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PREFACE

The human eye has millions of functional cells, and is considered the second most complex organ in the body
after the brain. The eyes dominate emotional communication, governing interactions between the brain and
the heart and capturing a lifetime of an individual’s views. Although, we can interpret emotions (e.g., anger,
disgust, fear, happy, sad, surprise, and to a lesser extent contempt, embarrassment, interest, pain, and shame)
by analyzing the expression of the face and eyes, our view is modified by social learning and culture. The fine
work of the renowned French photographer Rehahn illustrates ethnic culture, landscapes and portraits with
emotions. His most praised works include a close-up shot of a 103-year-old Rengao woman who reveals -
through her warm and sparkling eyes - satisfaction and happiness, attesting to a rich life story. Moreover, the
eyes can offer a unique glimpse into the body’s health and by regular monitoring, an eye doctor may be able to
spot systemic medical conditions potentially leading to early diagnostic and treatments. The retinal blood flow
and vessels can, for instance, signal a risk for stroke or high blood pressure, and a yellow sclera may be a sign of
hepatitis.

The eye is protected from germs, dust, harmful objects, and to some extent, from the damaging ultraviolet
wavelengths in sunlight by the eyelids and the cornea. The cornea also acts as the eye’s outermost refractive
surface focusing the light that will reach the brain as electrical signals which are then translated further into
images. In order for a person to see well, all five main layers of the cornea must be free of any cloudy or opaque
areas. The cornea can recover from minor injuries on its own, however, deep injuries will take longer to heal
and might also cause pain, blurred vision, extreme sensitivity to light, and in some cases even corneal scarring.
Also, corneal dystrophies can affect one or more parts of the cornea through accumulation of foreign material
that will cause the cornea to lose its transparency, potentially leading to loss of vision. To restore vision in such
cases, a cornea transplant (i.e., keratoplasty) is performed in which (a part of) the defective cornea is replaced
with healthy corneal tissue from a deceased donor. In cases in which the inner most layer of the cornea (i.e.,
endothelium) is affected, it is mostly restored by performing a Descemet Membrane Endothelial Keratoplasty
(DMEK) procedure. However, the global shortage of available corneal donor grafts and a rise in the ageing
population cause a shortness in potential transplants. Thus, a considerable clinical interest exists for developing
tissue-engineered constructs and new cell therapies using cultivated cells.

More than 9 years have passed since | became fascinated by this clear window of the eye. The story begins in
Rotterdam where | was doing a six-month internship at the Netherlands Institute for Innovative Ocular Surgery
(NHOS) center located in the vicinity of the Erasmus Bridge. Before completing a 2-year program and being
awarded the degree Professional Doctorate in engineering (PDEng) at the Delft University of Technology, | was
referred to set up a protocol for culturing a cell type with a rare nesting behavior. But applying these results
into clinical practice is another challenge and if you fast-forward the time, you will still find me trying to explain
paradigms that show-up while digging for answers. For a successful implementation of regenerative therapies
for the corneal endothelium, we need to understand the dynamic cellular changes that occur in vivo in both
normal and diseased tissue. Only after this, can effective solutions be proposed to reduce the global shortage
of donor corneas.

In this thesis, | will focus on the in vivo and in vitro behavior of corneal endothelial cells before and after
endothelial keratoplasty. Regenerative strategies for the treatment of Fuchs endothelial corneal dystrophy, the
most common corneal disorder requiring transplantation, will be tackled from a dual perspective, i.e.,
regeneration without allogeneic corneal endothelial cell transplantation and targeted activation of endogenous
self-repair mechanisms.
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Chapter 1

GENERAL INTRODUCTION

Posterior lamellar keratoplasty techniques have gained increasing acceptance over the past two decades to
become the leading form of corneal transplantation. Initially described by Melles et al in 1998, there have been
multiple technical modifications, culminating in Descemet membrane endothelial keratoplasty (DMEK).[1,2]
These technical refinements have allowed endothelial keratoplasty to gain not only widespread acceptance but
to make it the treatment of choice for endothelial diseases.[3,4] The selective transplantation of the
endothelium through a small incision allows for faster and more complete visual rehabilitation, with minimized
interface haze and antigen load, less astigmatism and fewer suture-related complications.[5,6] Fuchs
endothelial corneal dystrophy is the most common indication for corneal transplantation.[7,8] It is characterized
by deterioration of endothelial cells, from the center towards the corneal periphery, and the development of
characteristic basement membrane excrescences known as guttae. Interestingly, the diseased endothelial cells
have demonstrated an increased migration speed compared to normal corneal endothelial cells, which may
impact the healing response to surgical procedures under pathological conditions.[9]

The research presented in this thesis focusses on in vivo and in vitro corneal endothelial cell migration from
shape-adapted corneal grafts for the treatment of corneal endothelial disorders. A greater understanding of the
cell migration mechanisms from phenotypically distinct regions of the endothelium may assist in selecting the
optimal donor tissue and predicting in vivo cell behavior. Understanding cell migration in vivo has clinical
implications for corneal transplantation, for instance when pharmaceutical cell modulation may further
improve the patient outcomes. In this introduction, we will discuss the corneal anatomy, the basic physiological
function of the corneal endothelium, surgical approaches, and available treatment options for mitigating
endothelial cell dysfunction.

THE HUMAN EYE

The eye consists of three basic structural layers, which enclose the optically clear aqueous humour, lens, and
vitreous body. The outermost layer is a tough collagenous structure comprised of the cornea and the sclera. The
middle layer is highly vascular and is known as the uvea. This layer contains the main blood supply to the eye
and consists, from posterior to anterior, of the choroid, the ciliary body, and the iris. The innermost layer is the
retina, which rests on the choroid and lines the inside of the posterior segment. The retina is one of the most
metabolically active tissues in the body, receives most of its nourishment from the vessels within the choroid,
and is responsible for the perception of images (Figure 1). To reach the retina, light must pass through and be
refracted by the cornea which is responsible for two thirds of the refractive power of the eye.

The Cornea

The cornea is a transparent avascular tissue about 520 um thick which acts as a primary barrier against infection
and mechanical damage to the internal structure of the eye.[10] The role of the cornea in the refraction of light
requires it to be both optically transparent and sufficiently curved to bend light rays with minimal light
scattering. Normally, more than 90% of the incident light is transmitted through the cornea.[11] Maintaining
corneal transparency is of prime importance for visual function. Since the cornea lacks blood vessels, the
anterior surface receives nutrients via diffusion from the tear fluid, the periphery from scleral vessels while the
posterior side is supplied by the aqueous humor. The cornea is also supplied by neurotrophins via the nerve
fibers that innervate it. Its anatomic structure is relatively simple consisting of three cellular layers, namely the
epithelium, the stroma and the endothelium which contain epithelial cells, keratocytes and endothelial cells,
respectively. In addition, there are two important acellular interfaces: the Bowman layer between the
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epithelium and the stroma, and the Descemet membrane (DM) between the stroma and endothelium
(Figure 2).

Sclera
Ciliary body

Cornea
Iris
Macula RUl

Optic nerve

Anterior cavity

(contains agueous humor)
Anterior chamber
Posterior chamber
Vitreous chamber
(contains vitreous body)

=
Choroid

Retina

Ocular muscle

Figure 1| Anatomy of the eye — sagittal section.

Source: https://basicmedicalkey.com/ophthalmic-drug-delivery/

Epithelium
Squamous superficial cells
Wing cells

Basal Cells
Bowman layer
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Collagen Fibrils
Keratocytes *

(€
Keratocytes -

“y > Descemet membrane
Endothelium * Endothelium

Figure 2| The human cornea. (A) Photomicrograph of a cornea stained with hematoxylin-eosin (H&E) with emphasis on (B)
epithelium — formed by superficial squamous cells, wing cells and a single layer of inner columnar basal cells, Bowman
layer — an acellular tough membrane situated between corneal epithelium and stroma, (C) stroma — the layer that gives
the cornea strength and gives it its curved shape, (D) Descemet membrane — the innermost surface of the cornea that acts
as a basement membrane for the inner endothelium — a monolayer of homogeneous, closely packed, hexagonal cells;
original magnification: (A) 100 um, (B-D) 400 um. (E-G) confocal microscopy images of epithelial cells, stromal keratocytes
and endothelial cells.
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The epithelium

The epithelium is a five-to-seven layered cell sheet that serves a number of functions. It helps to keep the
corneal surface optically smooth and provides a barrier to external biological agents and chemical damage.[12]
It represents about 10% (~ 50 um) of the total corneal thickness and it is constantly sloughed off and
regenerated, which helps the eye to heal itself from mild trauma or abrasions. The epithelium consists of flat
superficial differentiated cells, deeper winged cells (daughter cells of the basal layer which are pushed
anteriorly), and an underlying monolayer of columnar basal cells. The differentiated squamous cells have
surface microvilli and occupy the outer 1 — 3 cell layers of the epithelium (Figure 2, A, B, and E). The function of
the microvilli is to increase the cell surface area allowing a close association with the tear film. The underlying
basal cells have wing-like extensions, rarely undergo division and migrate superficially to differentiate into
squamous cells. The innermost basal cell layer consists of a single layer of columnar cells with important
functions including the generation of new wing cells and maintenance of the epithelial organization, and acting
as a scaffold on which cells can migrate. The transparency of the normal epithelium is the result of the
homogeneity of the refractive index of cells throughout this cellular layer.[13] When an excessive accumulation
of fluid (edema) occurs, the epithelium loses its homogeneity and the corneal surface becomes irregular. Any
surface irregularity can cause a reduction in vision along with symptoms of glare, photophobia, and halos around
lights due to light scatter.

The Bowman layer

The Bowman layer forms the anterior boundary between the epithelium and the stroma and consists of
randomly oriented collagen type | fibrils supported within a proteoglycan matrix. This interconnecting network
of the anchoring fibrils in the anterior cornea confers considerable strength and resistance to trauma and helps
the cornea to maintain its shape (Figure 2, A and B). However, once damaged, it cannot be regenerated.[14]

The stroma

The stroma is a structured lattice of collagens and proteoglycans deposited in sheets known as lamellae and
maintained by specialized keratocytes (Figure 2, A, C, and F).[15] The keratocytes are scattered throughout the
stroma and are linked to one another via dendritic processes.[16] Keratocytes are typically dormant in the
quiescent stroma but can become active and then produce and turnover crystalline proteins to maintain corneal
transparency.[17] The unique arrangement of evenly-spaced collagen fibrils provides structural strength, shape,
stability, and transparency to the cornea.[18]

The Descemet membrane

The Descemet membrane (DM) is a thin acellular layer that acts as the basement membrane of the endothelial
cells. It is continuously produced and deposited by the endothelial cells, resulting in a thickness increase
throughout life at a rate of about 1 to 2 um per decade reaching about 10 um in older adults (Figure 2, A and
D).[19,20] In adults, the DM consists of two ultrastructurally distinct layers: an anterior, highly organized banded
layer of collagen lamellae and proteoglycans formed during gestation, and a posterior, more amorphous layer
produced by the extracellular matrix deposition of the endothelial cells.[21] The gradual increase in thickness
of the posterior layer suggests that either there is no degradation of its constituents or the rate of synthesis of
constituents is higher than the degradation rate.[22] The wide-spaced collagen fibers found in the DM do not
adhere strongly to the stroma, and so a surgical cleavage plane can be created allowing the DM to be peeled
and dissected as a sheet.[23]
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The endothelium

The endothelium is a thin monolayer of hexagonal cells covering the posterior surface of DM, lining the inner
surface of the cornea, and maintained by nutrients from the aqueous humor (Figure 2, A, D, and G). Despite
their simple hexagonal appearance, endothelial cells are quite complex in function. Adjacent cells communicate
through intracellular junctions[24-27] that mediate electrical and chemical coupling between neighboring cells,
whereas the basal cell margins adjacent to DM are ruffled, with tightly-joined interdigitating foot processes,
some of which appear to insert into neighboring cells.[28,29] The whole assembly allows the endothelium to
function as a “leaky” barrier, forming resistance to the permeability of solutes and fluid through paracellular
transport routes,[27,30] but allowing the passage of nutrients from the aqueous humor to feed the avascular
cornea.[31] The corneal endothelium (CE) counteracts the osmotic tendency of the corneal stroma to swell by
removing excess stromal fluid via the activity of proton pumps, which are located mainly on the basolateral side
of the membrane.[32,33] The dynamic balance between the barrier and active pump of the endothelium is
essential for maintaining the relatively dehydrated state of the stroma required for transparency (i.e., stromal
deturgescence).[34] Once the endothelial monolayer is compromised, the relative balance between the leak
rate and metabolic pump rate is lost.

Figure 3| Slit-lamp photograph showing a transparent cornea (A, slit lamp image overview) optimally hydrated by a
healthy endothelium (B, specular microscopy image showing an endothelium characterized by hexagonal cells with highly
uniform polygonal morphology). Corneal endothelial decompensation (D, specular microscopy image showing empty
spaces in the endothelial mosaic) leading to overhydration of the cornea (C, slit lamp image overview).

Endothelial cell density (ECD) begins at about 5000-6000 cells/mm? at birth, but as the cornea grows the cells
spread out and the density declines to about 3500 cells/mm? in the young adult. From the second to the eighth
decade, the cell density further decreases to about 2600 cells/mm? with an attrition rate of approximately 0.6%
per year.[35-37] Human corneal endothelial cells (hCEC) are not thought to have a significant capacity for in
vivo regeneration, thus making them unable to replace significant numbers of dead or damaged cells.[38] While
the cells do not appear to have the capacity to proliferate, hCEC can respond to minor damage by stretching
and centripetal migration into the injured area, to maintain proper structure and function.[26,35] The
phenomenon of cell spreading can be associated with the variability in cell size (polymegathism) and cell shape
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(pleomorphism) observed in older individuals. Given the importance of its function, damage to the endothelium
is potentially more serious than that to the other corneal layers and can result in cell loss and loss of vision.[40]
However, the age-associated decline of the CE does not usually affect the critical barrier and pump function.[41]
In contrast, acute hCEC loss due to conditions such as endothelial dystrophies, chemical burn, or previous
refractive or intraocular surgeries may lead to corneal decompensation.[42—-48] When the hCEC density
decreases below the critical threshold range of 500 to 1000 cells/mm?the pump function may be compromised,
and the cornea can become edematous and cloudy (Figure 3).[49] In such cases, corneal transplantation is
currently the only effective option to improve vision and reduce pain. The gold standard treatment is to replace
the ineffective endothelium selectively with healthy, functional donor CE through a corneal transplant.

