 87%)

9 (64%), (35%, 87%) 10 (77%), (46%, 95%)

Efficacy Outcome Definition
1.”“Complete Success” is defined as improvement in corneal surface integrity
2. “Partial Success” is defined as
a. No improvement in corneal surface integrity and
b. Improvement in either -
i. Extent of corneal vascularization or
ii. Participant symptomatology
3. Otherwise, “Not a Success”

Improvement in each area is defined as follows, where changes are measured relative to baseline:

+ Corneal surface integrity
o If epithelial defect present at baseline, then improvement is defined as:

m Decrease in epithelial defect surface area by >75% (based on clinical assessment by an independent investigator, not the treating surgeon)

oIf no epithelial defect present at baseline, then improvement is defined as:
uNo epithelial defect and

m Decrease in corneal surface staining by >50% (based on clinical assessment by an independent investigator, not the treating surgeon, using NEI grading scale)

« Extent of corneal vascularization

- Decrease in neovascular area >25% (based on digital slit lamp photographs, using mathematical software to calculate)

« Participant symptomatology
» Decrease in Ocular Surface Disease Index (OSDI) score >25% or
o Decrease in Symptom Assessment in Dry Eye (SANDE) score >25%

“Excludes one participant who received second transplant prior to the 18-month visit.
°Only includes the 4 participants with epithelial defect at baseline.

8 months after CALEC attributed to nocturnal bandage contact lens
wear rather than CALEC itself. Transient corneal hemorrhage under the
carrier amniotic membrane was observed, and has also been reported
in other CLET constructs utilizing amniotic membrane’. Limbal biopsy
from the donor eye (including second biopsy harvest for second
CALEC transplant) was well tolerated, and eyes healed well without
iatrogenic LSCD or other severe sequelae. The long-term stability of
donor eyes for up to 4 clock hours of limbus harvest in autologous
LSCT has previously been demonstrated®.

Our study established the feasibility of CALEC, with manufactur-
ing success of 93%. Cellular expansion at PO provided enough cells for
quality control assays in addition to the generation of two CALEC
constructs, with one used as a back-up graft during the surgery. Ana-
lysis of 28 manufactured constructs found moderate correlations of
CFE with days from biopsy to PO, and most notably with iATP assay.
CFE and iATP values were higher in the complete success group, which
may suggest that these assays are consistent with the mechanism of
action of the cellular product, in addition to being potential indicators
of construct quality. Although CFE is commonly used in corneal epi-
thelial cell therapy, the assay is difficult to scale and standardize as it
takes at least 14 days for a readout and has high variability®**. However,
the iATP assay requires a lower number of cells at PO and quantifies
cellular proliferative potential that is easier to scale and may be eval-
uated as a product potency assay in future trials.

The extent of p63 positivity has previously been reported to
predict better clinical outcomes after CLET’, as p63** and in particular
the p63a isoform?* are purported markers of limbal stemness. Our
study did not find p63 or any other marker to be associated with
efficacy outcomes. It is possible that the relatively severe nature of
LSCD in our patient population led to outcomes being heavily influ-
enced by recipient eye characteristics. Similarly, p63 did not correlate

with outcome measures for the Nepic, another CLET construct®.
Instead the clinical success of epithelial cell transplantation appears to
depend primarily on factors specific to the recipient microenviron-
ment (the limbal niche)® and macro-environment (including adjacent
eyelid and external disease)?® that ultimately support the graft. Indeed,
Rama et al. found that in addition to p63, the severity of limbal damage
and postoperative complications are factors significantly associated
with limbal stem cell transplant outcome’. To a similar effect, the
International LSCD Working Group has recommended optimization of
the ocular surface prior to grafting®. In this trial, several patients had
ocular surface reconstruction and surgical optimization of other reci-
pient factors prior to enrolling in the trial. Nevertheless, patient-
specific factors may have limited clinical improvement in some
patients.

We noted correlations between several biomarkers tested. The
negative correlation between Krt12 and Krtl4 and Notchl reveals the
balance between limbal stem cell presence and corneal
differentiation”. Presence of C/EBPS, p63«, and Notchl support self-
renewal in limbal stem cells, while ABCG2 cells confirm putative stem
cell properties’?; thus, taken together, CALEC cultures showed
dynamic expression of stem cell and epithelial markers, indicating
active differentiation and self-renewal.

