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Abstract

Amniotic membrane (AM) is a naturally derived biomaterial with biological and
mechanical properties important to Ophthalmology. The epithelial side of the AM pro-
motes epithelialization, while the stromal side regulates inflammation. However, not all
AMs are equal. AMs undergo different processing with resultant changes in cellular con-
tent and structure. This study evaluates the effects of sidedness and processing on
human corneal epithelial cell (HCEC) activity, the effect of processing on HCEC inflam-
matory response, and then a case study is presented. Three differently processed, com-
mercially available ocular AMs were selected: (1) Biovance®3L Ocular, a decellularized,
dehydrated human AM (DDHAM), (2) AMBIO2®, a dehydrated human AM (DHAM), and
(3) AmnioGraft®, a cryopreserved human AM (CHAM). HCECs were seeded onto the
AMs and incubated for 1, 4 and 7 days. Cell adhesion and viability were evaluated using
alamarBlue assay. HCEC migration was evaluated using a scratch wound assay. An
inflammatory response was induced by TNF-a treatment. The effect of AM on the
expression of pro-inflammatory genes in HCECs was compared using quantitative poly-
merase chain reaction (qPCR). Staining confirmed complete decellularization and the
absence of nuclei in DDHAM. HCEC activity was best supported on the stromal side of
DDHAM. Under inflammatory stimulation, DDHAM promoted a higher initial inflamma-
tory response with a declining trend across time. Clinically, DDHAM was used to suc-
cessfully treat anterior basement membrane dystrophy. Compared with DHAM and
CHAM, DDHAM had significant positive effects on the cellular activities of HCECs

in vitro, which may suggest greater ocular cell compatibility in vivo.
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1 | INTRODUCTION

Amniotic membrane (AM) is a naturally derived biomaterial with unique
biological and mechanical properties that render it particularly suitable
for use in ophthalmology.'™® Amnion tissue is thought to promote heal-
ing and reconstruction of the ocular surface through the promotion of

579 10-12 jnhibition of scar

epithelialization, reduction of inflammation,
tissue formation, 31> blockage of new blood vessels,'® and the ability
to act as an antimicrobial agent.t’?? In ophthalmology, the AM is
widely used to treat a variety of ocular conditions. Clinically, the AM
can be used as a surgical patch, as a substrate to replace damaged ocu-
lar tissue, or in combination as both a patch and a substrate.

As a patch, the AM acts as a temporary biological bandage or contact
lens, promoting re-epithelization of the host tissue beneath the patch®®
and is placed stromal side down to downregulate the inflammatory
response by trapping inflammatory cells and inducing apoptosis.?>?* By
placing the AM epithelial side up, the AM acts as a substrate and scaffold
for epithelial cell migration and growth.® Although it is widely accepted
that the AM should be placed epithelial side up to promote re-
epithelialization,25 the stromal side of the membrane’® has also been
shown to support epithelial cell growth.2® Notably, much of the existing
research is limited to cryopreserved AMs, and it remains unclear whether
these findings also apply to other AMs that have undergone different pro-
cessing methodologies.

Prior to clinical application, the AM is sterilized and processed
with resultant changes to cellular content and structure.2728 This tis-
sue can be used directly, or it can undergo the additional process of
decellularization.?’ Decellularization is a process whereby endogenous
cells, cell debris, and DNA remnants are removed to prevent an
immune response, while retaining the natural structural and chemical
elements of the extracellular matrix (ECM).3° Previous studies have
demonstrated a correlation between the quantity of residual DNA in
ECM products and the host inflammatory response.3%2 As with the
preservation of tissue, decellularization can also affect the structures
and entities within the ECM.3% Therefore, successful preservation-
decellularization protocols must delicately balance the removal of cel-
lular material and the retention of the innate properties and functional
characteristics of ECM.2%333% To our knowledge, no studies have
evaluated how differing preservation-decellularization protocols
affect the cellular activity and inflammatory response of human cor-
neal epithelial cells (HCECs).

For the first time, this project aims to evaluate:

1. the effect of AM sidedness (i.e., epithelial vs stromal) and proces-
sing methodology on the cellular activities of HCEC (i.e., adhesion,
viability, and migration),

2. the effect of different processing methodologies on the inflamma-
tory response of HCECs (i.e., expression of pro-inflammatory genes).

Therefore, three differently processed commercially available

ocular AMs were used for comparison:

1. Biovance®3L Ocular (Celularity, Florham Park, NJ), a decellularized,
dehydrated human amniotic membrane (DDHAM),

2. AMBIO2® (Katena, Parsippany, NJ), a dehydrated human amniotic
membrane (DHAM),

3. AmnioGraft® (Biotissue, Miami, FL), a cryopreserved human amni-
otic membrane (CHAM).

Biovance®3L Ocular is a three-layer DDHAM. It is designed
uniquely with the stromal side facing out. Therefore, the stromal side
interfaces with the ocular surface regardless of its orientation. Fur-
thermore, having three layers enhances its handling properties. The
AM is excised from qualified term placentas, washed, and scraped to
remove extraneous tissues and cells. The tissue is then decellularized
using an osmotic shock followed by a mild detergent treatment, dried,
and sterilized. Previous research has confirmed that this proprietary
decellularization process removes residual cells, cell debris, growth
factors, and cytokines, while retaining an ECM structure with high col-
lagen content and key bioactive molecules, such as fibronectin, lami-
nin, glycosaminoglycans, and elastin.>”

AMBIO2® is a single-layer, aseptically processed DHAM. The
dehydration process removes moisture, while preserving the struc-
tural matrix and biological components of the tissue (Instructions for
Use, 2021), including growth factors and cytokines.

AmnioGraft® is a single-layer CHAM. The AM is preserved using
a proprietary cryopreservation method, CRYOTEK®. The cryopreser-
vation process renders the amniotic epithelial cells nonviable, while
maintaining an intact cellular structure and preserving growth factors
and cytokines.3¢

DDHAM retains its native ECM and is devoid of all cellular com-
ponents, DNA, growth factors, and cytokines. Therefore, the authors
hypothesize that DDHAM will provide a more cell-friendly matrix sup-
porting the cellular activity and inflammatory response of HCECs
compared with the two other ocular AMs containing residual DNA
and other cellular components. Results from this in vitro study will
further the basic understanding of how the preservation and decellu-
larization of amnion tissue affects the activity of human ocular epithe-
lial cells. It also has the potential to elucidate the clinical application of
DDHAM to support corneal and conjunctival related injuries or
defects, such as corneal epithelial defect healing, pterygium repair,

fornix reconstruction, and other ocular procedures.

2 | MATERIALS AND METHODS

Since the testing materials are commercially available products and
this study did not require direct interaction with human subjects

(donors), institutional review board approval was not required.