ADVANCES IN ENDOTHELIUM TRANSPLANTATION AND REGENERATION

Cornea transplantation is an operation used to remove all or only the damaged part of the cornea to replace it
with healthy cornea tissue (the transplant) of a suitable deceased donor. Fuchs endothelial corneal dystrophy
(FECD) is a common form of corneal endothelial dystrophy and the most common indication for cornea
transplantation worldwide.[50] FECD dystrophy progresses slowly and is characterized by a progressive loss of
central corneal endothelial cells, thickening of DM and deposition of basement membrane excrescences in the
form of guttae (Figure 3, C and D).[51]

Before cornea transplantation can be performed, the donor tissue should be harvested, disinfected, assessed,
prepared and stored, a highly regulated process most often performed by an eye bank. Since the first successful
transplantation in 1905 by Zirm,[52] for many years, the procedure of choice to manage corneal disorders was
penetrating keratoplasty (PK), i.e., a full-thickness graft in which all corneal layers are replaced (Figure 4, top).
Although improvements in the visual acuity were achieved with PK, frequent complications were reported:
(i) denervation, (ii) suture-related complications such as astigmatism, infection and increased risk of immune-
mediated graft rejection, (ii) and a significant increase in the prevalence of glaucoma following
transplantation.[53] Moreover, since visual acuity outcomes after PK were not predictable, the procedure was
usually only performed after the patient’s visual acuity level had dropped to levels below 0.3.[54,55] These
drawbacks of PK led to the development of posterior lamellar keratoplasty techniques to replace PK with less
invasive surgical interventions for the treatment of endothelium-related corneal diseases.[56—59]

Figure 4| Fundamental developments in endothelial keratoplasty. Cartoon images of the PK, DS(A)EK, and DMEK
principles (Left) and the post operative view of the cornea after the three procedures (Scheimpflug image — Pentacam),
respectively (Right).[60-62]
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One of the keystones of modern endothelial keratoplasty (EK) was laid by Melles et al.[63] in 1998, where he
described the posterior lamellar keratoplasty (PLK), an initially mid-stromal approach to replace the posterior
cornea. Since the removal of the diseased tissue for PLK was technically still challenging, in 2002, Melles
introduced the ‘descemetorhexis’ procedure, during which the diseased host Descemet membrane with its
endothelium is selectively removed (‘stripping’).[64] This enabled the introduction of Descemet stripping
(automated) endothelial keratoplasty (DS(A)EK), a procedure that became adopted by corneal surgeons all over
the world (Figure 4, middle).[65] Compared to PK, DS(A)EK resulted in a faster visual rehabilitation and more
predictable refractive outcome, while suture and wound-related problems could be avoided. DS(A)EK allows
the retention of a better structural integrity of the eye and allograft rejection rates were reduced.[66,67]
However, thickness irregularities of the donor graft or stromal interface haze causing optical aberrations could
sometimes result in variable visual acuity outcomes.[67] Following the widespread adoption of DS(A)EK, the
Melles group further revised its approach and reported the results of a newer procedure that eliminated the
variability of the stroma by producing a stroma-less graft in the form of Descemet Membrane Endothelial
Keratoplasty (DMEK).[68—70] In DMEK, the normal corneal anatomy is restored by selective replacement of the
diseased corneal layer only (Figure 4, bottom). Although initially challenging, recent developments have
facilitated tissue handling in a “no-touch” manner. As a result, the procedure is designed with reproducible,
standardized steps, that can be implemented by most corneal surgeons in any clinical settings and with relatively
low costs.[71]

Compared to PK, lamellar keratoplasty procedures provide faster recovery, better visual results, with less
scarring and fewer optical stromal aberrations. In addition, lower rates of post-operative endothelial cell loss
have been reported in long-term outcome studies. [72]

Globally, the main barrier to patients receiving these treatments is the lack of suitable donor tissue. To cope
with global shortage of donor corneas, the concept of using one donor cornea for the treatment of multiple
patients was realized with the introduction of the ‘Hemi-DMEK’[73-75] and ‘Quarter-DMEK’.[76—79] These
approaches use one donor cornea to prepare two semi-circular or four quadrant-shaped DMEK grafts with the
potential to double or quadruple the availability of endothelial grafts. These techniques are surgically similar to
standard DMEK and achieved comparable visual acuity outcomes, however, the initial case series showed
higher rates of graft detachment and relatively low postoperative endothelial cell density.[80,81] Another
limitation of these techniques, particularly for Quarter-DMEK, is that the surgical indication is mostly restricted
to cases of Fuchs endothelial corneal dystrophy with central corneal guttata (Figure 5B) and without peripheral
corneal edema on slit-lamp examination.

Clinical reports of patients who achieved corneal clearing despite failure of graft adhesion after endothelial
keratoplasty[82,83] stimulated research into an entirely different concept — the possibility of cell free
treatments. The initial cases with corneal clearance despite graft detachment were followed by reports of
endothelial regeneration after Descemet's Stripping Only (DSO) procedures, also known as Descemetorhexis
without endothelial keratoplasty (DWEK), that has emerged as a new tissue-free treatment option for patients
with central FECD.[84-86] Like any surgical technique, DSO has also evolved over time. Currently, only a small
area of diseased DM with a diameter of about 4—6mm, along with its endothelial cells and guttae in the visual
axis, is removed. The bare area is then left to clear by the migration of peripheral endothelial cells. The presence
of healthy peripheral cells is therefore a pre-requisite for successful DSO treatment but despite improvements
in high resolution imaging technologies to determine the peripheral cell density reserve, some patients still do
not clear after DSO.[87] The complexity of determining not only the density but the migration capacity and
quality of the peripheral endothelial cell reserve in order to define the ideal candidate for DSO, may be the
major limiting factor on the widespread use of this approach[88] which shows a 12-month failure rate of 8% -
18%.[89-94] Recently, studies have reported on the topical administration of Rho-kinase inhibitors (ROCK-
inhibitors) in combination with DSO.[95-96] It has been shown that the use of ROCK-inhibitors promotes the
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recovery of ECD, of visual quality, and supports the concept of peripheral endothelial cell proliferation and/or
migration by decreasing peripheral ECD loss. Therefore, by combining DSO with ROCK inhibitors an important
economical saving for society could take place as it does not require donor tissue nor expensive post-operative
care.

Figure 5| In vivo confocal microscopy images: (A) healthy corneal endothelium (B) mild FECD: guttae appear rather
scattered and appear in only a small portion of the endothelial area, and (C) severe FECD: confluent guttae visible across
the entire endothelium.

DSO/DWEK is likely to only be an option for milder FECD cases and will not eliminate the demand for corneal
tissue. With this in mind, other alternatives for donor graft material are being investigated. Several clinical trials
are underway evaluating approaches to using corneal endothelial cell replacement therapy through the
injection of cultivated cells from a donor in the presence of mitogens[97,98] or even loaded with magnetic
nanoparticles.[99] Expanding cells in culture allows far more patients to be treated by a single corneal donor.
The longest-running trial using cell injection delivery has enrolled more than 60 participants in Japan[100] and
recently reported its 5-year follow-up of the first 11 patients.[101] The most recently reported clinical trial with
cultured endothelial cells was conducted from November 2020 to May 2021 at the Quesada Clinic in San
Salvador, El Salvador, and the investigators injected cultured cells of two donor corneas into 50 affected eyes
with the goals of reducing corneal edema and restoring vision. Although official data is not yet available, the
investigators have confidence in the procedure’s efficiency.[102] Figure 6 summarizes the current and
developing regenerative medicine therapies to treat corneal endothelial disease.
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AIM AND THESIS OUTLINE

The thesis focuses on the in vivo and in vitro behavior of corneal endothelial cells before and after endothelial
keratoplasty. The first part of the project concentrates on the ECD decrease after DMEK and DMEK graft viability
prior to transplantation. The second part focusses on regenerative strategies for the treatment of FECD by
developing and applying in vitro cell migration assays. In vitro cell migration from DMEK grafts of various sizes
and shapes are investigated in a 3D cell culture system aiming to identify critical parameters for the successful
clinical application of corneal endothelial therapies.

The first two chapters focus on the pre- and postoperative ECD measurements of DMEK grafts. In Chapter 2, we
analyse ECD decrease after DMEK and demonstrate that about half of the observed ECD decrease at 6 months
after DMEK is an in vivo decline from 1 day to 6 months postoperatively. The remaining decrease between
preoperative and 1 day postoperative ECD values may be attributed to measurement error in the eye bank. In
Chapter 3, we further examine the high ECD drop in the early postoperative phase after DMEK by analyzing the
effect of graft preparation and organ-culture storage on ECD and viability of DMEK grafts prior to their release
for transplantation.

The next six chapters focus on obtaining a better understanding of the regenerative capacity of the corneal
endothelium by collecting the latest updates on the corneal endothelial wound process and performing explant
outgrowth assays using a novel 3D culture technique. In Chapter 4, we summarize what is currently known
about the wound healing characteristics from a biochemical level in the lab to the regenerative features seen in
the clinic. In Chapter 5, cell migration of shape-adapted DMEK (Quarter-DMEK) grafts is replicated in an in vitro
culture system and possible reasons for the lack of endothelial cell migration from the peripheral round edge of
Quarter-DMEK grafts are examined. In Chapter 6, a novel 3D culture technique for an improved studying in vitro
cell migration from explant tissue is tested. The technical ‘ins and outs’ of the proposed culture system and the
cell ability to remodel the artificial matrix during migration while the explant tissue is maintained and fixed on
a rigid position are analysed. In Chapter 7, we use the 3D culture system to explain the migration capacity of
the peripheral endothelium, to provide more effective graft modifications prior to clinical implementation. In
Chapter 8, we determine the migration of peripheral corneal endothelial cells in the presence and absence of
mitogens to better understand the cell migration mechanism from phenotypically-distinct regions of the
endothelium. In Chapter 9, a new preparation process and surgical testing of small diameter DMEK grafts are
investigated. Additionally, by engaging the 3D hydrogel system, the surgical effect on endothelial cell density,
viability, and migration capacity is evaluated.
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ABSTRACT

Purpose: To evaluate endothelial cell density (ECD) in the first 6 months after Descemet membrane endothelial
keratoplasty (DMEK) by eliminating method error as a confounding variable.

Methods: From 24 DMEK eyes operated for Fuchs endothelial corneal dystrophy, from which specular
microscopy images could be taken at 1 day and 6 months postoperatively, ECD values were compared between
these 2 time points.

Results: Using the 1-day ECD measurement as baseline, mean ECD decreased from 1913 (+326) cells/mm? to
1524 (+393) cells/mm? at 6 months, a decline of -18 (+19)%. With the 1-week ECD as baseline [1658 (+395)
cells/mm?], the decline at 6 months was -6 (+19)% and when using preoperative ECD as baseline [2521 (+122)
cells/mm?], the decline was -39 (+16)% at 6 months.

Conclusions: After DMEK, ECD shows an in vivo decline of 18% from 1 day to 6 months postoperatively, with a
sharp 13% drop in the first week, and a slower decrease thereafter. The remaining difference of 20% from
preoperative ECD values may be attributed to a measurement error in the eye bank with an overestimation of
the graft’s viable endothelial cell population and/or intraoperative trauma to the graft.
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INTRODUCTION

Descemet membrane endothelial keratoplasty (DMEK) is currently the most selective endothelial keratoplasty
technique, by which only the diseased Descemet membrane (DM) and endothelium are replaced by a healthy
donor.[1,2] With growing experience, DMEK may increasingly be preferred over Descemet stripping endothelial
keratoplasty/ Descemet stripping automated endothelial keratoplasty owing to better visual outcomes,[3,4] a
lower risk of interface haze, and a reduced chance of allograft rejection.[5,6]

Endothelial cell density (ECD) has been found to show a postoperative decrease comparable with earlier
endothelial keratoplasty techniques, that is, 30% to 40% within the first 6 months after surgery followed by an
annual decrease of 7% to 9% thereafter.[7-9] A postoperative ECD decrease for all endothelial keratoplasty
techniques is usually reported for 6-month follow-up,[8,10,11] and it is therefore not known whether the
perceived drop in ECD relates to the measurement error (light microscopy in the eye banks versus in vivo
specular microscopy after surgery), intraoperative trauma to the graft, or a drop in central ECD in the first
months after surgery.

Because DMEK often provides enough corneal deturgescence within the first 24 hours to enable specular
microscopy, the purpose of our study was to use the 1-day ECD (instead of preoperative values) as baseline to
evaluate the in vivo change in ECD within the early postoperative phase and to determine at which time points
any change in in vivo ECD might occur.

METHODS

Of 46 consecutive DMEK surgeries performed for Fuchs endothelial corneal dystrophy, successful ECD images
could be taken for 24 eyes of 24 patients on the first postoperative day, and these eyes were included in the
study (Figure 1). For these 24 eyes, 13 patients (54%) were women and 11 were men with a mean age of 69
(£11) years (range 4294 years). Six eyes (25%) were phakic and 18 (75%) pseudophakic (Table 1). All patients
signed an institutional review board-approved informed consent form for research participation, and the study
was conducted according to the Declaration of Helsinki.

Donor tissue protocol

The procedure for harvesting a DMEK graft has been previously described in detail.[12,13] Briefly, corneoscleral
buttons were excised from donor globes obtained less than 36 hours postmortem and stored in organ culture
medium at 15 to 31°C (CorneaMax, Eurobio, Courtaboeuf, France). After on average 1 week of culture,
endothelial cell morphology and viability were evaluated again, and a 9.5 mm-diameter Descemet sheet with
its endothelium was carefully stripped from the posterior stroma. Each “Descemet-roll” was then stored in
organ culture medium until the time of transplantation (Table 1).[12] Preoperative donor ECD was assessed in
vitro in the eye bank (Axiovert 40 inverted light microscope, Zeiss, Gottingen, Germany) after provoked swelling
and staining with 0.04% trypan blue (Hippocratech, Rotterdam, The Netherlands)[12,13] and determined by
manual counting according to the fixed-frame method.

Surgical protocol

All surgeries were performed according to the previously described DMEK technique.[2] After performing
“descemetorhexis” under air,[14] a 3.0-mm tunnel incision was made for the insertion of the graft. The
“Descemet-roll” was inserted endothelial side down (donor DM facing the recipient posterior stroma) into the
recipient anterior chamber and then unfolded over the iris and positioned against the recipient posterior
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stroma.[2] The anterior chamber was left completely filled with air for 60 minutes, followed by air-liquid
exchange to pressurize the eye while leaving 30% to 50% air fill in the anterior chamber. Patients were instructed
to remain supine for 48 to 72 hours after surgery. Postoperative medication included 0.5% chloramphenicol,
5 mg/mL ketorolac, and 0.1% dexamethasone eye drops for 4 weeks followed by a routine steroid tapering
(fluorometholone) regimen over the course of a year.

Measurements and statistics

Routine follow-up examinations were performed at 1 day, 1 week, and at 1, 3, and 6 months after surgery. In
vivo postoperative ECD was evaluated using noncontact specular microscopy (Topcon Medical Europe BV,
Capelle a/d llssel, The Netherlands). ECD analysis was performed by multiple trained technicians. For all
endothelial images of the central corneal window, the automatically delineated cell borders (ImageNet
software, Topcon Medical Europe BV) were carefully checked and in case they were not correctly assigned by
the program, a “manual correction” was applied to reassign the cell borders. For every analysis, the largest
possible part of the image was used, and measurements of 3 central images were averaged per follow-up time.

A paired t test was performed for ECD data comparison between preoperative and postoperative follow-up
measurements. P < .05 was considered statistically significant.

Case 3 Case 15

1 day EC images

-
-6% (vs preop ECD) -34% (vs preop ECD) -35% (vs preop ECD) -31% (vs preop ECD)
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-
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6 months EC images

-9% (vs preop ECD) -50% (vs preop ECD) -39% (vs preop ECD)
-3% (vs 1d ECD) -24% (vs 1d ECD) -7% (vs 1d ECD)

-45% (vs preop ECD)
-20% (vs 1d ECD)

Figure 1| Specular microscopy images taken at 1 day and 6 months DMEK. One-day (upper row) and 6 months (bottom
row) postoperative specular microscopy images are displayed for 4 cases. ECD decrease compared with preoperative donor
ECD and with the 1 day ECD count are listed for each case.
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Table 1. Demographics of DMEK Eyes

Patient and Donor Information

Group with successful

1d ECD count

Patient data
No. of eyes (patients)
Gender
Female
Male
Mean age (+SD) (range), yrs.
Preoperative lens status
Pseudophakic
Phakic
Mean preoperative pachymetry (+SD), um
Donor data
Gender
Female
Male
Mean age (+SD) (range), yrs.
Mean storage time (+SD) (range), days
Mean time between last ECD evaluation and
surgery (£SD) (range), days
Cause of death
Cardio/Stroke
Trauma
Respiratory
Cancer
Other
Mean donor ECD (+SD), cells/mm?

24 (24)

13 (54%)
11 (46%)
69 (+11), (42-94)

18 (75%)
6 (25%)
661 (+56)

7 (29%)
17 (71%)
69 (+10), (46-82)
14 (£3), (8-20)
9 (+3), (6-14)

13 (54%)
2 (8%)
5 (21%)
2 (8%)
2 (8%)
2521 (£122)

Average central ECD decreased from 2521 (+122) cells/mm? preoperatively to 1913 (+326) cells/mm? at 1 day,
to 1658 (+395) cells/mm? at 1 week, to 1629 (+367) cells/mm? at 1 month, to 1592 (+369) cells/mm? at 3 months,
and to 1524 (+393) cells/mm? at 6 months. This corresponded to an ECD decrease of -39 (+16)% at 6 months
compared with the preoperative value (Table 2, Figure 2).