Overall manufacturing time was relatively consistent from biopsy
to PO (7 to 13 days, median 10 days). Time from PO to end of culture
varied more as limbal cells adjusted to in vitro expansion on the
amniograft membrane. Serum-free media without supplemental
growth factors was used throughout ex vivo processing. As these are
autologous products, we expect that there will always be some level of
inconsistency in ex vivo expansion. For example, now that there is a
great deal of experience manufacturing autologous CAR T cells, it is
evident that products that meet all release criteria cannot be
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Fig. 3 | Measures of efficacy from baseline through 18-month visit. (A) Slit lamp
photos (B) Corneal neovascularization tracing and (C) Fluorescein staining for
Participant 9, who met criteria for Complete Success at final endpoint (18 months
after CALEC transplant). Participant had history of severe alkali burn, and prior to
enrollment had ocular surface reconstruction with extensive conjunctivoplasty
including resection of corneal pyogenic granuloma. At baseline, participant had
stage IIl limbal stem cell deficiency with best corrected visual acuity of count fin-
gers. From post-operative month 3 through postoperative month 15 participant
met criteria for partial success and had waxing and waning small epithelial defects.
At post-operative month 18, the participant had a stable and improved ocular
surface with improved comfort, and met criteria for a Complete success. Final
visual acuity (20/500) with hard contact lens was 20/80, limited by pre-existing
corneal stromal scarring. D-G Participants 1, 3, 8, and 15 are marked with an asterisk
(*) on all plots to indicate they had an epithelial defect at baseline. The 3-month, 12-
month and 18-month visits were prespecified times of outcome assessment.

D Efficacy outcome per participants from 3-month to 18-month visit. White color
pertains to outcomes that could not be calculated due to missing efficacy com-
ponent measurements due to missed/telemedicine visits. E Epithelial Defect Sur-
face Area per Participant from Baseline through 18 months (F) Cornea Surface
Staining Score per Participant from Baseline through 18 months (G) Neovascular
Area per Participant from Baseline through 18 months. H Spearman Correlation
among Component Measures of Efficacy (N =14 participants, at 96 total visits).
Spearman correlation coefficients calculated using measures of efficacy at multiple
visits (Baseline, 3-month, 6-month, 9-month, 12-month, 15-month and 18-month).
Repeated measures were accommodated by using a mixed model approach for
p-values and clustered bootstrap methods for estimation of confidence intervals.
Epithelial defect, cornea staining, neovascular area and OSDI scores are missing for
N =8 visits, and SANDE scores missing for N =7 visits due to missed/telemedicine
visits.
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Fig. 4 | Longitudinal Analysis of the Efficacy Outcome Components in the
Recipient Eye. For each boxplot, the center line represents the median; the box
limits represent the upper and lower quartiles; the whiskers represent 1.5x inter-
quartile range; the individual points outside the box and whiskers represent the
outliers. (A) Epithelial defect surface area (mm sq) across Baseline through 18-

month visits, N =14. B Corneal surface staining (NEI Grading scale 0-15) across
Baseline through 18-month visits, N = 14. C Neovascular area (% of total area) across
Baseline through 18-month visits, N = 14. D OSDI Score (Scale 0-100) across Baseline
through 18-month visits, N = 14. E SANDE Score (Scale 0-100) across Baseline
through 18-month visits, N = 14.

manufactured for 10-20% of patients. One limitation of the manu-
facturing process for CALEC grafts is that the final product is not
cryopreserved and must be surgically grafted within 24 hours after
completion of the manufacturing process. The development of media
and conditions that can maintain the viability and function of the
CALEC graft for longer periods ex vivo will facilitate further clinical
application of this approach. Furthermore, the next steps include the
assessment of viability in the preservation media for longer periods of
time and the assessment of long-distance shipments and cultivation of

allogeneic epithelial stem cells that would allow a scaled-up produc-
tion of cellular products.

The present study has several limitations. Our study had a dis-
proportionate sex distribution, with only one female and 13 males. It is
well established in the field that males are at a greater risk for the
ocular surface and workplace injuries than females with reported
ratios of 86:18%, 81:19°°, 91:9*, and 68.5:31.5%. Our study population
mirrors this trend, with 78.6% (11 out of 14 cases) of chemical/thermal
burns occurring in males®*. The study was initiated prior to the
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publication of the International LSCD Working Group’s consensus
papers; therefore, the currently established grading criteria of LSCD
were not utilized>*. A post hoc classification of LSCD severity in our
study participants noted 11 (79%) at stage Ill, 1 (7%) at stage IIB and 2
(14%) at stage IB. A randomized control CLAU arm was originally
planned but was discontinued due to slow recruitment. CLAU proce-
dures have shown success rates of approximately 70-80%, even though
outcome measures are highly variable between reported studies®*.
Expert opinion varies on whether CLAU or SLET procedures are the
most appropriate comparator to CALEC, as they represent distinct
surgical approaches and risks to the donor eye®. Use of amniotic
membrane alone has also been used for LSCD and is an important
consideration for milder cases where residual LSC may still be
preserved®. Future investigations of CALEC should include larger
numbers of patients accrued at multiple centers, longer follow-up and
randomized control design to better define outcomes and factors
predictive of success.