2.1 | Ocular AMs

Three ocular AMs were used in this study: DDHAM, DHAM, and
CHAM. DDHAM and DHAM samples were stored at room tempera-
ture. CHAM samples were stored at —80°C. All AMs were handled
according to the manufacturer's instructions. DDHAM samples came
as individually packaged 10 mm discs. Therefore, 10 mm discs were
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made from DHAM sheet, using a 10 mm biopsy punch (Thermo Fisher
Scientific, Waltham, MA, USA). Each piece (5 x 10 cm) of CHAM was
thawed and washed in 20 ml of phosphate buffered saline (PBS) in a
petri dish for 10 min (min) to remove the cryoprotectants and 10 mm
discs were made from the washed AMs using 10 mm biopsy punch
(Supplementary Figure 1). DDHAM is multilayered (three layered) with
the stromal side of the AM facing out on both sides. To evaluate the
sidedness of DDHAM, a differently designed version was prepared
(three layered) with the epithelial side of the AM facing out on both
sides, DDHAM (E). A 10 mm discs of each AM sample were placed in
the wells of a 48-well plate (1 disc/well) (Cell-Repellent 48-Well
Microplate, Greiner Bio-One, Monroe, NC, USA) with either the stro-
mal side or the epithelial side of the AM in contact with the cells. A
sterile O-ring (McMaster-Carr, Robbinsville, NJ, USA), measuring
2 mm in width with 7 mm inner diameter, was placed on top of each
AM to hold the AM in place. Amniotic membranes were pre-
conditioned with growth medium (0.4 ml/well) at 37°C for 2 h before
they were seeded with cells. At least two lots (donors) of each type of
AM were used in this study. In each independent experiment, four
samples (n = 4) from each AM were used, of which two samples were
from one lot and two samples were from another lot. At least two
independent experiments were performed for each individual assay.
Standard tissue culture treated plastic (TCP) was used as a positive
control to ensure proper cell culturing (data not shown).

2.2 | Primary cells

The HCECs (Cat#PCS-700-010, Lot# 80915170), corneal epithelial
cell base medium, and corneal epithelial cell growth kit were pur-
chased from ATCC (Manassas, VA, USA). The complete growth
medium for HCECs was prepared according to the manufacturer's

instructions.

23 | Assessment of cell adhesion to AMs

Assessment of cell adhesion to AMs was performed in accordance with
previous reports.>” HCECs at passage 4 (P4) were cultured to 80% con-
fluence in 10 cm cell culture dishes following the manufacturer's instruc-
tions. Cells were rinsed once with 5 ml phosphate-buffered saline (PBS)/
dish. One milliliter of 0.25% trypsin (Thermo Fisher Scientific, Waltham,
MA, USA) was added to each dish and incubated at 37°C for 5 min. Two
milliliters of minimum essential medium-alpha (Thermo Fisher Scientific,
Waltham, MA, USA), containing 10% fetal bovine serum (FBS) was added
to the dish to neutralize the trypsin. Cells were transferred to 15 ml coni-
cal tubes and centrifuged at 1000 RPM (Revolutions Per Minute) for
5 min. Cells were re-suspended in complete growth medium and counted
using a hemocytometer.

HCECs (2 x 10%/well) were added to each well containing the pre-
conditioned AMs. The plates were incubated at 37°C with 5% CO, and
95% humidity. After incubation for 24 h, the media were removed, and
the cells were washed once with PBS. The viability of adhered cells was
detected using the alamarBlue assay. Briefly, 0.2 ml/well of alamarBlue

Y sk WILEY-L_2

solution, consisting of complete growth medium +10% alamarBlue
reagent (Bio-Rad, Hercules, CA, USA) was added to each well and incu-
bated at 37°C for 45 min. After incubation, 0.1 ml/well of supernatant
was transferred to a 96-well plate. Fluorescence intensity was measured
using a multimode microplate reader (Spark®, TECAN, Switzerland) at
excitation/emission (Ex/Em) = 540 nm/590 nm. The fluorescence inten-
sity was expressed in arbitrary units (AU). A preliminary experiment was
conducted to evaluate the adhesion and spreading of HCECs. After incu-
bation for 24 h, the proliferation of cells was minimal (data not shown),

permitting cell adhesion to be monitored at this time point.

24 | Staining of AMs and cells

To visualize the structural features of AMs, three different AMs were
rehydrated, washed, and embedded in Tissue-Tek O.C.T. compound
(Sakura, Torrance, CA, USA) vertically. Five micron/slice cryosections
were made using Leica CM1850 cryostat (Leica Biosystems, Buffalo
Grove, IL, USA). The cryosections on microscope slides were fixed
with 4% paraformaldehyde for 1 h and permeabilized in 0.5% Triton
X100 in PBS for 1 h. The fixed and permeabilized samples were
stained with anti-human type | antibodies (ab34710, Abcam, Cam-
bridge, MA, USA) overnight. Samples were then stained with Alexa
Fluor 555-anti-rabbit IgG, Alexa 488-Phalloidin (Life Technology,
Carlsbad, CA, USA) and Hoechst dye 33,258 (Thermo Fisher Scientific,
Waltham, MA, USA) for 60 min. After staining, a coverslip was
mounted onto each sample in the presence of ProLong Gold Antifade
Mountant (Thermo Fisher Scientific, Waltham, MA, USA).

To visualize the viable cells on different AMs, HCECs were cul-
tured on different AMs as described in “Assessment of Cell Adhesion to
Amniotic Membranes” for 1 or 4 days. At each time point, the medium
was removed from each well, and 0.2 ml/well of fresh complete
growth medium containing 50 nM Calcein AM (Thermo Fisher Scien-
tific, Waltham, MA, USA) was added to each well. After incubation for
30 min at 37°C, the medium was removed. Cells were washed twice
with PBS and ready to be imaged.

To visualize the cell morphology, HCECs cultured on different
AMs for 4 days were fixed with 4% paraformaldehyde for 1 h and per-
meabilized in 0.5% Triton X100 in PBS for 1 h. The fixed and permea-
bilized cells were stained with Alexa 488-Phalloidin (Life Technology,
Carlsbad, CA, USA) for 30 min and observed under an epi-fluorescent
microscope (Zeiss Observer D1, Jena, Germany).

2.5 | H&E staining of AMs

Cryosections of AMs were baked at 60°C overnight, fixed in 4% para-
formaldehyde for 30 min, and rinsed three times with PBS. Samples
were stained in Harris Hematoxylin Solution (Sigma-Aldrich, Inc.,
St. Louis, MO) for 10 min and rinsed in running tap water for 1 min.
Slides were then immersed two times in differentiation solution
(0.25 ml concentrated Hydrochloric Acid to 100 ml of 70% alcohol).
Subsequently, slides were rinsed under running tap water for 1 min, fol-
lowed by immersion in Scott's Tap Water Substitute (1% Magnesium
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sulfate [MgS04] and 0.06% Sodium Bicarbonate) for 60 s. After a 30 s
wash in 95% reagent alcohol, samples were counterstained in Alcoholic
Eosin Y Solution (Sigma-Aldrich, Inc., St. Louis, MO 68178) for 10 min.
After staining was completed, slides were dehydrated by three washes
in 100% absolute ethanol, followed by three Histoclear Il washes. Slides
were mounted using Permount mounting medium (Fisher Scientific

Inc.) and imaged using Zeiss Axio Observer A1 microscope.

2.6 | Assessment of cell viability on AMs over time
HCECs (1 x 10*/well) were added to each well of 48-well plates contain-
ing pre-conditioned AMs. Three sets of plates were set up and incubated
at 37°C with 5% CO, and 95% humidity for 1, 4, and 7 days. At the first
time point, the medium from each well of all plates was removed, and
fresh medium was added. The viability of cells in the first set of plates was
measured using the alamarBlue assay. The second and third sets of plates
were cultured at 37°C. At the second time point, the viability of cells in
the second set of plates was measured. The third set of plates was cul-
tured in fresh medium at 37°C. The viability of cells in the third set of

plates was measured using the alamarBlue assay at the third time point.