When using the 1-day ECD measurement as a baseline value, mean ECD decreased by -13 (+14)% at 1 week, by
-14 (£17)% at 1 month, by -15 (+19)% at 3 months, and by -18 (+19)% at 6 months. Using the 1-week ECD value
as baseline, the ECD decrease was 0 (+16)% at 1 month, -3 (£19)% at 3 months, and -6 (+19)% at 6 months.

When comparing the average ECD between the consecutive follow-up time points, the initial decline between
preoperative/1 day was -24 (£12)%, between 1 day/1 week -13 (£14%), between 1 week/1 month 0 (£16)%,
between 1 month/3 months -3 (+10)%, and between 3 months/6 months -3 (+5)% (P > 0.05 for all paired time
point comparisons after 1 week).

Although the average ECD decrease between 1 day/6 months was -18% (median 15%) within the study group,
there was a large variation in the ECD decrease for this time interval ranging from +7% to -78% (Table 2).
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Table 2. ECD and ECD decrease (AECD) after DMEK

Patient data ECD, cells/mm? AECD
6moFUvs. 6moFUvs. 6moFUvs.
Case Age,yrs. Lens Status Preop. 1dFU 1wFU 6 mo FU Preop., % 1dFU, % 1wFU, %
1 94 Pseudophakic 2400 1768 NA 1432 -40% -19% NA
70 Pseudophakic 2700 2293 1734 1889 -30% -18% +9%
3 73 Pseudophakic 2600 2438 2440 2355 -9% -3% -3%
4 87 Pseudophakic 2600 2065 2327 1911 -26% -7% -18%
5 62 Pseudophakic 2700 2396 1457 536 -80% -78% -63%
6 79 Pseudophakic 2300 1870 1010 881 -62% -53% -13%
7 72 Pseudophakic 2600 1957 1413 1089 -58% -44% -23%
8 80 Pseudophakic 2400 2003 1852 2143 -11% +7% +16%
9 68 Phakic 2400 2120 1945 1789 -25% -16% -8%
10 68 Pseudophakic 2400 1265 942 1395 -42% +10% +48%
11 49 Phakic 2500 1956 1333 1220 -51% -38% -8%
12 71 Pseudophakic 2500 1237 1242 1222 -51% -1% -2%
13 42 Phakic 2600 1799 1882 1638 -37% -9% -13%
14 54 Pseudophakic 2500 1645 1409 1253 -50% -24% -10%
15 73 Pseudophakic 2500 1630 1629 1518 -39% -7% -7%
16 74 Pseudophakic 2300 1588 1410 1267 -45% -20% -10%
17 63 Pseudophakic 2400 2206 2097 1633 -32% -26% -22%
18 67 Pseudophakic 2800 2380 2225 2020 -28% -15% -9%
19 51 Phakic 2600 2163 1768 1821 -30% -16% +3%
20 76 Pseudophakic 2500 1822 1355 1182 -53% -35% -13%
21 69 Phakic 2500 1607 1452 1396 -44% -13% -4%
22 66 Phakic 2600 1828 1793 1846 -29% +1% +3%
23 78 Pseudophakic 2600 1644 1369 1515 -42% -8% +11%
24 67 Pseudophakic 2500 2240 2059 1978 -21% -12% -4%
Average 2521 1913 1658 1524 -39% -18% -6%
Standard Deviation 122 326 395 393 +16% +19% +19%
Median 2500 1913 1629 1516 -40% -15% -8%

ECD, endothelial cell density; FU, Follow-up; NA, not available; Preop, preoperative; AECD, ECD decrease.

DISCUSSION

Commonly, ECD decrease is considered one of the main outcome parameters in the evaluation of corneal
transplantation procedures, both as a measure of efficacy and for predicting long-term graft survival.[15-17] For both
Descemet stripping endothelial keratoplasty/Descemet stripping automated endothelial keratoplasty and DMEK,
multiple studies have described an approximate 30% to 40% drop in ECD at 6 months after surgery, compared with
preoperative values. So far, it has been unknown whether the ECD at 6 months reflects solely surgical trauma to the
graft[3,17,18] or in vivo cell loss or redistribution. Also, it has been unknown at what time point any in vivo decrease in
ECD might occur, and whether it reflects a gradual decrease or a sudden drop. In a small case series, we previously
found a significant decrease in ECD within the first month after DMEK.[8] This finding triggered the current study that
aimed to overcome the lack of reliable measurements in the early postoperative phase, using 1-day postoperative
specular microscopy readings as baseline for in vivo ECD analysis.

Interestingly, our study showed that a -18% in vivo drop in ECD after DMEK occurred within the first 6 months after
surgery and particularly within the first week after surgery. This finding may shed a different light on various causes that
are hypothesized for the drop in ECD after DMEK, including endothelial cell migration and/or redistribution, after
surgical inflammation or a subclinical immunological response and would indicate that approximately half of the
apparent drop in ECD at 6 months occurs in vivo, that is, after transplantation.

38



In vivo ECD decline in the early postoperative phase after DMEK

3000

2500 G

:(J-
I**

2000

| e

Endothelial cell density (cells/mm?)

1500 >
3 | 1
i
[
1000 —$2
500
o 1 1 L 1
Pre-op 1 month 3 months 6 months

Time after DMEK

Figure 2| Preoperative and postoperative ECD after DMEK. ECD was measured preoperatively, and at 1 day, 1
week , 1 month, 3 months, and 6 months postoperatively. The highest ECD drop was observed at 1 day after
surgery. Error bars represent SD. The t test was used for paired consecutive follow-up time points: *: P<.05.

On average, in vivo ECD dropped from day 1 to 1 week postoperatively by -13%, whereas the decrease between 1 week
and 6 months was only -6%, indicating that different mechanisms may cause the in vivo ECD decrease. Endothelial cell
migration and/or redistribution may contribute to the ECD drop within the first postoperative week, whereas the lower
ECD decrease after 1 week may be caused by a subclinical immune reaction that had also been suggested to cause an
ECD decrease in the longer term.[11,15,19,20] However, application of higher-dose steroids in the first postoperative
week does not seem to influence postoperative ECD as shown in a recent study by Hoerster et al.[21]

When approximately half of the observed ECD decrease at 6 months occurs in vivo, the remaining decline in ECD as
observed at 1 day postoperatively may be attributed to intraoperative trauma to the graft and/or a measurement error
in the eye bank with an overestimation of the graft’s viable endothelial cell population.[22-25] The latter has been
addressed in a study by Pipparelli et al., which showed for endothelial grafts pre-dissected by eye banks that the actual
pool of viable endothelial cells on the graft is commonly overestimated.[22] The same group showed in another study
with paired organ cultured donor corneas, in which 1 cornea was used for penetrating keratoplasty (PK) and the
contralateral cornea was used to determine the number of viable endothelial cells in vitro, that the number of viable
cells counted in vitro was virtually similar to the ECD measured 5 days after PK.[23] Assuming that the number of viable
cells is similar between eyes of the same pair, this suggests that the observed -30% drop in ECD at 5 days after PK was
caused by a substantial overestimation of the number of viable endothelial cells on the graft. This is further
substantiated by a recent study by Bhogal et al. in which global endothelial cell viability of DMEK grafts was assessed
after preparation, and it was concluded that an early postoperative ECD reduction of up to -25% may be expected from
tissue preparation alone.[25]

In conclusion, our study demonstrated that approximately half of the observed ECD decrease at 6 months after DMEK
is an in vivo decline from 1 day to 6 months postoperatively, with a sharp -13% drop in the first week, and a slower
decrease thereafter. The remaining decrease between preoperative and 1 day postoperative ECD values may be
attributed to a measurement error in the eye bank with an overestimation of the graft’s viable endothelial cell
population and/or intraoperative trauma to the graft.
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ABSTRACT

Aim: To evaluate the effect of graft preparation and organ-culture storage on endothelial cell density (ECD) and
viability of Descemet membrane endothelial keratoplasty (DMEK) grafts.

Materials and methods: DMEK grafts (n = 27) were prepared at Amnitrans EyeBank Rotterdam from 27 corneas
(15 donors) that were eligible for transplantation but could not be allocated due to the Covid-19-related
cancellation of elective surgeries. Cell viability (by Calcein-AM staining) and ECD of five grafts originally
scheduled for transplantation were evaluated on the originally planned surgery day, whereas 22 grafts from
paired donor corneas were evaluated either directly post-preparation or after 3—7 days of storage. ECD was
analyzed by light microscopy (LM ECD) and Calcein-AM staining (Calcein-ECD).

Results: Light microscopy (LM) evaluation of all grafts showed an unremarkable endothelial cell monolayer
directly after preparation. However, median Calcein-ECD for the five grafts initially allocated for transplantation
was 18% (range 9-73%) lower than median LM ECD. For the paired DMEK grafts, Calcein-ECD determined by
Calcein-AM staining on the day of graft preparation and after 3—7 days of graft storage showed a median
decrease of 1% and 2%, respectively. Median percentage of central graft area populated by viable cells after
preparation and after 3-7 days of graft storage was 88% and 92%, respectively.

Conclusion: Cell viability of most of the grafts will not be affected by preparation and storage. Endothelial cell
damage may be observed for some grafts within hours after preparation, with insignificant additional ECD
changes during 3—7 days of graft storage. Implementing an additional post-preparation step in the eye bank to
evaluate cell density before graft release for transplantation may help to reduce postoperative DMEK
complications
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INTRODUCTION

Descemet membrane endothelial keratoplasty (DMEK) is an increasingly popular treatment option for patients
with corneal endothelial dysfunction, optimizing visual out- comes, recovery time, and rejection risk relative to
previous generation of corneal transplantation, such as penetrating keratoplasty (PK) and Descemet stripping
(automated) endothelial keratoplasty (DSAEK). Typical endothelial cell loss rates within the first 6 months after
DMEK are reported to be 25-40%, followed by a slower decrease thereafter.[1-5] The majority of the observed
cell loss after DMEK, however, actually occurs within the first week after DMEK.[6] At the same time, it was
shown that endothelial cell loss after DMEK showed a high degree of variability between patients. Several
studies tried to identify donor, recipient and surgery-related risk factors for endothelial cell loss after DMEK,
with no consistent results so far.[5,7-10]

Next to focusing on the postoperative DMEK outcomes regarding endothelial cell loss, other studies aimed at
validating graft preparation techniques. Some studies compared different graft preparation techniques[11,12]
in terms of efficiency and observed endothelial cell loss. It was also evaluated whether, e.g., the speed of
stripping,[13] type of graft storage,[14,15] other eye bank[16,17] or surgeon-related graft manipulations,[18,19]
or the use of pre-loaded systems[20-23] would be associated with a reduction in endothelial cell density.

In a recent study,[6] we speculated that overestimation of endothelial cell viability on the DMEK graft may play
arole and may result in an unrealistically high ECD drop in the early postoperative phase after DMEK. However,
there is currently no possibility for eye banks to evaluate the endothelial cell viability of grafts allocated for
transplantation. Typical graft evaluation in the eye bank is performed by trypan blue staining that fails to
recognize apoptotic cells[24-26] and stained nuclei in a non-continuous area will not be discerned
macroscopically.[27] Although in vitro analysis of endothelial integrity, including the analysis of sample
subpopulations (apoptotic and necrotic), by using Calcein-AM staining was reported to be safe for pre-stained,
pre-stripped, or pre-loaded DMEK grafts,[16,20-23] this protocol has not yet been approved for eye bank use.

While in vitro studies indicated that the endothelial cell counts provided by eye banks seem to overestimate the
actual number of viable endothelial cells on a graft,[12,28] the use of research-grade tissue, i.e., corneas not
eligible for transplantation, may not be directly comparable to surgery-grade tissue as the endothelial quality
may often be lower to start with.

As a consequence of the COVID-19-related cancellation of elective surgeries in the Netherlands, we were able
to analyze the endothelial cell density and viability of DMEK grafts on the day of the planned surgeries and
additionally evaluated the effect of organ-culture storage on the endothelial cell density and viability of surgery-
grade DMEK grafts.

MATERIALS AND METHODS

Corneas

Twenty-seven human corneas were obtained from 15 donors (mean age 70 (+8) years; range 59-85 years), for
a total of 27 DMEK grafts. Prior to graft preparation, the average storage time was 21 (+6) days (range 9-29
days) and average ECD was 2588 (+139) cells/mm? (range 2300-2800 cells/mm?) (Table 1). All corneas would
have been eligible for transplantation but could either not be sent out after allocation (corneas #1-5) or could
not be allocated (corneas #6—27) due to the COVID-19 related cancellation of elective surgeries. In all cases, the
donors had stated to have no objection against transplant-related research and the study adhered to the tenets
of the Declaration of Helsinki and the Barcelona Principles.[29] No institutional review board approval was
obtained as under national regulation no approval is required for this research if no extra procedure was
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performed to obtain the samples and donors had consented to having the samples used for research purposes
(https://www.ccmo.nl/onderzoekers/aanvullende-informatie-over-bepaalde-soorten-onderzoek/niet-
wmo-onderzoek/onderzoek-met-lichaamsmateriaal).

DMEK graft preparation techniques

All DMEK-grafts were prepared at Amnitrans EyeBank Rotterdam by means of hydrodissection[30] and/or no-
touch DMEK graft preparation.[31,32] Briefly, to prepare the DMEK grafts, corneo-scleral rims were placed
endothelial-side-up on a custom-made holder with a suction cup. The endothelium was then stained with 0.04%
hypotonic trypan blue solution (Hippocratech, Rotterdam, The Netherlands) for 10 seconds for visualization. A
30-gauge needle mounted on a 2.5 mL syringe filled with 0.9% NaCl was inserted superficially through the tissue
just peripheral to the pigmented trabecular meshwork and advanced until the entire bevel was in the cornea
just past Schwalbe’s line. NaCl was injected slowly until a peripheral separation “bubble” between the
stroma and the Descemet membrane (DM) appeared, after which the needle was inserted in the bubble to
enlarge the bubble until complete separation of the DM. In case of unsuccessful bubble formation, the same
process was attempted at another site. After complete bubble formation, the peripheral DM was pierced with
a 30-gauge needle and liquid was drawn from the bubble before an 8.5 mm trephination was performed directly
on the cornea to complete the DMEK graft preparation.

In cases that no bubble could be formed, the “no-touch” DMEK graft preparation method was applied.[31,32]
First, trabecular meshwork was loosened over 360° by pushing a hockey stick blade from the trabecular
meshwork towards the corneal center. Then, by holding the trabecular meshwork with McPherson forceps and
making gentle centripetal movements, the DM was carefully peeled from the posterior stroma before
trephination with an 8.5 mm trephine.

Endothelial cell density of the corneas used for graft preparation was assessed in the eye bank with an inverted
light microscope (Zeiss Axiovert 40C, Carl Zeiss International, Zaventem, Belgium) using the fixed frame
method.[32] Endothelial cell density (ECD) of the DMEK rolls directly after preparation was determined on light
microscopy (LM) images by averaging the counts performed manually on three fixed frames of 0.01 mm? per
graft (reported as LM ECD). Grafts were considered eligible for transplantation if outcome of visual inspection
after graft preparation was unremarkable (i.e., absence of bare DM areas or other irregularities), an ECD > 2000
cells/mm? and negative microbiological testing to exclude possible contamination. For further analysis, grafts
were transferred into a glass vial for storage in dextran-free organ-culture medium (CorneaMax, Eurobio,
Cortaboeuf, France) at 31°C until the time of evaluation.

Light microscopy imaging and cell viability assay

For further analysis, grafts were carefully unfolded endothelial-side-up on a silane-precoated glass (Sigma—
Aldrich Chemistry BV, Zwijndrecht, The Netherlands) by transferring the graft with a glass pipette from the
storage vial to the glass support, and gently dropping organ-culture medium onto the graft until complete graft
unfolding (Figure 1a). During the procedure, cellulose sponges were used to guide the movement of the liquid
in such way that it would force the graft edges to flatten over the glass support. Next, DMEK grafts were stained
with hypotonic trypan blue 0.04% solution to better visualize the tissue on the glass slide and then
photographed with an AxioVert.A1 microscope with AxioCam 305 color camera (Zeiss, Oberkochen, Germany)
(Figure 1b,c).