In conclusion, CALEC presents high manufacturing success and
good safety profile in this phase I/1I clinical trial. The results of this trial
provide strong support for further trials and will serve as a stepping-
stone for establishing cellular therapy products as viable options for
patients with LSCD.

Methods

Ethics statement

Participants were compensated for their time and further details on
recruitment, sample size determination, and data collection were
previously published®.

Patients

All participants were enrolled at Massachusetts Eye and Ear (MEE). Five
participants enrolled during the initial recruitment phase, August 22,
2016, to January 2, 2019, and 10 additional participants enrolled during
open recruitment, August 19, 2019, to September 29, 2021 (Fig. 1). The
protocol adhered to the tenets of the Declaration of Helsinki and the
Health Insurance Portability and Accountability Act, was approved by
the MEE Institutional Review Board, and monitored and approved by the
CALEC DSMB. The research reported here includes all relevant aspects
of the study and any discrepancies from the protocol are explained.
Written informed consent was obtained from all participants. An
Investigational New Drug Application was approved by the FDA
(#16102). The trial is registered in clinicaltrials.gov NCT02592330
(registered October 29, 2015 prior to patient enrollment and enrollment
is complete) and the full study protocol is publicly available at https://
publicfiles.jaeb.org/CALEC_Protocol_v6 _Feb 3 2022.pdf. A full de-
identified study dataset will be available without restriction at https://
public.jaeb.org/calec no later than 12 months after study completion.

Participants were 18 to <90 years old with unilateral LSCD as
determined by conjunctivalization of the cornea defined by fibrovas-
cular pannus more than 2 mm from the limbus into the cornea for >6
clock hours. Loss of normal limbal architecture as seen in LSCD was
assessed by noting lack of limbal palisades of Vogt for >9 clock hours.
The donor eye could not have conjunctivalization more than 2 mm
from the limbus for >3 clock hours as previously published®.

During the initial safety and feasibility phase®, transplants were
staggered to allow review of safety by an independent data and safety
monitoring committee. After enrollment of 5 patients, the committee
reviewed safety and efficacy data at least annually.

Intervention: Biopsy, Manufacturing and Transplant

Limbal biopsy, 2-stage manufacturing, transplant, and post-operative
care followed standardized procedures which were previously
reported®. In brief, the limbal biopsy of the unaffected eye (1 clock
hour) was performed under topical anesthesia and placed in
Hypothermosol-FRS animal component free solution (Biolife

Solutions, Bothell, WA) for transfer in a reusable EVO™ transporting
device (Biolife Solutions, Bothell, WA).

The manufacturing process is shown in Fig. 2A. In Stage 1, cells
obtained from a limbal biopsy of the unaffected eye were grown to
confluency on plastic (P0O). In Stage 2, PO cells were transferred to a de-
epithelialized amniotic membrane (Amniograft) for further expansion.
After reaching confluence (P1), CALEC constructs were harvested and
delivered to the operating room in the 6-well plate using the EVO™
temperature-controlled transport container. Quality control testing
was carried out on cells harvested at PO and P1. Testing at PO included
cell count, viability (trypan blue), phenotype (flow cytometry, pro-
liferation (iATP), colony formation, mycoplasma and sterility. Testing
at P1 (final harvest) included cell count, viability (LDH), endotoxin,
mycoplasma and sterility. Stage 1 was continued until 3-5 x10* viable
cells (PO) were available for transfer onto each amniograft. Once suf-
ficient numbers of cells were available, the only additional release
criteria at PO were preliminary sterility (no growth on sample of
supernatant obtained 24-48 hours prior to PO harvest). PO sterility
cultures were maintained for a total of 14 days as required by the FDA
and all cultures remained negative. PO samples were also taken for
colony forming assays, iATP and flow cytometry but these assay results
were for information only. Release criteria at the end of limbal cell
expansion on the amniograft membrane included preliminary sterility
(no growth from culture supernatant obtained 24-48 hours prior to
final end of culture), viability (measured by LDH release <150 U/L),
endotoxin (measured by LAL < 0.5 EU/ml), gram stain (no organisms
seen), cell count (EVOS microscopy 0.4 to 1x10° cells per amniograft),
and mycoplasma (negative by PCR assay measured on final harvest
supernatant). Final product sterility assays were maintained for 14 days
and all products showed no growth. Two constructs were manu-
factured from each biopsy; one was used for transplant and the second
was used for assessment of biomarkers as described in Supplementary
Table 1 if not needed as a backup for the transplant procedure.