2.7 | Conditioned media for migration assay

In the test condition, HCECs (2 x 10%*/well) were added to each well
of 48-well plates containing pre-conditioned AMs. In the control con-
dition, no HCECs were added to the pre-conditioned AMs. After cul-
turing for 24 h, the medium was removed. 0.4 ml/well of fresh growth
medium was added to each well with or without cells and incubated
at 37°C for 24 h. The supernatants (24-h conditioned media [CM])
were collected from each well and immediately used for the migration

assay. The stromal sides of AMs were used for this experiment.

2.8 | Scratch wound migration assay

A5 x 10*/well HCECs were added to each well of 48-well TCPs and cul-
tured at 37°C with 5% CO, and 95% humidity for 2 days. Scratch
wounds were made on a confluent monolayer using the tip of a sterile
metal rod. The medium was removed, and conditioned medium collected
from cells cultured on AMs was added to the wound. Images of the
wound areas were captured at O h. At minimum, four areas were moni-
tored for each testing group. The plates were incubated at 37°C for 24 h.
The exact same wound areas (with marker reference) were imaged at
24 h. Wound areas were measured using ImageJ software (NIH) and

expressed in square microns (pmz). Migrated area = Areag,, — Areas.

29 |
HCECs

Stimulation of inflammatory responses of

A 2 x 10*/well HCECs were seeded and cultured on different AMs
for 24 h. Media were removed and fresh medium “-Tumor Necrosis

Factor-alpha (-TNF-a)” or fresh medium containing 10 ng/ml of
human TNF-a (Cat#300-01A, PeproTech Cranbury, NJ) “+TNF-o”
were added to cells and incubated for 24, 48, or 72 h. At each time
point, the supernatants were collected for multiplex analysis, and the
cells were lysed in 0.2 ml of RNA lysis buffer (Promega, Durham, NC)
for quantitative polymerase chain reaction (qPCR) analysis, as

described below.

210 | Assessment of relative mRNA expressions

by qPCR

The quantification of the relative gene expression of cytokines by
gPCR was performed as previously described.*® Briefly, total RNA
from cell lysates was purified using SV 96 Total RNA Isolation System
(Promega, Madison, WI, USA). RNA concentration and purity were
measured using TECAN Spark Nano plate (TECAN, Morrisville, NC,
USA). cDNA preparation and gPCR were performed as previously
described.®? The primers for gPCR used for this study were from
QuantiTect (Qiagen, Germantown, MD, USA): colony stimulating fac-
tor 2 (CSF2: QT00000896), interleukin 6 (IL6: QT00083720), interleu-
kin 8 (IL8: QT00000322), Tumor Necrosis Factor (TNF: QT01079561),
and  glyceraldehyde (GAPDH:
QT01192646). Each sample was run in duplicate. After the run was
completed, a second derivative analysis was performed using the raw

3-phosphate  dehydrogenase

data to determine the mean Cp (Crossing point-PCR-cycle) for each
sample. For each gene expression, expression of GAPDH served as an
internal control. Relative mRNA expressions were determined by
Pfaffl analysis (EACp target/EACp reference) in which primer effi-
ciency E = 10°Y/59P¢) and ACp = mean Cp of sample — mean Cp of
Control. The expression of cells on TCP or the expression of cells at
24 h was used as the “Control” for analyses, which was defined in the

specific analysis in “Results.”

2.11 | Statistical methods

In the evaluation of HCEC activity, the independent variables were AM
(DDHAM, DHAM, CHAM), side (epithelial, stromal), and time (day 1, day
4, and day 7). The dependent variables were cell adhesion, cell viability,
and migration. In the evaluation of HCEC inflammatory response by
mRNA expressions, the independent variables were AM (DDHAM,
DHAM, CHAM, Control [TCP]), condition (resting, stimulated), and time
(24, 48, and 72 h). In the evaluation of HCEC inflammatory response by
protein levels, the independent variables were AM (DDHAM, DHAM,
CHAM, Control [TCP]) and condition (resting, stimulated, AM only). The
dependent variables were relative mRNA expressions of CSF2, IL6, IL8
and TNF, encoding for granulocyte macrophage colony-stimulating factor
(GM-CSF), IL-6, IL-8, and TNF-q, respectively.

All analyses were conducted using IBM SPSS (Build 1.0.0.1444).
The significance level for all statistical tests was set at p = .05. The
data were tested and found to be normally distributed. Cell adhesion
and migration were analyzed with a two-way analysis of variance

(ANOVA) with Tukey post-hoc tests. Cell viability was analyzed with a
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FIGURE 1 Staining confirms the
absence of cells and nuclei in DDHAM.
Immunofluorescent staining of DDHAM,
DHAM, and CHAM is shown (A). The
cross-sections of the membranes were
stained with Hoechst Dye (DNA in blue),
phalloidin (Actin in green) and anti-human
type | collagen antibodies (Col1 in red).
Representative images are shown and the
scale bar = 50 pm. H&E staining (nuclei in
blue and cytoplasm in red) of DDHAM,
DHAM, and CHAM is shown (B).
Representative images are shown and the
scale bar = 20 um. Abbreviations: CHAM,
cryopreserved human amniotic
membrane; DDHAM, decellularized
dehydrated human amniotic membrane;
DHAM, dehydrated human amniotic
membrane
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three-way ANOVA with Tukey post-hoc tests. Relative mRNA expres-
sions at 24 h were analyzed with a two-way ANOVA with Tukey
post-hoc tests to evaluate each dependent variable in each of the
testing conditions. Relative mRNA expressions across time were ana-
lyzed with a one-way ANOVA with Tukey post-hoc tests to evaluate
each dependent variable in each of the testing conditions. Significant
interactions were evaluated with simple main effects analysis with
Sidak correction for multiple comparisons. Data are reported as mean
+ standard deviation (SD) within the text and figures. Bars within fig-

ures indicate pairwise comparisons.

3 | RESULTS

3.1 | Structure of AMs
To evaluate the structures of these three AMs, cross-sections of AMs
were stained for cellular components (DNA and actin) and ECM (type

| collagen) (Figure 1A). While strong nuclei staining and actin staining

were detected in DHAM and CHAM, neither actin nor nuclei staining
was detected in DDHAM. The presence of type | collagen was
detected in all 3 AMs. H&E staining of the three AMs (Figure 1B) con-
firmed complete decellularization and absence of nuclei in DDHAM.
DHAM showed meager staining of dark blue nuclear remnants, while
CHAM showed intact dark blue staining for nuclei, showing the pres-

ence of cells.

3.2 | Adhesion of HCECs on different AMs

Cell adhesion on different AMs and different sides of AMs was evalu-
ated by comparing cell viability (reflecting the quantity of adhered
cells) at 24 h (nh = 4, Supplementary Table 1). The fluorescence inten-
sity was expressed in arbitrary units (AU).