After light microscopy imaging, grafts were subjected to cell viability analysis. Each sample was covered with
100-150 pl of Dulbecco’s phosphate-buffered saline (PBS) (Sigma—Aldrich Chemistry BV, Zwijndrecht, The
Netherlands) containing Calcein-AM (4 uM) (Sigma—Aldrich Chemistry BV, Zwijndrecht, The Netherlands) and
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incubated at room temperature (RT) for 45 min. After incubation, samples were washed with PBS and then
imaged using an inverted fluorescence microscope. Multiple image tiles taken with a 50x magnification were
combined and stitched together to create the graft panorama using Microsoft PowerPoint program.

Graft before Calcein analysis

2
2
3
g
§
Z

Central graft vi

Non-viable|

Graft analysis by Calcein assay

Cell counting

Figure 1| Representative images for the graft analysis before and after Calcein-AM staining. (a) Collage of light
microscopy images (x50) to create the graft overview before cell viability investigation. (b) and (c) represent higher
magnification areas (x100) of the graft displayed in (a), showing the endothelium at the central (b) and peripheral (c)
regions. (d) Graft viability analysis process includes composite photos (x50) stitched together to create an image panorama
of the graft stained with Calcein-AM (left). The central graft area (white dashed area in graft overview image) is then
selected for cell viability analysis and endothelial cell density counting. The central graft viability analysis panel shows
image segmentation and thresholding, with the viable and non-viable cell areas displayed in red. The cell counting panel
displays three different frames (200 x 200 um), selected in the white dashed area, wherein cell counting was performed
using the multi-point function in ImageJ. Images are from graft #1 (Table 1). Scale bars = 100 um.

Image analysis

Composite images were imported into FlJI open software for processing and analysis
(https://imagej.net/Welcome). For each Calcein-AM-labeled DMEK graft, the graft area was manually defined,
the background noise was removed, and the image underwent thresholding at different levels of image intensity
and saturation. The presence of hyperfluorescent folds on some grafts caused some areas populated by viable
cells to appear hypofluorescent rendering a low viability signal and, thus, underestimating graft viability. For
this reason, next to analyzing the entire graft surface, also a circular area was selected centrally on the graft and
with a diameter equal to one third of the entire graft diameter (Figure 1d, white-dashed line area). For both the
entire graft and the selected central graft area, we were able to estimate the percentage of the area of the graft
covered by viable cells (=viable cell area/total graft area) and the percentage of the non-viable graft area
(=apoptotic and/or denuded graft area/total graft area). ECD on Calcein-stained grafts, reported as Calcein-ECD,
was determined centrally on the graft by using the fixed-frame method like for the LM images taken directly
after graft preparation. For Calcein-ECD, counting was performed in fixed frames of 0.04 mm? using the multi-
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point tool to mark all cell centers and counts from three frames per graft were averaged. A half-cell was marked
only if it could be paired with another unlabeled half- cell (Figure 1d, Cell counting panel). ECD differences were
reported between the Calcein-AM-labeled DMEK graft (Calcein-ECD) and LM imaged DMEK rolls (LM ECD).

Statistical Analysis

Paired t-tests were performed to identify significant differences in outcomes between data (ECD and cell
viability) collected at graft preparation time (day 0) and post-storage time (3 and 7 days). P < .05 was considered
significant.

RESULTS
Cell density and viability analysis of DMEK grafts allocated for surgery

Due to the Covid-19 related cancellation of elective surgeries in the Netherlands in March 2020, 5 DMEK grafts
from 4 donors that had been allocated and prepared for transplantation became available for research (Table 1,
corneas #1-5). Endothelial cell density and viability of these grafts were evaluated on the days of the scheduled
surgeries. Graft preparation by hydrodissection had been uneventful, except for one graft for which bubble
formation was not successful and the graft had to be harvested using the “no-touch” peeling technique. Directly
after preparation, standard visual inspection of the DMEK rolls by light microscopy (LM) had shown an
unremarkable endothelial cell monolayer with a median LM ECD of 2600 cells/mm? and 2617 cells/mm? before
and after preparation, respectively (mean LM ECD 2600 (+122) cells/mm? before and 2575 (+112) cells/mm?
after preparation; P = .687). After 6 days of organ-culture storage, i.e., at the time of the scheduled surgery,
median Calcein-ECD based on analysis of the Calcein-AM images had decreased to 2025 cells/mm? (mean ECD
1678 (+687) cells/mm?; P=.058). Analysis of Calcein-AM images revealed that the percentage of central surface
area covered by viable cells ranged from 57% to 97% (median 85%, mean 84 (+16)%) and for the entire graft
surface area this ranged from 59% to 92% (median 80%, mean 78 (+13)%) (Table 1 and Figure 2).

Figure 2| Example images representing Calcein-AM-stained DMEK grafts that had been allocated for transplantation. (a)
Graft with a well maintained endothelial cell viability after 6 days in organ culture medium; (b) graft displaying mainly
peripheral edge damage, probably induced during the trephination step in the graft preparation procedure; Calcein-AM-
labeled cells showing a low level of fluorescence; (c) marked graft showing cell loss of about half of the surface area. Grafts
were imaged on the planned day of the cancelled surgeries. Displayed grafts are (a) graft #2, (b) graft #4, and (c) graft #5.
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Endothelial cell viability after DMEK graft preparation

Effect of organ-culture storage on cell density and viability analysis of paired DMEK grafts

Based on the wide range of cell viability observed for the five grafts initially allocated for transplantation,
additional tests with 14 DMEK grafts from paired donor corneas (Table 1, corneas #6—19) were performed to
assess whether freshly prepared grafts would show less variability than grafts after organ-culture storage.

Median ECD assessed by light microscopy directly after DMEK graft preparation was 2466 cells/mm? (mean LM
ECD 2492 (+219) cells/mm?) (n = 14) as compared to 2600 cells/mm? (mean LM ECD 2608 (+178) cells/mm?;
P =.138) (n =12) (Table 2) before preparation, with pre-preparation LM ECD calculated centrally on the donor
cornea at the time of cornea preservation.

For grafts subjected to Calcein-AM staining on the day of the graft preparation (n = 7), median Calcein-ECD was
2417 cells/mm? (mean Calcein-ECD 2379 (+372) cells/mm?) as compared to median LM-ECD of 2433 cells/mm?
(mean LM ECD 2505 (+254) cells/mm?; P = .247) determined directly after preparation. This corresponds to an
average ECD difference between LM ECD and Calcein-ECD of 5 (+11)% (median decrease of 1%). Cell viability
analysis performed on the day of graft preparation showed that, on average, 82 (+20)% (median 88%) (n = 7) of

the central graft surface area and 75 (+15)% (median 81%) of the entire graft surface area was covered by viable
cells (Table 2).

Grafts directly after preparation Grafts after storage

Cornea # 8 (6R)
Cornea # 9 (6L)

Cornea # 18 (11R)
Cornea # 19 (11L)

Figure 3| Representative images of paired grafts immediately after preparation and organ culture storage. Top row:
Paired grafts #8 and 9 were imaged at dO (day of preparation, (a) and after 3 days of organ culture storage (b). Bottom row:
Paired grafts #18 and 19 were imaged at dO (c) and after 7 days of organ culture storage (d). Every graft overview image is
a collage of 50x image tiles stitched together, and two higher magnification images were included for a better visualization
of endothelium integrity. Dark areas on the graft indicate apoptotic cells (a) or bare areas of DM (c). Scale bars = 100 um.

Median Calcein-ECD of DMEK grafts analyzed after 3 to 7 days of graft storage in organ-culture medium (n = 7)
was 2367 cells/mm? (mean Calcein-ECD 2058 (+781) cells/mm?) as compared to 2417 cells/mm? (P = .155)
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measured directly after preparation of grafts prepared from the contralateral corneas (n = 7) (Table 2).
Assessment of cell viability following graft storage for 3—7 days showed that the median % central surface area
populated by viable cells on the grafts was 92% (mean 88 (+14)%) (n = 7) compared to 88% (P = .0.089) measured
directly after preparation of grafts prepared from the contralateral corneas and for the entire graft surface area
the median remained at 81% (mean 75 (+23)%) (Table 2 and Figure 3).

Noteworthy, the graft pair with the lowest area covered by viable cells (Table 1, corneas # 12 and 13), showed
unremarkable endothelial cells upon LM inspection in the eye bank directly after preparation (Figure 4a,f) and
both grafts were considered eligible for transplantation. However, about 3 hours later, LM inspection in the lab
before Calcein-AM staining already showed cells with large nuclei (Figure 4b) and Calcein-AM staining revealed
large areas of the graft devoid of viable cells (Figure 4c—e). Light microscopy and fluorescence imaging of the
contralateral graft after 7 days of organ-culture storage showed sparsely distributed elongated endothelial cells
(Figure 4g—i) that were not contact-inhibited.

Graft analysis immediately after preparation

Light microscopy analysis

Eye Bank S Eye Bank

Graft viability analysis

Figure 4| Paired donor graft analysis before and after Calcein-AM staining. (a—e): Analysis of graft #12 at day O after
preparation in the eye bank; (f—j): Analysis of the contralateral graft (#13) after 7 days of organ culture storage. Displayed
are representative brightfield images of the graft taken directly after preparation in the eye bank (a, f), taken about 3 hours
after the preparation in the lab mounted on a glass cover slide (b, g), and fluorescence composite images after staining
with Calcein-AM (c, h). (d) and (i) represent higher magnification images of the graft endothelium shown in (c) and (h),
respectively. Especially in (d), the difference in fluorescence intensity between viable cells (higher fluorescence signal) and
dying cells (low fluorescence signal) is evident. (e) and (j) represent the FlJI segmented images of the viable areas on the
graftin (c) and (h), respectively. Scale bars = 100 um.

Intra-donor variability of endothelial cell density and viability

Of four graft pairs (Table 1, corneas #20-27), grafts of two pairs were assessed directly after preparation and
grafts of the other two pairs after 3 days of organ-culture storage. Overall, there was no significant difference
between contralateral grafts in terms of average Calcein-ECD based on fluorescence images (mean Calcein-
ECD 2042 (+349) cells/mm? vs. 2325 (+252) cells/mm?; median Calcein-ECD 2138 cells/mm? vs. 2246
cells/mm?) and central surface area covered by viable cells (mean 69 (+17)% vs. 88 (+5)%) (P = .396 and P =
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.113, respectively) (Table 2). However, one pair (Table 1; corneas #26 and 27) had comparable LM ECD before
and directly after preparation, but lower Calcein-ECD and central graft viability for one of the grafts after 3 days
of graft storage (1558 cells/mm? vs. 2683 cells/mm? and 73% vs. 90%, respectively).

DISCUSSION

In this study, we have shown that vital dye staining of surgery-grade DMEK grafts revealed a high degree of
variability in endothelial cell loss and in surface area covered by viable cells.

Overall, LM ECD determined centrally on the donor cornea at the time of cornea preservation and directly after
DMEK graft preparation by counting in fixed-frames of 0.01 mm? with trypan blue staining in the eye bank, was
almost similar in our study. All grafts were considered eligible for transplantation based on post-preparation LM
ECD and light microscopy inspection of the endothelial cell layer. Mean Calcein-ECD determined centrally on
the graft based on Calcein-AM analysis performed on the day of graft preparation was comparable to LM-ECD
within the error margin of the fixed-frame method[33] for the majority of the grafts (8/11 grafts (73%)), while
2/11 grafts (18%) showed a slightly lower Calcein-ECD and one graft (9%) had a 30% lower Calcein-ECD. Overall,
there was no significant difference in median Calcein-ECD depending on storage time, but the highest losses in
Calcein-ECD were observed for grafts stored for 6 or 7 days, respectively.

Since the difference in LM-ECD and Calcein-ECD was within the error margin of the counting technique for most
of the grafts, it is unlikely that the observed difference in eye bank determined LM ECD and Calcein-ECD based
on Calcein-AM staining is due to cell damage induced by the graft handling for the Calcein-AM staining. Most
likely the observed difference is due to the presence of apoptotic cells on the graft after preparation, which
cannot be detected by trypan blue staining[34] and will be counted as viable endothelial cells in the eye bank.
The presence of apoptotic cells on the grafts may not necessarily only be related to mechanical strain injury
during graft preparation but also to stress-induced damage associated with donor death or even cornea
procurement.[35] An already vulnerable endothelium before graft harvesting may not be able to maintain a
proper cell repair mechanism after DM stripping, with some cells turning apoptotic and dropping off the DM.
Another important parameter that could potentially affect the endothelial viability would be the ultrastructure
of the DM. A DM may show resistance during cornea swelling in organ culture, forming folds that will deepen
as swelling progresses, thereby compromising the surrounding cells.[36,37] Thus, after graft preparation, cells
that had surrounded the folds could be shed off allowing the endothelium to heal but clearly resulting in a lower
ECD compared to pre-preparation ECD.

Our data showed a median difference of about 2% between Calcein-ECD evaluated on the day of graft
preparation (2417 cells/mm?) and after 3—7 days of storage (2367 cells/mm?) and suggest that in general the
apoptotic cell population observed after graft preparation may not increase during graft storage as this would
in time translate to a loss of Calcein-ECD. This finding is in line with a recent study showing an 11% ECD loss
caused by the preparation with no further statistically significant Calcein-ECD loss occurring during 5 days of
culture storage.[38] A series of recent studies, focusing on the effect of short-term storage time on cell viability
showed that organ-cultured DMEK grafts[16,39] or grafts preloaded and then stored for up to 3 days in cold-
storage[20,21,23,40] did not show a consistent or significant difference in ECD or cell viability when compared
to uncultured grafts. However, in some cases of grafts with pronounced endothelial cell damage developed
during the preparation, a further reduction in ECD during storage seems to occur as shown in our study, which
can probably be caused by the redistribution of viable endothelial cells by migration to the areas where the cells
were dead and detached. This may then result in a reported reduction of graft surface area covered by viable
cells of on average 40%.[40] Larger studies with high-quality grafts, however, may be needed to shed more light
on the overall effect of storage time on endothelial cells as this effect may not only be directly reflected by an

53




Chapter 3

ECD loss but could also be more subtle and resulting in an elevated cellular stress level. The latter could lead to
cells being more susceptible to damage caused by surgical manipulation.[41]

The large variability in the observed loss of Calcein-ECD after graft preparation may explain the clinical
observation of a large variability in early endothelial cell loss after DMEK with an ECD decrease of up to 50% in
some eyes as early as 1 day postoperatively.[6] This variability in postoperative ECD has been shown to persist
also at longer follow-up times[5,42] and DMEK grafts with a low ECD at 6-month postoperatively have a
significantly lower graft survival probability at 5-year postoperatively.[43]

This underlines the clinical importance of developing a better method for post-preparation graft screening in
the eye bank to avoid transplanting grafts with a low density of viable endothelial cells. Therefore, the use of a
florescent vital dye, such as Calcein-AM, to clearly visualize live and ideally also apoptotic cells could possibly
assist eye bankers in the early detection of DMEK tissue of poor quality. Though Bhogal et al.[18,44]
demonstrated the efficiency and safety of using Calcein-AM for cell evaluation across the entire surface of a
corneal transplant in vitro, regulatory and safety concerns as well as economic considerations may prevent eye
banks from implementing such a step in their current protocol. Another less invasive and less time-consuming
alternative may be an additional graft evaluation by light microscopy within 1 day after graft preparation. Any
loss in cell density and integrity of the endothelial cell layer could already be recognizable at this time and may
allow to detect low-quality grafts before sending them out for transplantation.

One limitation of our analysis is the small number of grafts tested in every group from graft preparation through
storage in organ-culture, limiting the accuracy of the cell viability analysis. On the other hand, these grafts were
prepared from surgical-grade corneas that arrived in our eye bank before the cancellation of elective surgeries
due to the COVID-19 pandemic and would have never been made available for research outside the nationwide
lockdown context. In addition, our single dye method cannot ascertain whether non-stained areas contain dead
cells or no cells. However, Calcein-AM is known to recognize cells in both early and late stages of cells death[45]
and these areas will be accurately identified by the image segmentation software and rendered “non-viable” in
the analysis.