At the time of CALEC transplantation, peritomy was performed
and the fibrovascular pannus was meticulously dissected from the
recipient eye, and in some cases with particularly robust pannus,
mitomycin C (0.4 mg/mL) was applied to the fornices to prevent
fibrosis. The CALEC construct was trephined with a 17 mm trephine
and sutured with interrupted 10-0 nylon sutures at the limbus. A
bandage contact lens (BCL) was placed on the eye. The postoperative
regimen consisted of preservative-free moxifloxacin, and pre-
dnisolone (1%) eye drops. Additionally, serum tears were employed in
an effort to enhance stratification in vivo. If epithelial defect was noted
on the 1 or 2-week evaluations after the surgery, preservative-free
methylprednisolone was added. Pathology of the excised pannus
revealed findings consistent with LSCD.

Testing Performed

Patient evaluations are detailed in Supplementary Tables 1 and 2.
Corneal staining was graded according to the National Eye Institute
(NEI) scale ranging from O (no staining) to 3 (severe) within each of five
corneal zones (superior, nasal, central, inferior and temporal)®. Epi-
thelial defect surface area was calculated from the greatest horizontal
and vertical dimensions. A planimetric program (ImageJ) was used to
evaluate corneal neovascular area from slit lamp photographs®. Par-
ticipant symptomatology was measured by the Ocular Surface Disease
Index (OSDI)* and Symptom Assessment in Dry Eye (SANDE)*,

Outcomes

The primary outcomes of the study were feasibility and safety. The
feasibility outcome was based on whether a limbal biopsy generated a
viable construct for transplant. When all release criteria (including
assessments of cell growth, cell viability, and sterility) were met for at
least one of the two constructs, the feasibility outcome was considered a
“manufacturing success”. The safety outcome was defined as the
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occurrence of any of the following events in the recipient eye during the
18 months of follow-up: (1) ocular infection (endophthalmitis or
microbial keratitis), (2) corneal perforation, (3) graft detachment >50%.

The secondary outcome of the study was to investigate the
efficacy of CALEC transplantation in the treatment of LSCD. This
efficacy outcome was defined as a “complete success” based on
improvement in corneal epithelial surface integrity. If epithelial
defect was present at baseline, improvement was defined as a
decrease in epithelial defect surface area by >75%; otherwise, if no
epithelial defect was present at baseline, improvement was defined
as a decrease in corneal surface staining by >50%. The efficacy out-
come was defined as a “partial success” based on improvement in
corneal vascularization (decrease in neovascular area by >25%) or
participant symptomatology (decrease in OSDI or SANDE score by
>25%). Detailed efficacy outcome definitions are provided in Table 3.
Efficacy was assessed at 3, 12, and 18 months.

After 12 months, eligibility for a second CALEC procedure inclu-
ded the presence of epithelial defect >1 mm at 2 or more visits after the
3-month visit and the same recipient and donor eye eligibility as the
original CALEC. Second transplant recipients were followed until a
common study end date.

Statistical analysis

A sample size of 15 provided >50% chance of observing adverse
events with a true incidence of >5%. Associations among efficacy
and manufacturing characteristics were assessed with Spearman
correlation coefficients. Confidence intervals for Spearman corre-
lation coefficients based on one point in time were calculated using
the SAS PROC CORR procedure with a Fisher transformation and
bias adjustment. When the Spearman correlation coefficient was
calculated using measures of efficacy at multiple visits, the repeated
measures were accommodated by using a mixed model approach
for p-values and clustered bootstrap methods for the estimation of
confidence intervals. Heatmaps displayed efficacy outcomes over
time. Confidence intervals for estimated proportions were calcu-
lated using the SAS PROC FREQ procedure with exact binomial
(Clopper-Pearson) methods. A least squares linear regression line is
superimposed on some scatterplots. Confidence intervals for the
difference in medians between two groups were calculated using
the SAS PROC QUANTREG procedure. Side-by-side boxplots were
used to visualize longitudinal patterns of clinical measures. A scat-
terplot matrix was used to summarize the association between
components of the efficacy outcome measure. All P-values reported
are 2-sided. All computations were completed using SAS version
9.4. The experiments were not randomized, and the investigators
were not blinded to allocation during experiments and outcome
assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All of the individual participant data collected during the trial,
including de-identified participant data, a data dictionary defining
each field in the data set, and the study protocol will be made available
with unrestricted access to anyone who wishes to access the data for
any purpose immediately following publication with no end date. Data
are available indefinitely at https://publicjaeb.org/calec. The sharing
of the public dataset has been approved by the study DSMB. Source
data are provided with this paper.
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