Effect of sidedness. Cell adhesion was greater on the stromal side
than on the epithelial side of AMs (side main effect, p = .018), which
can be explained by the lower cell adhesion on the epithelial side of
DHAM, compared with the stromal side of DHAM (p < .001;
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FIGURE 2 The epithelial and stromal sides of DDHAM best
support cell adhesion. Human corneal epithelial cells were seeded
onto the epithelial and stromal sides of amniotic membranes and
incubated for 24 h. A two-way analysis of variance with Tukey post-
hoc tests was conducted to evaluate the effects of sidedness and
amniotic membrane on cell adhesion. Significant interactions were
evaluated with simple main effects analysis with Sidak correction for
multiple comparisons. Comparisons between the epithelial and
stromal sides of each amniotic membrane are shown, and
comparisons between amniotic membranes for each side are shown.
Fluorescent intensity is expressed in arbitrary units (AU). Data shown
are mean = SD (n = 4). *p < .05. Abbreviations: CHAM, cryopreserved
human amniotic membrane; DDHAM, decellularized dehydrated
human amniotic membrane; DHAM, dehydrated human amniotic
membrane

side x AM, p = .001; Figure 2). There was no significant difference
between the epithelial and stromal sides of DDHAM (p = .822) or
between the epithelial and stromal sides of CHAM (p = .645).

Effect of AM. Additionally, there was a significant difference in
cell adhesion between AMs (AM main effect, p < .001), with signifi-
cantly greater cell adhesion on DDHAM than on DHAM (p < .001)
and CHAM (p < .001). However, as previously indicated, cell adhesion
varied with side and AM (p = .001; Figure 2). On the epithelial side,
cell adhesion was significantly greater on DDHAM than on DHAM
(b < .001) and CHAM (p < .001), and there was no significant differ-
ence between CHAM and DHAM (p = .076). On the stromal side, cell
adhesion was significantly lower on CHAM than on DDHAM
(p < .001) and DHAM (p = .014), and there was no significant differ-
ence between DDHAM and DHAM (p = .207). These results indicate
that among these three AMs, the epithelial and stromal sides of
DDHAM best supported cell adhesion.

3.3 | Viability and morphology of HCECs on
different AMs on day 4

Live Staining of Epithelial Cells. The viability of HCECs on the stromal
side of different AMs (DDHAM, CHAM, DHAM) was observed 4 days
after cell seeding (Figure 3A). Consistent with the quantitative results,
the HCECs on DDHAM and DHAM appeared to have adhered and
spread on day 4 after cell seeding, whereas HCECs on CHAM
appeared to be disorganized and adopted a heterogeneous

morphology. The morphology of HCECs on the AMs was monitored
by actin staining on day 4 (Figure 3B). The HCECs on DDHAM

adapted a cobblestone morphology with a dense actin ring structure.

3.4 | Cell viability on different AMs over time

The viability of cells on different AMs was monitored up to 7 days
(n = 4, Supplementary Tables 2 and 3). Although the number of viable
cells significantly declined over the 7-day culture (time main effect,
p < .001), cell viability significantly varied with side, AM, and time
(side x AM x time interaction, p = .011). Most notably, cell viability
declined for all variables across time, except for the stromal side of
DDHAM on day 4 (Figure 4A).

Effect of sidedness. Cell viability was also significantly greater
on the stromal side than on the epithelial side of AMs (main effect
side, p < .001), which can be explained by differences in relative cell
viability between sides on days 4 and 7 (Figure 4B). On day 4, the
relative cell viability was significantly greater on the stromal side of
DDHAM than the epithelial side of and DDHAM (p < .001), and the
relative cell viability was significantly greater on the stromal side of
DHAM than the epithelial side of DHAM (p < .001). Conversely, the
relative cell viability was significantly greater on the epithelial side of
CHAM than the stromal side of CHAM (p = .039). On day 7, there
were no significant differences in relative cell viability between the
epithelial and stromal sides of DDHAM (p = .102) or CHAM
(p = .157). However, the relative cell viability was significantly
greater on the stromal side of DHAM than the epithelial side of
DHAM (p < .001).

Effect of AM. Cell number was also significantly different
between AMs (main effect AM, p < .001) with significantly more via-
ble cells on DDHAM than on DHAM (p < .001) and CHAM (p < .001)
and significantly more viable cells on DHAM than CHAM (p = .036).
The main effect of AM is largely explained by the significant differ-
ences in relative cell viability on days 4 and 7 (Figure 4B).

On the epithelial side on day 4, the relative cell viability was sig-
nificantly greater on DDHAM than on DHAM (p = .032), meanwhile
the relative cell viability was similar between DDHAM and CHAM
(p = .978) and between CHAM and DHAM (p = .077). On the epithe-
lial side on day 7, there were no significant differences between the
three AMs (p > .219).

On the stromal side on day 4, the relative cell viability was signifi-
cantly greater on DDHAM than on CHAM (p < .001), and the relative
cell viability was significantly greater on DHAM than on CHAM
(p < .001). There was no significant difference in the relative cell via-
bility on the stromal side on day 4 between DDHAM and DHAM
(b = .477). On the stromal side on day 7, however, the relative cell via-
bility was significantly lower on CHAM than DDHAM (p = .003) and
DHAM (p = .002). As with the epithelial side, on the stromal side on
day 7, there was no significant difference in the relative cell viability
between DDHAM and DHAM (p = .999).

The findings of higher cell viability on the stromal side of AMs
and better maintenance of viability on DDHAM compared with
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FIGURE 3
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100 pm

Staining confirms human corneal epithelial cell viability and morphology on the stromal side of DDHAM and DHAM on day

4. Human corneal epithelial cells were seeded onto the stromal side of the three amniotic membranes, cultured, and stained with Calcein AM to
visualize live cells at day 4 (A). The morphology of human corneal epithelial cells on amniotic membranes was monitored by Actin staining on day
4 and pseudo-colored red (B). Images were captured using epi-fluorescent microscope. Scale bar = 100 pm. Abbreviations: CHAM, cryopreserved
human amniotic membrane; DDHAM, decellularized dehydrated human amniotic membrane; DHAM, dehydrated human amniotic membrane

DHAM and CHAM suggests that cell viability was best maintained on
the stromal side of DDHAM.

3.5 | Migration of HCECs on different AMs

The CM from different AMs in the absence of HCECs were tested to
evaluate the effect of AM alone on the migration of HCECs (n = 4,
Supplementary Table 4). Additionally, differences in migration were
compared between AMs by testing the CM collected from cells cul-
tured on AMs to determine if the factors released by HCECs cultured
on different AMs affect cell migration (Supplementary Table 5). Cells
cultured on AMs were conditioned for 24 h. The migration of HCECs
in the presence of CM from different AMs was evaluated using a
scratch wound assay. Wound closure was monitored for 24 h
(Figure 5).

There was a significant interaction between the effects of AM
and the presence of cells (p = .006; Figure 5). Migration was signifi-
cantly higher with cells than without cells on DDHAM (p = .009) and
DHAM (p < .001). Migration was not significantly different with or
without cells on CHAM (p = .291) or on the control (p = .265).