CONCLUSION

In conclusion, our findings show that endothelial cell damage may be observed within hours after DMEK graft
preparation with insignificant additional changes in ECD during 3—7 days of organ-culture storage before use in
DMEK surgery. Implementing an additional step for checking tissue quality in the eye bank after preparation
may improve the quality of DMEK grafts released for transplantation and thereby contribute to further reducing
post-operative DMEK complications.
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Chapter 4

Abstract

Currently, there are very few well-established treatments to stimulate corneal endothelial cell regeneration in
vivo as a cure for corneal endothelial dysfunctions. The most frequently performed intervention for a damaged
or dysfunctional corneal endothelium nowadays is corneal endothelial keratoplasty, also known as lamellar
corneal transplantation surgery. Newer medical therapies are emerging and are targeting the regeneration of
the corneal endothelium, helping the patients regain their vision without the need for donor tissue. Alternatives
to donor tissues are needed as the aging population requiring transplants, has further exacerbated the pressure
on the corneal eye banking system. Significant ongoing research efforts in the field of corneal regenerative
medicine have been made to elucidate the underlying pathways and effector proteins involved in corneal
endothelial regeneration. However, the literature offers little guidance and selective attention to the question
of how to fully exploit these pathways. The purpose of this paper is to provide an overview of wound healing
characteristics from a biochemical level in the lab to the regenerative features seen in the clinic. Studying the
pathways involved in corneal wound healing together with their key effector proteins, can help explain the
effect on the proliferation and migration capacity of the corneal endothelial cells.
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Introduction

The corneal endothelium forms the innermost layer of the cornea and fulfills a key function in maintaining a
relative state of dehydration, making it transparent.[1,2] This monolayer regulates corneal hydration through a
well- established “pump-and-leak” mechanism. The dynamic balance between the passive barrier and active
fluid pump of the endothelium is essential for maintaining the relatively dehydrated state of the stroma along
with the correct alignment of stromal collagen.[3] When the corneal endothelium (CE) is compromised the
leak/pump rate becomes unbalanced and the cornea becomes thick and cloudy. This swelling is known as
corneal edema. The CE forms resistance to solutes and fluid permeability through paracellular transport routes,
but allows the pas- sage of nutrients from the agueous humor into the avascular cornea.[4,5] The “leaky” barrier
is formed by junction proteins such as zonula occludens (ZO-1) and connexin-43, and the adhesion junction
complex represented by cadherin isoforms.[5—7] The osmotic drive of the corneal stroma to swell is
counteracted by removing excess stromal fluid. This fluid is removed by the activity of sodium-potassium
adenosine triphosphatase (Na*/K*-ATPase) pumps and bicarbonate-dependent Mg?*-ATPase ionic pumps
located mainly at the basolateral site of the cellular membrane.[5,8-12]

Traditionally, corneal endothelial cells (CEnCs) are not thought to have a significant capacity for in vivo
regeneration.[13] They are highly differentiated and considered post mitotic and, in healthy individuals, show a
gradual drop in endothelial cell density throughout life with an average cell loss of approximately 0.6% per
year.[14] CEnCs are arrested in the G1 phase of mitosis and as a increased cell spreading with cells showing high
polymorphism.[7,15,16] Age-related decline of the CE does not usually affect the critical barrier and pump
function. In contrast, CEnC loss due to a pathology such as endothelial dystrophies, contact lens wear, previous
refractive or intraocular surgeries, may lead to corneal decompensation.[17-20] When the CEnC density falls
below a functional threshold (usually about 500 cells/mm?), the pump and leak mechanism fails and the cornea
swells.[21,22] In such cases, the gold standard treatment is to replace the ineffective endothelium with healthy,
functional corneal endothelium by means of a corneal transplant.[15,23,24]

Over the past 2 decades, the procedure of choice to manage corneal disorders has shifted from penetrating
keratoplasty (PK) to the more selective endothelial keratoplasty (EK).[25] The most selective form of EK is
currently Descemet membrane endothelial keratoplasty (DMEK), where the endothelium is replaced with a
single layer of donor cells.[26] Surgical outcomes are excellent, but the global donor shortage remains the major
limitation for treatment.[27—-32] This has led to the development of new therapeutic options.[33—36] New
therapies aim to regenerate the corneal endothelium by inducing corneal endothelial wound healing which is
known to occur through cell enlargement and migration rather than by cell proliferation.[37,38]

The mechanisms governing corneal endothelial cell migration pertain to the cytoskeleton and, in particular, to
actin-based motility.[39] Corneal endothelium wound repair is accompanied by the appearance of actin which
is involved in a dynamic process during cell movement. These actin filaments are involved in the formation of
filopodia and lamellipodia, which will affect leading edge cell dynamics.[40,41] During wound healing, CEnC
deposit fibronectin and laminin along the basement membrane.[42] These extracellular matrix molecules will
act as guidance cues promoting signals associated with directed cell migration, including cytoskeletal
reorganization.[43] Healthy remaining CEnC undergo cytoskeletal changes during the wound healing process.
These changes consist of actin reorganization and cellular enlargement to form a polygonal cell shape to cover
the damaged zone thereby rapidly restoring the barrier function. The process of these phenotypical changes
during wound healing is known as endothelial-to-mesenchymal transition (EnMT). This process results in a
disruption of the cellular monolayer and loss of cell-cell contact inhibition.[44] During EnMT the remaining cells
lose their own function and shape and are converted to a fibroblast-like phenotype. The cells will break free of
their neighboring cells and migrate individually along the Descemet membrane (DM) into the defected area
resulting in a fast wound closure.[45-50] A hallmark of the EnMT is downregulation of the junctional protein E-
cadherin and upregulation of cytoskeletal proteins such as fibronectin and vimentin concomitant with increased
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expression of collagen type | genes (COL1A1 and COL1A2).[51] Also, mesenchymal transition marker genes such
as snail family transcriptional repressor 1 (SNAI1), SNAI2, zinc finger E-box-binding homeobox 1 (ZEB1), and
ZEB2 are known to regulate the expression of collagen type 1 and suppression of E-cadherins.47 Secretion of
type | collagen can lead to retrocorneal membrane formation and corneal blindness.[52]

When CEnC receive a mitogenic cue, they activate cyclin proteins and cyclin dependent kinases (CDK). Both form
cyclin/CDK complexes, which interact with the retinoblastoma protein known for its pivotal function in cell cycle
progression.[8] The induction of cyclin D and E in combination with an inhibition of CDK-inhibitor cyclin-
dependent kinase inhibitor 1B (p27kip1) are of particular importance in transitioning from the G1 phase to the
S-phase of the cell cycle.[53]

Unraveling the processes involved in wound healing could lead to better insights in restoring the corneal
endothelium. The goal of this review therefore is to compile what is currently known about the corneal
endothelial wound healing process with special emphasis on involved pathways, biological modulators, and
clinical implications.

Methods

The research strategy used for the pathway selection in the result section covered all relevant English papers
concerning the corneal endothelial wound healing process. Research articles were selected in first line by title
and abstract of the past decade (2011-2022). A total of 125 papers were found by using the query “Corneal
endotheli*” AND Wound healing” OR “Repair” in PubMed. This selection was further refined manually through
means of a screening table which was made to only select the most relevant papers in this field. This table was
based on the activated pathway during corneal endothelial wound healing, the effector protein(s) involved in
these processes and specific “marker” proteins involved in proliferation, migration, and endothelial-to-
mesenchymal transition. We obtained 42 relevant papers concerning corneal endothelial wound healing.
Following the literature study, the upstream and downstream proteins involved in corneal endothelial wound
healing were connected into signaling cascades by using 2 online databases: Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Consensus Path Database (CPDB). For the clinical implication part in the result section,
the following query in Pubmed was used: cornea and cell migration and endotheli*, endotheli* cell therapies.
A total of 28 papers were selected between 2000 and 2021 based on their clinical relevance concerning wound
healing aspects.

RESULTS

Main pathways involved in wound healing processes

In this section, we will summarize the key signaling pathways reported to date that are involved in corneal
endothelial wound healing. These pathways are organized by various connections of specific effector proteins
that typically form multi-tiered signaling cascades.

Rho/ROCK pathway

The most widely studied pathway involved in corneal endothelial wound healing is the Rho/Rho-associated
coiled-coil containing kinase (Rho/ROCK) pathway (Figure 1).[54,55] Rho/ROCK pathway starting points are
difficult to define, since different hormones, cytokines and growth factors can affect this cascade by regulating
the upstream proteins.[56] Two important upstream regulators linked to corneal endothelial wound healing are
guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), both of which are involved
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in the activation of small G-proteins.[15,33,57-59] GEFs act as signal activators by catalyzing the exchange of
small G protein-bound GDP to GTP. In contrast, GAPs will act as signaling suppressors by means of GTP
hydrolysis.[60]

The most characterized small G protein is the Ras homolog family member A (RhoA).[61] This class of proteins
act as molecular switches of downstream signaling pathways and hydrolyze guanosine triphosphate (GTP) to
become active.[56,62] Phosphorylated RhoA will affect ROCK, which is a target molecule for cellular therapy
and regenerative medicine.[63] ROCK signaling pathway is involved in many biological processes ranging from
cell adhesion, migration and stress fiber formation to even the regulation of cell proliferation and
apoptosis.[33,34,62,64]

The activation of ROCK sustains the activation of myosin light chain phosphatase (MLCP) and myosin light chain
kinase (MLCK), which in turn activate the phosphorylation of myosin light chain (MLC).[64] Active ROCK causes
MLCP inactivation so that the MLCK activity will outweigh the physiological balance of these 2 MLC
regulators.[57] Phosphorylated MLC will cause actin polymerization and stress fiber formation in the
cytoskeleton of CEnCs. Alternatively, the phosphorylation of LIM kinase (LIMK) by ROCK leads to an increase in
phosphorylated cofilin. This actin binding protein will be inhibited upon phosphorylation, which results in a
decrease of actin-depolymerizing activity. Consequently, a higher level of actin filament stabilization results in
a higher contractile state during the wound healing process.[54,57,65] Consequently, the latter causes a higher
level of actin filament stabilization which results in a higher contractile state during the wound healing process.

Hormones
Cytokines
Growth factors...

P C
(GofinP)
actin filament stabilization ——»
Cytoskeletal
changes
PI3K-Akt —————
athay JEL coxnza p27kip1 | p15 Cell
proliferation
P38MAPK | /
s‘”"‘”’“"" SODDD
-',
Km S

Signaling

Figure 1| Rho/ROCK signaling pathway in a CEnC. Full lines represent either downstream stimulation (arrow) or inhibition
(flathead). A rounded end line Indicates that it will form a complex. Dashed lines target the effector proteins without all
the intermediate involved proteins.

Furthermore, LIMK, RhoA and ROCK can also block early G1-phase induction through inhibition of Ras-related
C3 botulinum toxin substrate 1 (Rac) and cell division control protein 42 homolog (cdc42) resulting in low cyclin
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D levels.[63,66,67] Rac and cdc42 are small GTPases which are key regulators of the p38 mitogen-activated
protein kinases (p38MAPK) and mitogen activated ERK kinase-extracellular signal-regulated kinase (MEK-ERK)
signaling pathways. Both pathways are known to regulate cell cycle progression.[57,61] Okumura et al. also
showed the involvement of the phosphoinositol-3-kinase (PI3K) and protein kinase b (Akt) pathway when ROCK
was not activated indicating the complex signaling route of this wound healing cascade.[57,68]

Furthermore, disheveled-associated activator of morphogenesis (Daam1) which is part of the winglessinkt (Wnt)
pathway can form a complex with RhoA and directly stimulate its activity. Indirectly, Daam1 inhibits RhoA
activity by cdc42 activation which creates a negative feedback loop. The cytoskeletal rearrangement together
with decreased cyclin-cyclin kinase levels and increased cyclin kinase inhibition promote migration. Proliferation
is therefore negatively affected upon activation of Rho/ROCK signaling thereby lowering the wound healing
ability.[54,61,68]

Phosphoinositol-3-kinase (PI3K) and protein kinase b (Akt) pathway

The PI3K/Akt pathway is based on 2 key signaling proteins namely: phosphoinositol-3-kinase (P13K) and protein
kinase b (Akt) (Figure 2).[69] PI3K can be activated directly by small GTPase effector Ras-proximate-1 (Rap1),
which acts as a cytosolic signaling transducer.[70] Rap1l can be activated by the binding of exchange protein
directly activated by cAMP (EPAC) to the cytosolic CAMP that is released intracellularly. The release of cAMP
occurs after the binding of pituitary adenylate cyclase activating polypeptide (PACAP) to their pituitary
adenylate cyclase (PAC1) receptor.[15,71] Alternatively, PI3K can also be activated by focal adhesion kinase
(Fak) that functions as an early mediator in integrin activation and the time-dependent generation of cell-ECM
forces. During wound healing, the engagement of the integrin subunits activates protein kinase c (PKC).[33] This
serine-threonine kinase is known to be upregulated in CEnCs at the wound edge thereby affecting the activity
of Fak.[70-72]

PI3K phosphorylates phosphatidylinositol bisphosphate (PIP2) to generate the second messenger,
phosphatidylinositol trisphosphate (PIP3) which signals to downstream effector Akt, a serine/threonine kinase
implicated in the regulation of cell cycle progression and cell death.[68,73,74] The activation of Akt signaling by
the transcription factor sex-determining region Ybox 2 (SOX2) alters the phosphorylation level of GSK-3R
targeting the b-catenin for ubiquitination and proteasome mediated degradation.[45] In confluent corneal
endothelial monolayers, B-catenin is bound to the cell

membrane while in a lower confluency degree more freely available cytosolic R-catenin is present.[44,46] If
there is no stabilization signal to suppress glycogen synthase kinase 3 beta (GSK-38) activity, the cytosolic B-
catenin is targeted for degradation by GSK-3b phosphorylation.[44,75] In this case, there is no internalization of
R-catenin into the nucleus to activate transcription factor 4 (TCF4) which can enhance cyclin D, E, cyclin
dependent kinase 1 (CDK1) and breakdown p27kipl and Cyclin Dependent Kinase Inhibitor 2A
(CDKN2A).[45,46,70] As a result, there is no net effect on the cell cycle progression. SOX2 can also affect the
GSK-3R/R-catenin system by interfering with the TCF4 binding site to promote cell proliferation.[45] SOX2 has
an inhibitory effect on GSK-3R thereby releasing R-catenin to the cytosol which also promotes cell proliferation.
Remarkably, B-catenin induces morphogenic changes by enhancing EnMT related genes such as SNAI, SLUG,
ACTA2 and ZEB1 contributing to aberrant ECM deposition and fibrosis.[44,47]

Akt activation also leads to forkhead box transcription factor FOXO3A (Fkhirl) suppression which promotes cell
survival over apoptosis (FOXO signaling pathway).[45] Additionally, activated Akt promotes the phosphorylation
of cytosolic proline rich Akt substrate of 40 kDa (PRAS40) concomitant with unlocking the inhibition of tuberous
sclerosis proteins 1 (TSC1) which results in the activation of mammalian target of rapamycin (mTOR)
pathway.[76] Activated PRAS40 binds with rapamycin complex 1 (mTORC1) to stimulate ribosomal protein S6
kinase (S6K) which stimulates protein synthesis to become more metabolically active during wound closure. At
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the same time activated PRAS40 as well as TSC will stimulate the mothers against decapentaplegic homolog 4
(SMADA4) transcription factor. The latter is known to activated EnMT related genes such as SNAI, SLUG, ACTA2
and ZEB1 causing enhanced motility and aberrant ECM deposition.[47,74]
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Figure 2| PI3K/Akt signaling pathway in a CEnC. Full lines represent either downstream stimulation (arrow) or inhibition
(flathead). A rounded end line Indicates that it will form a complex. Dashed lines target the effector proteins and pathway
without all the intermediate involved proteins.