Effect of AM. Furthermore, among the CM collected in the pres-
ence of cells, migration was significantly lower in CM from cells on
CHAM than on DDHAM (p = .004) and DHAM (p = .002). There was
no significant difference in migration between DDHAM and DHAM
(p = 1.000). Compared with the control in the presence of cells,

migration was significantly higher in CM from cells on DDHAM
(p <.001), DHAM (p < .001), and CHAM (p = .005).

3.6 | Gene expression of inflammatory cytokines
in HCECs

Since the stromal side of AM has been reported to regulate the
inflammatory response,?®24 the effect of the stromal side of the three
AMs on the inflammatory responses of HCECs was evaluated. Cyto-
kines with previously demonstrated roles in wound healing were
selected, including GM-CSF, IL-6, IL-8, and TNF-0.*°*® To this end,
the inflammatory response of HCECs under an in vitro inflammatory
condition was mimicked by stimulation with TNF-a for 24 h. The gene
expression (relative mRNA levels) of CSF2, IL6, IL8, or TNF in HCECs
on different AMs was assessed by qPCR compared with the gene
expression in cells cultured on standard cell culture surface, TCP
(n = 3, Supplementary Table 6).

CSF2. The expression of CSF2 at 24 h varied significantly by stim-
ulation condition (+TNFa) and AM (p = .049) (Figure 6A). With stimu-
lation, the expression of CSF2 significantly increased on DHAM
(p <.001), but not DDHAM (p = .226), CHAM (p = .664), or TCP
(p = .827). Comparing the expression of CSF2 between AMs in the
resting condition showed a similar expression of CSF2 on DDHAM,
DHAM, CHAM, and TCP (p = .134). Comparing the expression of
CSF2 between AMs in the stimulated condition showed significantly
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FIGURE 4 Stromal side of DDHAM best supports human corneal
epithelial cell viability over time. Human corneal epithelial cells were
seeded onto the epithelial and stromal sides of amniotic membranes
and incubated for 1, 4 and 7 days. Absolute cell viability is plotted
over time for each side of the amniotic membranes (A). The relative
cell viability, expressed as a percentage of day 1, is plotted over time
for each side of the amniotic membranes (B). A three-way analysis of
variance with Tukey post hoc tests was conducted to examine the
effects of sidedness, amniotic membrane, and time on relative cell
viability. Significant interactions were evaluated with simple main
effects analysis with Sidak correction for multiple comparisons.
Comparisons between the epithelial and stromal sides of each
amniotic membrane are shown and comparisons between the
amniotic membranes for each side are shown. Data shown are mean
+ SD (n = 4). *p < .05. Abbreviations: CHAM, cryopreserved human
amniotic membrane; DDHAM, decellularized dehydrated human
amniotic membrane; DHAM, dehydrated human amniotic membrane

greater expression on DHAM than on DDHAM (p = .001), CHAM
(p <.001), and TCP (p < .001).

IL6. The expression of IL6 at 24 h varied significantly by stimula-
tion condition and AM (p = .002) (Figure 6B). With stimulation, the
expression of ILé significantly increased on DDHAM (p < .001),
CHAM (p = .017), and TCP (p = .014), but not DHAM (p = .128).
Comparing the expression of IL6 between AMs in the resting condi-
tion showed a similar expression of IL6 on DDHAM, DHAM, CHAM,
and TCP (p = .717). In the stimulated condition, there was significantly
higher expression of IL6 on DDHAM than on DHAM (p <.001),
CHAM (p < .001), and TCP (p < .001).

IL8. Although the expression of IL8 at 24 h did not vary signifi-
cantly by stimulation condition and AM (p = .188), there were main
effects for stimulation condition (p <.001) and AM (p = .002)
(Figure 6C). The overall expression of IL8 significantly increased with
stimulation. Post-hoc analyses revealed that overall IL8 expression
was significantly greater on DHAM than CHAM (p = .018) and TCP
(b = .014) and on DDHAM than CHAM (p = .022) and TCP (p = .017).
There was no significant difference in IL8 expression between DHAM
and DDHAM (p = 1.000) or between CHAM and TCP (p = .999).

TNF. Although the expression of TNF at 24 h did not vary signifi-
cantly by stimulation condition and AM (p = .194), there were main
effects for stimulation condition (p = .001) and AM (p <.001)
(Figure 6D). The overall expression of TNF significantly increased with
stimulation. Post-hoc analyses revealed that overall TNF expression
was significantly greater on DDHAM than CHAM (p < .001) and TCP
(p < .001) and on DHAM than CHAM (p = .022) and TCP (p = .024).
There was no significant difference in TNF expression between
DDHAM and DHAM (p = .095) or between CHAM and TCP
(p = 1.000).

These results indicate that at 24 h, the presence of DDHAM and
DHAM stimulated the expression of CSF2, IL6, IL8, and TNF in HCECs
more than cells on CHAM or TCP.

3.7 | Gene expression of inflammatory cytokines
in HCECs over time

The inflammatory response is a dynamic process. The expression of
cytokines at different time points indicates the stage in the wound
healing process. To evaluate the expression of cytokines over a 72-h
time course, the expression of each cytokine was analyzed at 24-h
intervals (Figure 7; n = 3, Supplementary Table 7).

There were no significant changes across time in the expression
of CSF2 in the stimulated condition for DDHAM (p = .206), DHAM
(b = .078), or CHAM (p = .215) (Figure 7A). TCP was an exception
with significant changes across time in the expression of CSF2 in the
stimulated condition (p < .001). The expression of CSF2 on TCP signif-
icantly increased from 24 to 72 h (p <.001) and from 48 to 72 h
(p <.001). CSF2 expression on TCP remained similar from 24 to
48 h (p = .700).

IL6. There were statistically significant changes in the expression
of IL6 in the stimulated condition across time on DDHAM (p = .007),
DHAM (p <.001), CHAM (p < .001), and TCP (p = .002) (Figure 7B).
The expression of IL6 on DDHAM showed significant declines from
24 to 72 h (p = .007) and from 48 to 72 h (p = .021). ILé expression
on DDHAM remained similar from 24 to 48 h (p = .623). The expres-
sion of IL6 on DHAM showed a significant increase from 24 to 48 h
(b = .003) and then a significant decrease from 48 to 72 h (p < .001).
IL6 expression on DHAM remained similar from 24 to 72 h (p = .321).
Comparing the expression of IL6 on CHAM showed significant
declines from 24 to 48 h (p < .001) and from 24 to 72 h (p < .001). IL6
expression on CHAM was non-detectable at both 48 and 72 h. The
expression of IL6 on TCP showed a significant increase from 24 to
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FIGURE 5 Migration is greatest on (A)
DDHAM and DHAM in the presence of

human corneal epithelial cells.

Representative scratch wound images are

shown to demonstrate the effects of Oh
conditioned media on the migration of

human corneal epithelial cells at 0 and

24 h. Scale bar = 200 um (A). The

conditioned media from different amniotic
membranes (with and without cells) were

tested to evaluate the effect of amniotic 24h
membranes alone on the migration of

human corneal epithelial cells (B). A two-

way analysis of variance with Tukey post-

hoc tests was conducted to evaluate the

effects of cell presence and amniotic (B) 500,000 -
membrane on cell migration. Significant

interactions were evaluated with simple *
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48 h (p = .008) and then a significant decline from 48 to 72 h
(p = .002). IL6 expression on TCP remained similar from 24 to
72 h (p = .407).

IL8. Although there were statistically significant changes in the
expression of IL8 in the stimulated condition across time on CHAM
(b = .024) and TCP (p < .001), IL8 expression remained similar across
time on DDHAM (p = .179) and DHAM (p = .282) (Figure 7C). The
expression of IL8 on CHAM significantly increased from 24 to 72 h
(p = .040) and from 48 to 72 h (p = .033). IL8 expression on CHAM
remained similar from 24 to 48 h (p = .984). Like CHAM, the expres-
sion of IL8 on TCP significantly increased from 24 to 72 h (p < .001)
and from 48 to 72 h (p < .001). IL8 expression on TCP remained simi-
lar from 24 to 48 h (p = .071).

TNF. Although there were statistically significant changes in the
expression of TNF in the stimulated condition across time on DHAM
(b < .001) and TCP (p = .005), TNF expression remained similar across
time on DDHAM (p = .125) and CHAM (p = .519) (Figure 7D). The
expression of TNF on DHAM significantly increased from 24 to 48 h
(p = .009) and significantly declined from 24 to 72 h (p = .048), and
from 48 to 72 h (p < .001). In addition, the expression of TNF on TCP
showed significant increases from 24 to 48 h (p = .035) and from
24 to 72 h (p = .004). TNF expression on TCP remained similar from
48 to 72 h (p = .201).

DHAM CHAM Control

The changes in relative mRNA levels across time showed differ-
ent trends for different AMs and cytokines. While the expression
levels increased over time in cells cultured on TCP, the expression of
such cytokines showed a trend of decline in cells cultured on
DDHAM.

4 | CLINICAL CASESTUDY

An 87-year-old female presented with a chief complaint of left eye
deterioration, occurring over the previous few months. She reported
difficulty seeing small print, due to discomfort and a foreign body sen-
sation with prolonged reading. Her medical history was significant for
dry eye syndrome, primary open-angle glaucoma, epiretinal mem-
brane, and macular drusen in both eyes. Supportive treatments
included lubricant eye drops, hyperosmotic agents, and bandage con-
tact lenses. Her ophthalmic surgical history consisted of cataract
extraction in both eyes and YAG laser capsulotomy in both eyes.
Upon examination, epithelial and sub-epithelial scarring in map/dot
configuration was noted. Based on her presentation, history, and care-
ful examination of the cornea, the patient was diagnosed with anterior
basement membrane dystrophy (ABMD). With the patient's consent,
the decision was made to treat the anterior basement membrane
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FIGURE 6 DDHAM and DHAM support an inflammatory response at 24 h. Relative mRNA expressions of CSF2 (A), IL6 (B), IL8 (C), and TNF
(D) at 24 h are shown. Relative mRNA expressions at 24 h are normalized to TCP in the resting condition. A two-way analysis of variance with
Tukey post-hoc tests was conducted to evaluate the effects of stimulation condition and amniotic membrane on mRNA expressions at 24 h.
Significant interactions were evaluated with simple main effects analysis with Sidak correction for multiple comparisons. Data shown are mean
+ SD (n = 3). *p < .05. Abbreviations: CHAM, cryopreserved human amniotic membrane; CSF2, colony-stimulating factor 2; DDHAM,
decellularized dehydrated human amniotic membrane; DHAM, dehydrated human amniotic membrane; IL6, interleukin 6; IL8, interleukin 8; TCP,

tissue culture plate; TNF, tumor necrosis factor

dystrophy surgically, using DDHAM as a substrate to repopulate the
anterior corneal surface with normal Bowman's membrane
(i.e., epithelium and epithelial basement membrane).

Debridement of the corneal epithelium and Bowman's membrane
was performed, and an AM was placed (without sutures) as an outpa-
tient procedure. A local anesthetic was applied, and the irregular sur-
face epithelium was visualized (Figure 8A). A diamond burr was used
to remove all abnormal, loose corneal epithelium (Figure 8B) as well as
the underlying sub-epithelial scarring and ABMD debris gently and
uniformly (Figure 8C). The epithelial surface was then rinsed with bal-
anced salt solution. The DDHAM was carefully placed over the deb-
rided membrane (Figure 8D) and covered with a bandage contact lens
to help with discomfort and healing (Figure 8E).

Postoperatively, the patient was instructed to use a steroid/anti-
biotic drop four times per day for 10 days, which was slowly tapered
over six weeks. She was seen postoperatively at one day, three days,
one week, two weeks, one month, and two months. On postoperative
day one, the patient reported discomfort due to the large abrasion

from the surgery. On postoperative day three, however, the patient

reported that the discomfort had subsided. Almost immediately, the
patient reported improved comfort in activities of daily living. At the
1-month postoperative visit, the graft had fully dissolved into the tis-
sue and no remnants were visible. The corneal surface was smooth
and recognizable as normal (Figure 8F). Given the patient's history of
treatment with bandage contact lenses and continued discomfort, the
noted improvements are presumably attributable to the presence of
the DDHAM.

5 | DISCUSSION

The structure of the AM basement membrane is hypothesized to pro-
mote epithelialization on the ocular surface. The collagen composition
closely resembles that of the conjunctiva and cornea, making the AM
a suitable substrate for the growth of epithelial cells. The AM pro-
motes the growth of corneal epithelium through four proposed mech-
anisms:>° (1) the facilitation of epithelial cell migration”¢*° (2) the

49-51 (

reinforcement of basal epithelial cell adhesion, 3) the promotion
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FIGURE 7 DDHAM supports a declining inflammatory response across time. Relative mRNA expressions of CSF2 (A), IL6 (B), IL8 (C), and TNF
(D) across time in the stimulated condition (+TNF-a) are shown. Relative mRNA expressions across time are normalized to expression at 24 h. A
one-way analysis of variance with Tukey post-hoc tests was conducted to examine the effect of time on mRNA expressions. Statistical
comparisons are between time points for each amniotic membrane in the stimulated condition (+TNF-«). Data shown are mean + SD (n = 3).

*p < .05. Abbreviations: CHAM, cryopreserved human amniotic membrane; CSF2, colony-stimulating factor 2; DDHAM, decellularized dehydrated
human amniotic membrane; DHAM, dehydrated human amniotic membrane; IL6, interleukin 6; IL8, interleukin 8; TCP, tissue culture plate; TNF,
tumor necrosis factor

(A)