Nuclear accumulation of p27kipl is caused by the phosphatase and tensin homolog (PTEN) protein-induced
inhibition of AKT phosphorylation.[77] Zhang et al. showed that inhibition of PTEN results in a stimulation of cell
cycle progression as well as an increased migration behavior of CEnCs which emphasize the effect on wound
healing.[77]

In general, PI3K and Akt modulate cell cycle progression, enhance cell survival, but may also cause EnMT
induction with concomitant increase in motility together with aberrant ECM secretion. These different
processes could be seen as characteristics for corneal endothelial wound healing.

Wingless-Inkt pathway

The Wnt pathway and can be subdivided in a canonical and noncanonical signaling cascade[44] (Figure 3). The
canonical cascade passes signals in CEnCs through the activation of an atypic cell surface G-coupled receptor
complex called Frizzled-Low density lipoprotein receptor related protein 5-6 (FzdLRP5/6).[59] This receptor
complex inhibits GSK-3% and leads to cytoplasmatic stabilization and nuclear transport of B-catenin which
enhances cellular proliferation abilities.[45,75]
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The noncanonical Wnt pathway consists of different frizzled family receptor members such as Fzd5 and can be
activated by Wnt5a ligand.[47,59] This protein will stimulate the cytoplasmatic protein Daam1 which form a
complex with RhoA (Daam1-RhoA complex) to regulate cytoskeleton organization and cell migration through
GTPases of the Rho-family, such as RhoA and Cdc42.[44,59] Activation of Cdc42 inhibits RhoA which, in turn,
enhances cell migration through regulation of cofilin.[57] A higher level of dephosphorylated cofilin causes a
faster modulation in actin turnover in cytoskeleton assembly resulting in a higher migratory state.[65]

In general, the Wnt pathway can alter cell proliferation and migration abilities by means of GSK-38 regulation
and Daaml modulation respectively. Therefore, it is an important signaling cascade involved in corneal
endothelial wound healing.

Transforming growth factor beta (TGF-) pathway

TGF-B signaling pathway has been shown to regulate many cellular processes such as cell proliferation,
differentiation, motility, adhesion, and programmed cell death (Figure 3). Earlier reports indicated the presence
of 3 types of TGF-R receptors in human corneal endothelium.[78] Moreover, Joyce et al. stated that those
receptors were continuously exposed to latent TGF-R2 that is found in aqueous humor, thereby preventing
CEnCs to enter the G1-to-S transition phase of the cell cycle.[37,79] TGF-B2 blocks the phosphorylation of
p27kipl which is a prerequisite for nuclear export of the inhibitor molecule for degradation.[77] Consequently,
accumulation of p27kip1 molecules in the nucleus negatively regulate the CDK complexes that are necessary for
cell cycle progression.[70] TGF-B pathway activation together with contact inhibition are thought to be one of
the main reasons which prohibit CEnC proliferation in vivo.[77] Additionally, the TGF-R receptor can directly
activate the downstream signaling Akt protein leading to loss of tight junctions and EnMT activation.

Joko et al. discovered that TGF-B signaling caused an upregulation of the TGF-b-stimulated clone 22 (TSC-22)
gene, encoding for a transcription factor that has cell proliferation suppressor properties.[76] TSC-22 binds to
and modulates the transcriptional activity of Smad4 causing either an upregulation of cyclin-dependent kinase
inhibitor 2B (p15) and thus inhibiting cell proliferation or enhances the expression of specific sets of target genes
such as SNAI, ACTA2 and SLUG which trigger EnMT.[58,78,80]

Interestingly, TGF-B2 has been reported to induce wound healing by promoting CEnC migration through
activation of p38MAPK rather than by stimulating cell proliferation because p38 MAPK has shown to upregulate
p27kipl expression which promotes the G1 cell cycle arrest.[76] TGF-RB2 enhances CEnC migratory properties
through mitogen-activated protein kinase 1 (MAPK1) activation.[37] This kinase affects the more downstream
mitogen-activated protein kinase 3 and 6 (MAPK3/6) which modulates the phosphorylation of p38MAPK and
promotes its translocation to the nucleus.[37,76]

In conclusion, TGF-B can stimulate CEnC wound healing by enhanced migratory activities regulated through
activation of p38MAPK.[76] However, TGF-R signaling may force the CEnCs to adopt a fibroblastic like
morphology causing aberrant collagen 1 and fibronectin deposition.[47,78] The presence of such changes in
ECM production hampers the success of transplantation of cultivated cells in vitro due to this highly undesirable
phenotype.[70,78]
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Clinical implications

Clinical scenarios that require corneal endothelial cell migration. Corneal opacification represents one of the
prevalent causes of blindness, accounting for 4.2 million visual impaired patients of the worldwide blind
population in 2019.[81-83] Corneal blindness may be caused by diseases such as Fuchs endothelial corneal
dystrophy (FECD), (pseudophakic) bullous keratopathy, posterior polymorphous dystrophy, congenital
hereditary endothelial dystrophy, or iridocorneal endothelial syndrome.[23] FECD is the most common form of
corneal endothelial dystrophy with a regional prevalence that varies from 3.8% to 11% in individuals in the fifth
or sixth decade of life. Moreover, it is the top indication for cornea transplantation worldwide.[30] FECD is a
bilateral, sporadic, or autosomal dominant (inherited in some cases) dystrophy that progresses slowly and is
characterized by deterioration of endothelial cells and development of basement membrane excrescences
known as guttae.[84] Endothelial cell loss from FECD damages barrier function and if left untreated, central
corneal edema will expand into the periphery leading to diffuse edema, bullous keratopathy, and eventually to
subepithelial scarring.[85,86] However, corneal decompensation and bullous keratopathy can also result
from corneal injury, iatrogenic damage by cataract surgery or other surgical procedures, or medication
toxicity.[87-92] Corneal blindness from these cases is primarily treated by performing a corneal transplant.

For about ten decades, full thickness transplantation of the cornea was the gold standard for treating corneal
disorders, while nowadays, EK has become the technique of choice. The 2 most successful endothelial
keratoplasty techniques are Descemet stripping (automated) endothelial keratoplasty (DS(A)EK) and DMEK
(Descemet membrane endothelial keratoplasty). The main difference between DMEK and DS (A)EK is the
stroma-less graft in DMEK, which results in improved postoperative best-corrected visual acuity (BCVA)
outcomes and a faster visual recovery.[93,94] Despite technique improvements and efforts to standardize
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DMEK, postoperative complications have been reported including significant decline in endothelial cell density
(ECD), especially during the early postoperative period, as well as graft detachment.[95-97]

Clinically, an important consideration is whether the host and/or recipient endothelial cells are capable of
migrating to cover bare recipient stroma in the areas not covered by graft tissue. In vivo endothelial cell
migration has been described in eyes with partially detached grafts resulting in corneal clearing, despite varying
degrees of incomplete graft attachment[98,99] (Figure 4). Visual recovery was explained by endothelial cell
migration or regeneration from either the donor or remaining recipient endothelial cells. Endothelial cell
migration was also reported for grafts decentered in recipient eyes after DMEK or in patients who developed
immune reaction episodes with endothelial precipitates detectable on the graft and on the bare stroma not
covered by the DMEK graft.[100,101]

New insights in endothelial cell migration were also obtained after Quarter-DMEK surgery, that is, a modified
DMEK-technique in which an untrephined full-sized DMEK graft is equally divided in quarters in order to treat 4
eyes with 1 donor cornea. In a first Quarter-DMEK cohort of 19 eyes, the central cornea underlying the graft
cleared rapidly, while the peripheral bare stromal regions slowly improved over several months.[102—104] This
suggested that donor endothelial cells migrated from the radial cut graft edges and induced corneal clearance
in those areas. Cell migration from the round graft edge, on the other hand, was inhibited, possibly due to the
arrangement of fibrillary bands of collagen in the graft periphery acting as a barrier for cell migration.[104] The
lack of cell migration from the round graft edge resulted in localized longer standing corneal edema along the
round graft edge.[102] Widespread cell migration from the cut graft edges may be responsible for the initially
rapid decline in ECD observed after Quarter-DMEK surgery.[105] A follow up in vitro study carried out by the
same group showed that alterations in the far peripheral area of Quarter-DMEK grafts were insufficient to
trigger cell migration from the limbal graft edge.[106] This was attributed to progenitor cells located beneath
the Schwalbe’s line and which lack cytokinetic directional cues despite their exposure to free surface.[107]

1770 cells/mm?

515 cells/mm?

Figure 4] Slit-lamp and specular microscopy images of a DMEK graft at 8 months of follow-up. Although centrally the
graft appeared detached, the area was visibly clear. Specular microscopy images taken at the indicated positions in the left
image showed an endothelial cell density of 1770 cells/mm? in the corneal center (A), 1420 cells/mm? paracentrally (B),
1280 cells/mm? in the periphery (C), and 515 cells/mm? in the far periphery (D). Adapted from: “Descemet membrane
endothelial transfer: "free-floating" donor Descemet implantation as a potential alternative to "keratoplasty". Dirisamer,
M., Cornea, 2012.

Recently, another study reported complete recovery of corneal clarity and visual acuity when using
cryopreserved full-thickness endothelial-free grafts for therapeutic PK.[108] Of the 18 out of 195 grafts showed
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recovery of the corneal graft clarity within 1 year after graft transplantation. When corneal clarity was
recovered, average ECD was 991 cells/mm? (range, 782-1531 cells/mm?) and remained stable up to 2 years after
surgery. The authors suggested that the endothelium may have regenerated by cell proliferation rather than
cell migration and that cells originated from peripheral host.[108]

Experimental alternatives to transplantation techniques
Cell regeneration

In ophthalmology, ROCK-inhibitors play a role in the regulation of agueous humor outflow by inducing relaxation
of both the ciliary muscle and the actin cytoskeleton in the trabecular meshwork.109 Currently, Ripasudil (0.4%
ROCK inhibitor) has market authorization in Japan for treating glaucoma or ocular hypertension.110 More
recently, Netarsudil ophthalmic solution 0.02% was approved in the United States and the European Union for
lowering elevated intraocular pressure (IOP).[34,111,112]

The first clinical study suggesting that in vivo proliferation of corneal endothelium could be stimulated by
pharmaceutical treatment described the possibility of using ROCK-inhibitor eye drops subsequent to
transcorneal freezing as an alternative to graft surgery in patients with corneal endothelial dysfunction.[113]
Specular microscopy examination 18 months after the treatment showed small CEnCs present at a high cell
density in the central part of the cornea. Two suggestions were made regarding the mechanism of action,
namely the spontaneous cell remodeling and presence of endothelial progenitors in the peripheral cornea. In
that experiment, it was not possible to conclude whether the endothelium improved due to the ROCK-inhibition
application or whether the removal of the diseased cells was sufficient to induce wound healing.[113] Other
case reports described that ROCK-inhibitors prevent the progression of bullous keratopathy in patients whose
corneal endothelium was severely damaged by cataract surgery or rescue PK grafts from failure after an acute
rejection episode.[63,114]

Surgical Techniques that require endothelial migration

Descemet stripping only (DSO) or Descemetorhexis without endothelial keratoplasty (DWEK) and acellular DM
transplantation are experimental surgical strategies for treating central FECD that depend on the patient’s own
endothelial cells to grow and reform the barrier.[115-118] The surgery involves removal of the central 4-6 mm
diseased endothelium and DM, that is, removal of central non-confluent guttae, to allow the centripetal
migration and redistribution of the remaining healthy peripheral endothelial cells to cover either the bare
stroma generated by DWEK/DSO or to re-populate the transplanted devitalized DM.[116,119] Transplanting a
devitalized DM or trying to leave Descemet membrane’s anterior banded layer intact during descemetorhexis
may be beneficial for cell migration as this extracellular matrix contains important proteins and growth factors
that are required for cellular process such as migration or proliferation [132].

Clinical case series evaluating DWEK/DSO for FECD have reported inconsistent results from total failure to
complete recovery with central ECD in the range of 428-864 cells/mm? at the last reported follow-up visit (range:
6—24 months).[119-121] Observed corneal clearance time in successful DSO cases, which can most likely be
linked to the speed to cell migration, varied between patients and was thought to be influenced by both surgical
and patient factors. Overall, repopulation of the bare stroma and inducing corneal clearance can occur between
3 and 6 months postoperatively. This gives a timeframe for in vivo CEnC wound healing to happen.[119,121]
(Figure 5).

When a topical ROCK-inhibitor such as Ripasudil or Netarsudil was administrated after DWEK/DSO, decreased
clearance time together with an improved central ECD and an overall better cell architecture were found in eyes
that received ROCK-inhibitor immediately after surgery.[66,122] Moreover, less loss of peripheral ECD was
observed when ROCK-inhibitor was administrated immediately after surgery rather than waiting until later in
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the healing course.[66] Hence, this may support the concept of endothelial cell proliferation in the ROCK-
inhibitor treated group, as opposed to pure endothelial cell migration in the DWEK/DSO group. However, overall
peripheral ECD decreased after DWEK/DSO regardless of whether ROCK-inhibitor had been administered. The
repopulation of central bare stroma therefore most likely involved a combination of proliferation and migration
of cells from the peripheral endothelium.[122]

960 cells/mm?

Figure 5| Slit-lamp and specular microscopy images of a cornea at 6 y post DSO. Although the posterior cornea appeared
irregular (A) following 8 mm surgical descemetorhexis, the cornea clarity was restored within 12 weeks and maintained
thereafter (B) with a central ECD of 960 cells/mm? (C).

The inability of the corneal endothelium to regenerate in vivo has been mainly attributed to strong contact
inhibition cell behavior that in turn upregulates the p27Kipl and prevents transition to the S-phase. Thus,
corneal endothelial cells are not terminally differentiated but do possess proliferative potential. In vitro studies
on corneal endothelium wound healing with ROCK-inhibitor showed that cell cycle progression is enhanced
closer to the wound edge and stops once the wound is healed.[63,67,94] Studies of ROCK-inhibitor in human
patients reported “pseudoguttae” visible on specular microscopy.[123] These ‘dark bodies’ were arising in the
population of cells migrating to cover the descemetorhexis area but disappeared later, when the endothelium
integrity was restored.[85,118] This led to the assumption that ROCK-inhibitor might have affected the
distribution of actin microfilaments concomitant with inhibition of focal adhesion formation. Another important
observation was the intercellular localization of the dark bodies rather than within the cell cytoplasm.[118]
These clinical observations corroborate well with the in vitro findings that ROCK-inhibitor reduces cell adhesion
through a loss of focal adhesion complexes and reduced expression of intracellular adhesion
molecules.[112,124] Although there is little information about the success of DWEKDSO procedure in relation
to patient factors, surgical factors such as avoiding constant pressure during DM scoring or stromal contact by
overlaying an acellular DM to facilitate central cell migration and prevent posterior stromal scarring are better
characterized.[116,117,125]
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Because DWEK/DSO was shown to be more successful among patients suffering from FECD due to the presence
of a larger cell reservoir to the periphery, transplanting a denuded DM together with the use of a topical ROCK-
inhibitor might increase the success rate of DWEK/DS0.[117]

Cell- based therapies

Kinoshita et al. were the first to report on CEnC injection therapy in 11 patients (7 were FECD, 4 were BK) with
a 5-year follow-up.[126] After removing the abnormal extracellular matrix and the degenerated CEnCs on the
patient DM either by mechanical scraping or a 5 mm descemetorhexis, cultured human CEnCs were injected in
combination with ROCK-inhibitor into the anterior chamber of the eye. ROCK-inhibitor was required as a
supplement for the cell suspension to promote CEnC adhesion.[33,35] Since the number of injected cells was
106 in most treated eyes, proliferation is unlikely to occur despite the presence of ROCK-inhibitor, but it can be
speculated that cell migration might have occurred in case of an initially uneven cell adherence on the posterior
surface. Five years after the procedure, 10 out of 11 patients showed a restoration of the corneal function with
a central ECD of 1257 * 467 cells/mm? and no major adverse reactions directly related to the human CEnC
injection therapy.[126] This promising preliminary study that merged an adjunct drug in cell-based therapies
has offered a new perspective in the treatment of endothelial dysfunction.[126]

DISCUSSION

Currently, newly emerging alternatives to conventional EK are being investigated to compensate for the shortfall
in global corneal graft tissue.[27-32] Within the field of regenerative medicine, new therapeutic strategies aim
to regenerate the corneal endothelium through means of corneal endothelial wound healing and potentially
pharmacologically stimulating this process.[61,62,77] Over the past decade, advances in our understanding of
the biochemical and mechanical cues have help us better exploit the underlying wound healing process.