FIGURE 8 Successful clinical application of DDHAM to treat a case of anterior basement membrane dystrophy. Images of the epithelial
surface were taken to illustrate the clinical course: pre-operatively, showing the poor irregular surface of the epithelium (A), post removal of poor
epithelium with visible sub epithelial debris from Anterior Basement Membrane Dystrophy (B), post burring of all sub-epithelial scarring and
Anterior Basement Membrane Dystrophy debris (C), placement of DDHAM (D), placement of bandage contact lens over DDHAM (E), and

two months postoperatively, showing a clear surface (F)
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52-5% and (4) the prevention of apopto-

of epithelial cell differentiation,
sis.>>>¢ Although there is evidence that the stromal surface can sup-
port epithelial cell growth,?® epithelialization is believed to occur
preferentially on the basement membrane.?> However, most of the
existing research is limited to cryopreserved AMs, making it unclear
whether these findings are applicable to differently processed AMs.
Different processing methodologies have the potential to alter
the cellular content and structure of the AM with the potential to
impact the functional characteristics of ECM.*° Previous work has
demonstrated significant differences in composition and ultrastruc-
ture between DDHAM and CHAM.2® Although cryopreservation is
one of the most widely used preservation techniques, it has some dis-
advantages, namely, impacting the viability and proliferative capacity
of cells as well as the need to be shipped and stored at —80°C.>”
Therefore, the present study sought to compare how sidedness and
different methods of sterilization, preservation, and decellularization
impact HCEC adhesion, viability, and migration. As indicated in previ-
ous reports,® the authors postulate that an ideal ocular AM requires
the removal of cells, DNA, cellular debris, and residual growth factors
and cytokines as well as adequate preservation of the native ECM
architecture and bioactive components to prevent an inflammatory
response and promote dynamic interactions between the ECM and
host cells. The present study results support our hypothesis. First, the
study demonstrated that DDHAM is a fully decellularized AM,
whereas DHAM and CHAM contain residual cells and DNA. The study
also found that DDHAM best supported the cellular activities of
HCECs. In addition, the presence of DDHAM enhanced an initial
inflammatory response and prevented a prolonged inflammatory

response in HCECs under an in vitro inflammatory condition.

5.1 | Staining confirms the absence of cells and
nuclei in DDHAM

Previous research documents that the biological effectiveness of AMs
in ophthalmology is facilitated by its ECM, rather than cells preserved
in the AM.Z35758 | decellularized AM, the ECM is presumed to serve
as a physical conduit for cellular infiltration, whereby the host cells
and ECM interact to provide the necessary biochemical stimulus to
activate a healing response.®> Therefore, as a preliminary step, stain-
ing was performed on each of the three AMs to visualize the cellular
content and structure. Both immunofluorescent and H&E staining
confirmed complete decellularization and the absence of nuclei in
DDHAM, whereas both DHAM and CHAM showed nuclear content,
remnants in DHAM and the presence of cells in CHAM.

5.2 | Stromal side of DDHAM best supports the
cellular activities of HCEC

The results from this in vitro investigation suggest that the stromal
side of DDHAM best supports HCEC activity. Sidedness did not
impact HCEC adhesion on DDHAM or CHAM, but HCEC adhesion

was significantly lower on the epithelial side of DHAM. The difference
in cellular adhesion between DDHAM and DHAM, two dehydrated
AMs, suggests that the removal of cellular components, DNA, growth
factors and cytokines provides a more cell-friendly environment, sup-
porting the attachments of HCECs. Future research should more fully
evaluate the mechanical properties of differently processed AMs, as
these differences may help explain the disparities in HCEC
adherence.®”

When examined across time, cell viability was found to decrease
for all sidedness and AM combinations, except for the stromal side of
DDHAM. On the stromal side of DDHAM, cell viability increased from
day 1 to day 4. The specific cause of the overall decrease in cell viabil-
ity is not clear. The presence of amnion cells (cryopreserved or dried)
in the CHAM or DHAM may inhibit the ability of these AMs to sup-
port corneal cell proliferation. Although it has been reported previ-
ously that decellularized AM is a better substrate than fresh amnion
for corneal epithelial cells,’° these results suggest that sidedness may
also be a factor. This study found that the stromal side of DDHAM is
the most compatible substrate for the growth of HCECs, whereas nei-
ther the epithelial or stromal sides of CHAM and DHAM appear to
consistently support their adhesion or growth.

These findings are further supported by staining. On day four,
DDHAM demonstrated the most homogeneous growth pattern of
HCECs (Figure 3). As indicated by actin staining, the morphology and
organization of cells on DDHAM is similar to the morphology of cor-
neal epithelial cells in situ (Figure 4).°* These observations suggest
orderly growth on the AM. Conversely, the growth pattern on DHAM
appears disorganized, and it remains unclear whether the HCECs on
CHAM are viable or existent. It has been well established that when
cells are stressed, they change phenotype.®? While there are many
factors to consider, these results suggest that the differences in the
dehydration, cryopreservation, and decellularization processes may
impact how the cells interact with the membrane, specifically in terms
of cell adhesion and cell viability.

Differently processed AMs may also affect the release of factors
from epithelial cells cultured on them. To evaluate the effect of AM
alone on the migration of HCECs, the present study tested the CM
from three different AMs without cells. This experiment was also per-
formed with CM collected from cells cultured on AMs to understand
if the cells release additional factors when cultured on AMs to pro-
mote migration to a greater extent than the AM alone. This study
found that HCECs migrated more in the presence of CM with cells
than without cells on DDHAM and DHAM. However, there was no
difference in HCEC migration in the presence of CM with or without
cells on CHAM or on the control. These findings suggest that the fac-
tors released by the cells promote cell migration beyond that of the
AM (i.e., DDHAM and DHAM) alone. In addition, the migration of
HCEC in the presence of CM from cells on DDHAM and from cells on
DHAM were comparable, and both were significantly greater than
cells on CHAM. One possible explanation of this finding is that there
were fewer cells on CHAM when the conditioned medium was col-
lected. With fewer cells, the stimulatory effect of the CM may be

lower, resulting in less migration in the presence of conditioned
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medium from cells on CHAM. Additionally, the migration of HCECs in
the presence of CM with cells was significantly greater on all three
AMs than the medium control. Collectively, these findings suggest
that factors released from cells and AMs promote cell migration and
that the factors released vary by AM, resulting in more HCEC migra-
tion on DDHAM and DHAM than CHAM. Additional studies are
needed to determine the identity and source of these factors.

An additional independent experiment was conducted to deter-
mine whether sidedness influences HCEC migration. The experiment
followed the same methodology as described in the “Conditioned
Media for Migration Assay” and “Scratch Wound Migration Assay”
sections. In this experiment, however, the migration of HCECs in the
presence of CM was evaluated on both the stromal and epithelial
sides of the AMs. The results from this experiment confirmed that
there is no difference in HCEC migration in the presence of CM from
cells on the epithelial or on stromal sides of the AMs (p = .407; data
not shown).

Traditionally, the AM is placed as a graft with epithelial side up to
promote epithelialization over a defect. Both DHAM and CHAM have
this clinical applicability due to their sidedness. However, DDHAM is
manufactured with the stromal side facing out to interface with the
ocular surface regardless of orientation. The results from this in vitro
study demonstrated that HCEC activity was highest on the stromal
side of DDHAM, thus supporting its clinical applicability as a graft.
Moreover, the included case study demonstrated the successful appli-
cation of DDHAM to treat ABMD. One-month postoperatively, the
corneal surface was smooth and recognizable as normal, which could
be indicative of progressing re-epithelialization. However, histology at
additional time points is necessary to demonstrate reorganization and
remodeling of the corneal epithelium, its basement membrane, and
Bowman's layer. It is also important to note that a more normal epi-
thelium can grow back after debridement in the absence of an AM or
other biomaterial. Therefore, it remains unclear whether these find-
ings are in fact due to the presence of the DDHAM. While encourag-
ing, additional, in vivo investigations with a larger sample size are
needed to evaluate DDHAM more fully as well as its ability to pro-
mote epithelialization on the ocular surface.