The main signaling pathways that govern normal corneal endothelial wound healing include the RhoA/ROCK,
PI3K/Akt, Wnt, and TGF-R pathways. These cascades carry on information of upstream/downstream
relationships between interacting proteins. For example, Rap1l is a molecular switch that cycles between an
active GTP-bound and inactive GDP-bound form and regulates the RhoA/ROCK and PI3K/Akt pathway. Because
ROCK mediates various important cellular functions, inhibition of ROCK may affect multiple signaling pathways
and will outweigh signaling cascades which act through the same effector proteins.[34] This crosstalk hypothesis
may explain why ROCK-inhibition can have multiple biological effects such as enhanced proliferation or anti-
apoptotic effects and why it is not only limited to cytoskeletal changes within the wound healing process.[62,66]
The crosstalk of the Rho/ROCK pathway with other signaling cascades makes it challenging to unravel all
involved processes in endothelial wound healing and more research is required to fully exploit the underlying
biochemical processes for clinical applications.

Transcription factor SMAD4, which also is an indirect target of Akt, plays an important role in inducing EnMT
thereby creating cytoskeletal changes, an increased motility and aberrant CEnC ECM deposition. However,
strategies to overcome EnMT must not be accompanied by the impairment of cell migration during wound
healing.[47] Sumioka et al. investigated the role of TGF-B related signaling during corneal endothelial wound
healing by avoiding the disruption of migration signals while blocking an unfavorable EnMT phenotype. This
study indicates that it is possible to increase wound healing without inducing EnMT.[80]

Cyclins, cyclin-kinases and cyclin kinase inhibitors are the end staged effector proteins that regulate cell cycle
progression and proliferation in CEnCs during wound healing. Enhancing these end-staged proteins can lead to
a selective regulation of the proliferation rate instead of activating other upstream proteins that could adversely
affect the normal CEnC phenotype.[13,38,53]
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Endothelial wounds may trigger cells adjacent to the wound to lose their pericellular actin band pattern and
later well-defined stress fibers fill their cytoplasm and persist until the wound is closed.[69] However, it was
also reported that endothelial cells undergo directional migration into the wounded zone in the absence of an
organized actin cytoskeleton and without stress fiber formation.[127,128]

Progenitor cells that are located in specific niches in the corneal far periphery may constitute an interesting
target for regenerative therapies as they were shown to possess enhanced regenerative capacities.[107,129]
However, knowledge about these cells and the involved processes is still limited.

This review provides an extensive overview over the signaling pathways involved in CEnC proliferation and
migration. Knowledge about these pathways paves the way for pharmacological stimulation to effectively target
these fundamental cell processes. This could lead to an effective topical treatment of corneal endothelial
dysfunction either as a stand-alone treatment or in combination with surgical removal of diseased tissue. To
conclude, basic research involved in corneal endothelial cell biology will act as a central anchor point for new
therapies to treat corneal endothelial dysfunctions.
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ABSTRACT

Purpose: To investigate in vitro central and peripheral corneal endothelial cell (EC) migration from Quarter—
Descemet membrane endothelial keratoplasty (Quarter-DMEK) grafts.

Methods: Quarter-DMEK grafts were obtained from 10 corneas ineligible for transplantation but with intact and
viable ECs. Ten Quarter-DMEK grafts were ‘sandwiched’ between two glass slides and cultured over 1 week in
a humidified atmosphere at 37°C and 5% CO,. Cell migration was evaluated by light microscopy at standardized
time intervals. In addition, immunohistochemistry analyses were performed to assess the detailed structural
organization of ECs in the corneal centre and far periphery.

Results: Endothelial cell (EC) migration occurred from the radial cut graft edges, but not from the far peripheral
area. Cell migration followed three different migration patterns: (1) individual cell migration, (2) uncoordinated
cell migration of cell clusters and (3) collective migration in which ECs moved as a sheet. Inmunostaining
showed the presence of ECs up to the far periphery but with different expression patterns of phenotypical
markers ZO-1, Na*/K* —ATPase and vimentin compared to central ECs.

Conclusion: In vitro EC migration from Quarter-DMEK grafts occurs along the radial cut edges with a decrease
in migration activity towards the corneal far periphery. No migration occurred along the outer peripheral
corneal edge possibly due to a different anatomical matrix in the far periphery. Hence, ECs from the far
periphery may not contribute to corneal clearance of the adjacent bare area after Quarter-DMEK surgery, but
these cells may constitute a valuable cellular reserve on the graft.
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Introduction

Recently, we have introduced several modifications of Descemet membrane endothelial keratoplasty
(DMEK) including Quarter-DMEK, a technique that potentially allows to retrieve four quadrants from a full-
size Descemet membrane (DM) and therefore to utilize four endothelial grafts from a single donor
cornea.[1-4] In a first series, Quarter- DMEK eyes showed visual outcomes similar to conventional
(circular) DMEK.[4] At the slit lamp, however, Quarter-DMEKeyes typically showed a different corneal
clearance pattern with clearing primarily occurring adjacent to the radial cut graft edges but not along the
‘limbal’ round edge of the Quarter-DMEK grafts. This finding would suggest that donor endothelial cell (EC)
migration varies over these grafts, with an almost complete absence of migration in the farperipheral
anatomical area of DM.

The aim of this study was to further evaluate how EC migration may vary over different anatomical
corneal areas,by studying in vitro EC migration fromorgan-cultured Quarter-DMEK grafts,and to determine
how Quarter-DMEK grafts may be positioned best onto the posterior recipient corneal surface during
surgery in order to obtain a homogenous redistribution of donor ECs postoperatively.

Materials and Methods

Corneas

Ten human corneas ineligible for transplantation but with an intact and viable EC layer were obtained from
seven donors (mean age 72 (+13) years; range 51-84 years; Table 1). All donors had stated to have no objection
against transplanted-related research.

Quarter—-Descemet membrane endothelial keratoplasty graft preparation

Quarter-DMEK grafts for these experiments were prepared at Amnitrans EyeBank Rotterdam as previously
described.[4] Briefly, after decontamination of the globes, corneo-scleral rims were excised within 36 hours
post-mortem. After EC morphology and viability were evaluated and digital photographs were made with
inverted light microscopy (Zeiss Axiovert 40C; Carl Zeiss International, Zaventem, Belgium), the excised corneo-
scleral rims were stored in organ culture medium (CorneaMax; Eurobio, Courtaboeuf, France) at 30°C until
further processing. To peel the Quarter-DMEK grafts, corneo-scleral rims were placed endothelial-side-up on a
custom made holder with a suction cup. The endothelium was then stained for visualization with 0.04%
hypotonic trypan blue solution (Hippocratech, Rotterdam, the Netherlands) for 10 second. Next, the DM-EC
sheet including trabecular meshwork (TM) was loosened over 360° from the scleral spur towards the corneal
centre and the corneo-scleral button was divided into four equally sized parts with a surgical blade (no. 24 knife;
Swann-Morton, Sheffield, UK). The DM was then centripetally stripped from the posterior stroma by grasping
the TM with McPherson forceps (Moria, Medical Workshop, Groningen, the Netherlands), thereby obtaining
four Quarter-DMEK grafts. After stripping, four rolls formed spontaneously with the endothelium on the outer
side and the TM still attached to facilitate later graft handling. Endothelial cell morphology and viability were
again assessed, and images of each Quarter-DMEK graft were evaluated using the fixed frame method. For all
ten corneas, the endothelial cell density (ECD) determined in the eye bank after DMEK graft preparation was on
average 2743 (+185) cells/mm?, with no significant ECD difference between the four quarters (P > .05) deriving
from the same cornea. Each Quarter-DMEK graft was then stored separately in organ culture medium
(CorneaMax; Eurobio) before being evaluated for chemotactic cell ability or immunohistochemistry analysis.
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Table 1. Donor demographics.

Donor Information Indicators
Donor data
Gender
Female 4
Male 3
Mean age (£SD), yrs. (range) 72 (£13), (51-84)
Mean storage time (+SD), days (range) 11 (£5), (3-16)

Cause of death
Cardio/Stroke 2

Respiratory 5

*Mean storage time = time between death and culture of first isolated DM-EC tissue; SD =
standard deviation; yrs. = years

Cell migration study

To analyse cell migration patterns of the corneal endothelium on a Quarter-DMEK graft, 10 individual Quarter-
DMEK rolls with the TM attached, obtained from 10 different corneas, were unfolded endothelial-side-up on a
FNC-coated (fibronectin, collagen and albumin coating mix; Athena ESTM Baltimore, MD, USA) glass coverslip
and evaluated in vitro. Unfolding for all grafts was performed in a ‘no-touch’ manner by grabbing the graft only
at the TM site with a McPherson forceps and dropping organ culture medium onto the graft while the glass
coverslip was kept tilted under a small angle. Next, the TM was carefully removed from the Quarter-DMEK
grafts, and the endothelium was submerged in serum containing culture medium to ensure cell viability during
the experiments. Serum containing culture medium consisted of 15% fetal bovine serum in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM L-Glutamine, 2 ng/ml fibroblast growth factor (bFGF), 0.3 mM L-
ascorbic acid 2-phosphate (all from Sigma-Aldrich, Zwijndrecht, the Netherlands) and 10 000 U-ml Pen/ Strep
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany). A second FNC-coated glass coverslip that was spatially
separated from the flattened Quarter-DMEK graft by a suture wire (Supramid TS194-0, non-absorbable, Hueber
Medica) was then carefully placed on top. The Quarter-DMEK graft, now ‘sandwiched’ between the two glass
slides, was then transferred to a 24-well plate, and kept over 9 days in a humidified atmosphere at 37°C and 5%
CO.. For routine maintenance, medium was replaced with fresh culture medium every 2—3 days. To assess cell
morphology and the degree of cell migration, the Quarter-DMEK grafts were photographed daily with an
AxioVert.A1 microscope with AxioCam 305 color camera (Zeiss, Oberkochen, Germany).

Immunohistochemistry

To evaluate the expression of continuous zonula occludens-1 (ZO-1) at the cell—cell borders, thin cortical
vimentin cytoskeleton and pump function through Na*/K* —ATPase, immunohistochemistry analysis was
performed at room temperature on Quarter-DMEK grafts obtained from the same corneas as the grafts used
for the cell migration experiments. Quarter-DMEK grafts were unfolded and flattened on silane-precoated glass
slides (Sigma Aldrich) before fixation in 4% paraformaldehyde (Sigma-Aldrich) for 30 min. Following fixation, the
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grafts were first washed with phosphate buffered saline (PBS), then permeabilized using permeabilization buffer
(0.1% Triton X-100 in PBS; Sigma Aldrich) and finally incubated with blocking buffer (5% bovine serum albumin
in PBS; Sigma-Aldrich) for 1 hour to prevent non-specific staining. Blocking buffer was also used for primary and
secondary antibody (Life Technology, Bleiswijk, the Netherlands) dilutions. Incubation with primary antibodies
anti-ZO-1 tight junction protein (anti-ZO-1/TJP1; dilution 1:100), anti-vimentin filamentous protein (anti-
vimentin, dilution 1:100) and anti-sodium/potassium-ATPase (anti-Na*/K* —ATPase, dilution 1:100) was
performed for 1 hour and was followed by several PBS washing steps. Samples were then incubated with
secondary antibodies (dilution 1:200) for 1 hr. As control, an antibody to smooth muscle actin (anti-a-SMA,
dilution 1:100) was included as a marker for smooth muscle cells and myofibroblasts. After washing with PBS,
the samples were stained with 40,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) to visualize the nuclear
DNA and then imaged using an inverted fluorescence microscope connected to a camera (Axiovert; Zeiss).

Results
Structural analysis of endothelial cell distribution on Quarter-DMEK grafts

With light microscopy, all Quarter-DMEK grafts showed an intact endothelium up to the radial cut edges (Figure 1A).

Y
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Flattened Quarter-DMEK éraft with T still attached

Figure 1| General view of a Quarter-Descemet membrane endothelial keratoplasty (DMEK) graft flattened on a glass
support. (A) Overview of a flattened Quarter-DMEK graft with the trabecular meshwork (TM) still attached. Corneal centre
(B) and far periphery (C) show structural differences, which become more distinct when displayed at higher magnifications
(x100). (B) Corneal centre with closely packed hexagonal endothelial cells. (C) Far peripheral area is dominated by a
fibrillary area adjacent to the TM.
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From the central to far peripheral corneal areas, the ECs showed a different morphology, with a relatively
homogenous cell distribution in the corneal centre and less densely packed cells with a more heterogeneous
morphology towards the periphery (Figure 1A-C). In the area directly adjacent to the TM, collagen fibres
intermingled with the ECs in a spiral-like pattern (Figure 1C).

Cell migration study

All grafts showed substantial cell migration from day 4 up to day 6 with EC migration along the radial cut edges
up to the central tip of the graft (Figures 2 and 3). The degree of migration decreased towards the peripheral
graft area. Over the far periphery, that is the intermingled fibrillary area, no cell migration was observed, that
is no cells crossed the rounded graft edge at any time-point (Figures 2B and 3A-C).

At the radial cut edges, three types of cell migration patterns could be observed: (1) individual cell migration in
an exploratory manner lacking a directional stimulation (i.e. random cell migration) was present in five of 10
grafts (Figure 2C), (2) migration of cell clusters, with cells coexisting at the leading migratory edge, not forming
a continuous monolayer (i.e. uncoordinated cell migration) was observed in four of 10 grafts (Figure 2D-G)
and (3) migration of interconnected cells that collectively departed the DM with a leading ‘cell group’ at the
front edge (i.e. collective cell migration) was observed in one of 10 graft (Figure 3D-1).

Day0 Day 4 Day 6

Round edge

Flattened Quarter-DMEK graft with TM removed

Radial cut edge

Cut edge tip

Figure 2| Example of individual and uncoordinated in vitro endothelial cell (EC) migration. (A) Collage of light microscopy
images (x25 magnification) to create an overview of a flattened Quarter-Descemet membrane endothelial keratoplasty
(DMEK) graft without trabecular meshwork attached, at the start of the cell migration experiment (Day 0). (B—G) Light
microscopy images of the round edge (B,C), the radial cut edge (D,E) and the cut edge tip (F,G) of the Quarter-DMEK graft
taken at Day 4 (left) and Day 6 (right) with x100 magnification. (B) In the area of the round edge of the Quarter-DMEK graft,
no apparent cell migration is observed across the round graft edge with (C) only individual cells migrating across the far
peripheral cut edge of the graft. (D,E) Along the radial cut edge of the Quarter-DMEK graft, single bleb-like ECs migrating
onto the glass coverslip are observed. (F,G) At the cut edge tip of the Quarter-DMEK graft, individual cells migrate onto the
glass coverslip.

88



Asymmetrical endothelial cell migration from in vitro Quarter-DMEK grafts

Day 4

Round edge

Radial cut edge

Cut edge tip

Figure 3| Example of collective in vitro endothelial cell (EC) migration. (A—I) Light microscopy images of the round edge
(A—C), the radial cut edge (D—F) and the cut edge tip (G—I) of the Quarter-Descemet membrane endothelial keratoplasty
(DMEK) graft taken at Day 1 (left), Day 4 (middle) and Day 6 (right) with x100 magnification. (A—C) In the area of the round
edge and far periphery of the Quarter-DMEK graft, no EC migration onto the glass slide was observed up to Day 6. (D—F)
Along the radial cut edges of the Quarter-DMEK graft, collective EC migration in a form of a monolayer was observed;
leader cells at the front edge of the advancing cell sheet are identifiable. (G—I) Around the cut edge tip of the Quarter-
DMEK graft, the collective migration pattern was most evident at Day 6.