5.3 | DDHAM supports an initial inflammatory
response, followed by a declining trend across time

The anti-inflammatory properties of AM have been well
documented.®*2 Based on in vitro research, AMs reduce the expression
of growth factors and pro-inflammatory cytokines from the damaged
ocular tissue®® while also trapping inflammatory cells and inducing apo-
ptosis.2>?* Therefore, the secondary aim of this investigation was to
evaluate the inflammatory response of HCECs on different AMs. This
was accomplished by examining the immediate mRNA expressions as
well as trends across time. Given their known roles in corneal wound
healing, the pro-inflammatory cytokines, GM-CSF, IL-6, IL-8, and TNF-a

were selected to assess the inflammatory response of HCECs.
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GM-CSF is recognized as both an inflammatory®* and immuno-
regulatory cytokine®® with its effects dependent on dose and
context.®>~¢” This multipotent cytokine has been recognized for hav-
ing important roles in inflammation and wound healing and has a
proven ability to enhance corneal wound healing in vitro and
in vivo.*® Interleukin-6, IL-8, and TNF-a are more traditional pro-
inflammatory cytokines. In addition to regulating inflammatory and
immune responses, IL-6 has been shown to facilitate corneal wound
healing in vitro and in vivo.*"#* IL-8 is a corneal factor that induces
neovascularization and is thought to modulate wound healing.*>4¢
Lastly, TNF-a is involved in the corneal inflammatory response and
wound healing following corneal injuries.*”#8

In the present study, there was a higher expression of IL6, IL8,
and TNF in cells cultured on DDHAM in the first 24 h, followed by a
declining trend across time. These observations suggest that the
presence of DDHAM may promote an initial inflammatory response
and prevent a prolonged inflammatory response in HCEC cells,
which may be advantageous in a wound healing environment. How-
ever, additional in vivo research is needed to evaluate these findings
more fully.

The AM is used for ocular surface reconstruction to treat a wide
variety of ocular pathologies, including corneal surface disorders with

6869 reconstruction of the

) 70,71
’

and without limbal stem cell deficiency,

conjunctival surface (e.g., pterygium removal as a carrier for ex

72,73

vivo expansion of limbal epithelial cells, glaucoma,”* neoplasia,”®

sclera melts and perforations,”®””

among others. Given its potential
to enhance healing, integrate with host tissue, and avoid a foreign
body response, decellularized AM has gained increasing interest in
recent years.?830¢078-82 Adequate preservation of the ECM in decel-
lularized AM has been shown to improve the interaction of various
cell types within the AM, with evidence of improved cell adhesion,
proliferation, and differentiation.®>78-%2 Moreover, and perhaps most
importantly, decellularized AM has been shown to integrate into bio-
logical tissue with low immunogenicity.”88%82

There is a growing body of evidence, evaluating the use of AMs
in strabismus surgery.83%’ Similar to the present study, a 2019 review
article evaluated the use of AMs with different processing methodolo-
gies for extraocular muscle surgery.®? The authors concluded that
dried AM does not effectively limit adhesion formation.®’ This conclu-
sion, however, is based on the results from three animal studies®*8>%7
and two case reports.2®?° Notably, however, one of the two case
reports described a positive outcome.®® That being said, the AM was
applied to create a barrier between a titanium plate and adjacent mus-
cle and therefore, was not used in the same capacity as the other
studies. Given the limited clinical evidence, additional clinical reports
are needed to more fully evaluate whether dried AM can effectively
prevent adhesion formation in strabismus surgery and in other ocular
procedures.

Also relating to the current study, Kassem and colleagues com-
pared the transplantation of AMs in different orientations during
extraocular muscle surgery in rabbits.2®> The AM was wrapped around

the muscle with either the epithelium in contact with the muscle or
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the stroma in contact with the muscle. In a third group, the AM was
folded on itself with the epithelium facing outward. Notably, the study
found no difference in adhesion formation between the three AM
groups. This finding suggests that the orientation of the AM does not
influence adhesion formation in strabismus surgery. Additional work is
needed to determine if AM orientation influences the outcomes in
other ocular procedures.

8389 contrast with the results pre-

These two previous reports
sented here. In our study, the stromal side of DDHAM, a dehydrated
AM, was found to best support HCEC function. There are a number
of possibilities that may explain these differences. First, the in vitro
design has its own inherent set of limitations. Most notably, the inabil-
ity to replicate the complexities and cellular interactions of an in vivo
environment. Second, the present report did not specifically examine
adhesion formation, but rather examined the direct interaction
between the AMs and HCECs. In our opinion, based on the available
evidence, additional comparative studies are needed to determine
whether AM processing and orientation influence clinical outcomes.

AmbioDry™ is a single-layer AM that has been low-dose electron
beam sterilized and preserved through dehydration with the epithelial
layer mechanically eliminated.”* Although the product is no longer
available, much can be garnered from the scientific evaluation of this
DDHAM product.>”?? Memarzadeh et al. demonstrated its ability to
act as an effective conjunctival autograft in preventing pterygium
recurrence.”? Additionally, a biomechanical research study confirmed
that this DDHAM maintains desirable elastic characteristics when
rehydrated, making it an easy-to-manipulate tissue for ocular surface
reconstruction.®® Despite distinct differences between AmbioDry™
and Biovance®3L Ocular, such as Biovance®3L Ocular's unique three-
layer design as well as its complete removal of cells and associated
growth factors®® these previous publications provide additional
insight into DDHAM products and their clinical application in
ophthalmology.

While the results from the present study are encouraging,
there are several limitations. First and foremost, findings from
in vitro investigations do not directly translate to clinical applica-
tion. A superb compatibility with ocular epithelial cells does not
necessarily equate to clinical improvements in ocular wound heal-
ing. In addition, the alamarBlue assay, like other metabolic activity
assays, has inherent limitations. The alamarBlue assay is sensitive
to changes in cell metabolism as well as cell number. Therefore,
fluorescence intensity measured with the alamarBlue assay may
not directly reflect the number of adherent cells and should be
interpreted carefully. To avoid this limitation, we considered DNA
quantification to reflect the number of cells on the AMs. Since two
of the AMs included in the study contain the DNA of amniotic cells
(i.e., DHAM and CHAM), the extraction and quantification of DNA
is increasingly complicated. Therefore, the alamarBlue assay was
chosen as our means of measurement. Although the present study
did not include an evaluation of the functional characteristics of
the cells adhered to the different AMs (e.g., transepithelial/transen-
dothelial electrical resistance [TEER] measurement, ZO-1 staining,

or fluorescein permeability), this would provide a more

comprehensive understanding of the permeability of different AMs
and is therefore, an important direction for future work. Unlike this
in vitro study, many types of cells exist and interact with each other
in tissues in vivo. The cellular behavior of one cell type does not
necessarily represent the responses of the tissue. Despite these
limitations, however, this study is unique in its comparison of ocu-
lar cell activity and inflammatory response on three commercially
available AMs. Furthermore, this study is the first to demonstrate

the effect of AM sidedness on cellular activities.

6 | CONCLUSION

Overall, DDHAM was shown to support better HCEC functionality
in vitro, which may suggest greater ocular cell compatibility in vivo.
Additional research is warranted to evaluate the wound healing

response of DDHAM as well as its clinical application and outcomes.
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