Immunohistochemistry

Immunohistochemistry analysis confirmed the presence of ECs up to the far peripheral area of the Quarter-
DMEK grafts, that is up to the round edge of the graft (Figure 4). However, ECs in the centre and far periphery
revealed different expression patterns of the typical endothelial markers ZO-1, vimentin, and Na*/K* —ATPase
(Figure 4). While ZO-1 expression at the apical junctions in the central graft area showed the typical hexagonal
cell borders, the distribution of ZO-1 towards the intermingled fibrillary area in the far periphery was more
discontinuous and revealed larger cells than in the central area (Figure 4A,B). Differences in cell size and shape
between ECs in the centre and far periphery were also shown by the expression of vimentin that showed a mat
of filaments within the EC cytoplasm in the far periphery (Figure 4C,D). Towards the far periphery, also Na*/K*
—ATPase pumps were expressed more irregularly (Figure 4E,F). The absence of a-SMA-positive cells in both
central and peripheral regions of the Quarter-DMEK graft verified the absence of any transformed ECs (Figure
4G,H).
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Center

Far Periphery

>

}

Na*/K*-ATPase Vimentin 20-1

a-SMA

Figure 4] Immunofluorescence staining of the Quarter-Descemet membrane endothelial keratoplasty (DMEK) graft in
the centre compared to the far periphery. Expression of ZO-1 (A,B), vimentin (C,D), Na*/K*—ATPase (E,F) and a-smooth
muscle actin (a-SMA; G,H) was analysed. The central endothelium showed characteristic expressions for the tight junction
protein ZO-1 (A, red), structural protein vimentin (C, red) and functional protein Na*/K* —ATPase (E, red) counter- stained
with DAPI (blue). The presence of markers in the far peripheral area (B,D,F) verified the presence of endothelial cells (ECs)
up to the round edge of the Quarter-DMEK graft. However, the cells in the far periphery showed a different expression
pattern for these endothelial markers (B,D,F red) as compared to the central area. a-SMA, used as a negative control for
the ECs, was absent in the centre and in the far periphery of the endothelium (G,H). x200 magnification.
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Discussion

In this study, we evaluated how EC migration may vary over different anatomical corneal areas, by studying in
vitro EC migration from organ cultured Quarter-DMEK grafts.

Our results showed that corneal ECs migrate from the radial cut edges but not from the round edge of a Quarter-
DMEK graft, that is the far, ‘limbal’ periphery of DM. The lack of EC migration from the peripheral round edge
may be explained by the structural organization of the peripheral DM. Immunolocalization showed expression
of the structural (ZO-1 and vimentin) and functional (Na*/K* —ATPase) markers up to the far periphery, however,
although ECs in the far periphery formed a cellular monolayer, these cells did not show the typical hexagonal
cell structure.

He et al. (2012) showed that in the corneal far periphery, ECs were organized in small radial rows induced by
the furrow-like distribution of the underlying collagen fibres. It was suggested that this anatomical organization
is to direct the migration of ECs from specific niches in the far periphery towards the centre of the cornea
throughout life, limiting the migration in the other direction. Hence, if migration would not occur or is limited
from the limbal edge of a Quarter-DMEK graft, it may be important to position the graft eccentrically, with its
radial cut edges near the pupillary area while the peripheral round edge is positioned peripherally, to avoid
slowly resolving corneal oedema in the visual axis.[5] Further, it may be beneficial for the smaller Quarter-DMEK
graft — compared to a circular conventional graft — that not all cells are able to ‘leave’ the graft. This could
possibly enable early stabilization of the EC density over time.

Although detailed knowledge about the movement of corneal ECs is lacking, migration of other cell sheets has
been studied more extensively, especially in vitro.[6—10] Under normal conditions, cells maintain strong
adhesions with neighboring cells. When a wound is created, the released transient chemical signals enhance
cellular motility near the edge of the wound and cells at the wound edge extend large polarized lamellipodia
towards the free surface producing an overall traction force that is directed towards the wound.[8-10] Another
important denominator of cell migration is growth factor signaling, which is necessary for directional
migration.[6] For instance, in vitro, fibroblast growth factor 2 (FGF-2, bFGF), has been shown to induce human
umbilical vein ECs near the boundary of a sheet to move into open space, whereas in the absence of bFGF, cells
migrated with normal speed but failed to sense open space or to respond with directed movement.[6]

While collective migration patterns were observed for other cell types, in our study, uncoordinated or individual
migration patterns were more prevalent, which might be partly explained by the experimental set-up that might
induce a limited number of viable neighboring cells, for example due to cell damage during tissue handling.
However, differences in cell migration from the radial cut edges and from the peripheral round edge were clearly
distinguishable.

Recent studies on the effect of Rho associated kinase (ROCK) inhibitors showed that topical administration of
ROCK-inhibitors after induced surgical injury of rabbit corneal endothelium triggered cell adhesive changes
which contributed to enhanced proliferation and migration.[11] A similar observation was made after cases of
surgical ‘Descemetorhexis only’ procedures, that is stripping of a diseased DM-endothelium layer without
subsequent corneal graft transplantation, followed by topical administration of ROCK-inhibitors (Moloney et al.
2017). Although, corneas after Quarter-DMEK may show sufficient clearance (Zygoura et al. 2018), ROCK-
inhibitors may potentially enhance EC migration and corneal clearance. However, as ROCK-inhibitors were not
administered after in vivo Quarter-DMEK surgery, they were also not added as an agent to the serum-containing
growth media in our experiments to ensure better comparability of in vitro and in vivo EC migration patterns.

In conclusion, asymmetrical EC migration of Quarter-DMEK grafts may explain the corneal clearance pattern
after Quarter-DMEK surgery, with cell migration predominantly from the radial cut edges, but not the rounded,
limbal edge. While the ECs from the graft’s far periphery may not contribute to corneal clearance after Quarter-
DMEK surgery, these cells may constitute a valuable cellular reserve on the graft.
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ABSTRACT

Aim: Studying cell migration of corneal endothelial cells in vitro is challenging because the capacity for cell
migration needs to be maintained while at the same time the tissue must remain fixed on a rigid substrate. In
this study, we report a thermoresponsive culture technique designed to maintain cellular viability, and to reduce
tissue handling in order to analyze in vitro endothelial cell migration from corneal grafts.

Materials and Methods: As a test tissue, fifteen Quarter-Descemet membrane endothelial keratoplasty (Q-
DMEK) grafts were used that were embedded in a three-dimensional culture system using a temperature-
reversible hydrogel and cultured over 2—3 weeks in a humidified atmosphere at 37°C and 5% CO,.

Results: All grafts could be successfully cultured inside the thermoresponsive polymer solution for periods of
up to 21 days. Using this system, cell migration could be assessed by light microscopy at fixed time intervals. At
the end of the culture period, the gel could be removed from all grafts and immunohistochemistry analysis
showed that endothelial cells were able to maintain confluence, viability, and junctional integrity. Some
problems were encountered when using the thermoresponsive cell culture system. These were mostly
structural inconsistencies during the sol-to-gel transition phase that resulted in the formation of tiny bubbles in
the matrix. Additionally, areas with different viscosity resulted in optical distortions showing up as folds
throughout the matrix which can persist even after several cycles of culture medium exchange. These effects
had impact on the imaging quality but did not affect the viability of the explant tissue.

Conclusion: This study proves that temperature-reversible hydrogel is a very useful matrix for studying in vitro
corneal endothelial cell migration from explant grafts and allows for subsequent biological investigation after
gel removal.
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Introduction

Human corneal endothelial cells form a post-mitotic layer that is not thought to proliferate in vivo and are known
to be difficult to culture.[1-3] The cells do however retain the capacity to spread and migrate to restore a defect
in the endothelium as a wound healing response. This restorative capacity is already being applied in clinical
practice by new surgical techniques and the rate of cells migration is directly related to the speed of corneal
clearance and postoperative recovery.[4-7]

Study endothelial cell migration in vitro is challenging since simply placing the explants on glass, even when
coated with extracellular matrix proteins, tends to result in poor adhesion, outgrowth, and grafts lifting off the
slide.[5] Corneal endothelium on Descemet membrane, once peeled off the cornea, has a well-known rolling
property in fluid rendering explant culture very difficult.[8] We therefore developed a new approach by
embedding the explant in a thermoresponsive gel matrix for studying endothelial cell migration from shape-
adapted endothelial grafts.[9] In this paper, we describe the technical ‘ins and outs’ of the proposed culture
system that demonstrates the ability to be remodeled by cells during migration, permeability to oxygen and
nutrient growth factors, and maintaining the tissue fixed on a rigid surface.

Materials and methods

Materials

Dulbecco’s phosphate-buffered saline (PBS), fetal bovine serum (FBS), L-Glutamine, ascorbic acid 2-phosphate
(Asc-2P), basic fibroblast growth factor (bFGF), Dulbecco’s Modified Eagle’s medium (DMEM), and Calcein-AM
were purchased from Sigma-Aldrich Chemistry BV (Zwijndrecht, The Netherlands). Fibronectin, collagen, and
albumin (FNC) coating mix was purchased from Athena ESTM (Baltimore, MD, USA), Pen/Strep Pre-Mix from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany), and Mebiol® Gel (Cosmo Bio, Carlsbad, CA, USA) from Bio-
Connect B.V. (Huissen, The Netherlands).

Methods
Corneas

Human postmortem corneas, ineligible for transplantation, but with an intact and viable endothelial cell layer
were obtained from Amnitrans EyeBank Rotterdam. There being no objection by the donors to transplant-
related research, the study adhered to the tenets of the Declaration of Helsinki and the Barcelona Principles.[10]

Tissue preparation

Fifteen Quarter-Descemet membrane endothelial keratoplasty (Quarter-DMEK) grafts were prepared as
described previously.[11] Quarter-DMEK-grafts was then stored separately in organ-culture medium
(CorneaMax, Eurobio) for fewer than 24 hours before chemotactic cell ability evaluation.

Preparation of Mebiol® Gel culture medium and tissue embedding process

The lyophilized thermoresponsive hydrogel is liquid at lower temperatures (4-8°C) and becomes a firmer and
more gel-like matrix at the culture temperature (37°C). The gel is prepared by dissolving in 50 ml DMEM
supplemented with 15% FBS, 2 mM L-Glutamine, 2 ng/ml bFGF, 0.3 mM Asc-2P, and 10,000 U-ml Pen/Strep,
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refrigerated at 4°C for three hours to create a viscous solution, then carefully aliquoted to avoid air bubbles,
and stored at -20°C.

For gel embedding, tissue was placed endothelial-side-up on FNC-coated glass coverslips and transferred to a
24-well plate. After embedding, Quarter-DMEK grafts were photographed daily with an AxioVert.Al microscope
with AxioCam 305 color camera (Zeiss, Oberkochen, Germany).

Immunohistochemistry

After gel removal, different structural and functional markers such as ZO-1 (tight junction protein 1 (TJP1)/
zonula occludens-1) , vimentin, and sodium—potassium pump (Na*/K* —ATPase) were used to prove the
feasibility of immunohistochemistry characterization after gel removal and to show the structural and functional
integrity of the cells. In addition, Calcein-AM staining was performed to verify cell viability after gel removal.
The staining protocols have been described previously.[5,12]

Results

Tissue embedding

For embedding the explant tissue in the gel matrix, Quarter-DMEK grafts were placed endothelial side-up on
the FNC coated substrate and the thermoresponsive medium mix was added slowly, drop by drop over the
center of the graft, to prevent shifting. After the graft was covered by a thin layer, it was incubated at 37°C for
about 5 minutes to solidify the layer. Once firm, more medium mix was added up to a volume of approximately
700 pl. Subsequent incubation at 37°C for about 10 minutes led to a solidified gel matrix uniformly distributed
over the grafts. Growth factors and nutrients were replenished by keeping the gel surface moist with 300 pl of
culture medium[13] every 2—-3 days.

Gel removal

All Quarter-DMEK grafts could successfully be recovered from the gel matrix by cooling the gel below the sol-
gel transition temperature (<20°C). Firstly, the warm culture medium was replaced by cold fluid (PBS or DMEM)
and gently aspirated 5 minutes later, removing the uppermost liquefied layer of the gel. This was performed
several times until the gel was removed completely. No fixating of the graft was required before gel removal to
keep it in place.

Cell migration and comparison with previous approach

Gel embedding was successful for all grafts and allowed for observation of cell migration for up to 21 days during
which, cells appeared viable and continued to migrate. After 21 days, cells had not shown any change in viability
and the rate outgrowth had not abated. Longer culture times may therefore be possible in contrast to our
previous approach, serving as a negative control, in which the grafts were “sandwiched” between two glass
slides separated by a suture wire to prevent direct compression.[5]

Immunohistochemistry

After successful gel removal, tissue could be evaluated further by immunohistochemistry and the migrated cell
layer (Figure 1A) remained attached to the glass support in all cases. Cells showed expression of the structural
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and functional markers in the confluent layer of migrating cells and on the graft itself (Figure 1B, C, E) after gel
removal. Calcein-AM staining confirmed cell viability after gel removal (Figure 1D). The dashed white line
outlines in (Figure 1A) the cell migration edge and in (Figure 1B-E) the Quarter-DMEK graft edge.

Figure 1| Example of biological research after gel removal. (A) Collage of light microscopy images (x50 magnification) to
create an overview of a flattened Quarter-DMEK graft at the end of the cell migration experiment, after removing the
liquefied gel at temperatures below 20°C. Expression of vimentin (B), ZO-1 (C), Calcein-AM (D), and Na*/K* —ATPase (E)
determined by immunohistochemistry in the confluence monolayer of cultured cells. x200 magnification.

Thermoresponsive hydrogel matrix — possible complications

Some problems were encountered when using the thermoresponsive cell culture system that can be avoided
or managed. The most frequent was the formation of air bubbles inside the matrix that appeared to variable
degrees for all embedded samples (Figure 2). Additionally, areas with different viscosity result in optical
distortions showing up as folds throughout the matrix which can appear even after several cycles of culture
medium exchange (Figure 2). These had an impact on the imaging quality but did not affect the explant tissue
itself. In case of air bubble formation close to the graft, it was found that cooling the gel down to 15°C, gently
aspirating the fluid and restarting the sample embedding process, could minimize the bubble. Air bubbles that
formed more superficially in the gel matrix, were observed to decrease in size and shape during culture. In case
of optical folds due to inhomogeneous viscosity distribution in the gel matrix, these may become more uniform
in structure after few warm-RT cycles of culture medium exchange.

In 2/15 grafts, we observed graft shifting during gel removal (Figure 2) which resulted in a disruption of the
newly formed monolayer. This tissue gliding over the solid support during gel removal can be minimized by
taking care to aspirate the liquified gel as slowly as possible.
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Figure 2| Complications of the thermoresponsive-hydrogel technique. The top panel displays a case of uneven gel
formation: after placing the graft endothelial-side-up on FNC-coated glass coverslip (day 0, before culture) the addition of
stocking gel led to small air bubble formation (day 8). In addition, minor folds throughout the matrix could be seen (day 8).
Both the air bubble and folds had no impact on the graft viability during culture (day 15, after gel removal). The bottom
panel shows a case of graft shifting (day 14: yellow outlined area) from its original positions (day 0) during the gel removal
step. Throughout the culture time, the graft did not change its position and showed substantial endothelial cell migration
(day 11) along the radial cut graft edges as outlined by the dotted white line. x50 magnification.

Discussion

With this adapted explant culture protocol based on a thermoresponsive hydrogel for in vitro studies on corneal
grafts, we saw improved cell viability and collective cell migration which continued far longer than with the
prior[5] culture system.

Grafts were kept up to 3 weeks in the hydrogel matrix and when the gel reaction was reversed,
immunohistochemistry demonstrated the presence of viable cells with tightly packed morphologies. It is
important to mention that on the day when grafts were recovered from the gel, cells had not shown any change
in the rate of outgrowth or cell viability, therefore longer culturing times could have also been possible.

This culture system has been useful in several ways. Firstly, the consistent migration pattern observed in vitro
helps explain the corneal clearance after corneal transplantation.[5,6,9,11]

Secondly, this method may help optimizing graft preparation to try to promote cell migration,[9] but can also
be used for other purposes. This thermoresponsive cell culture system supports morphological and physiological
cell changes through specific scaffold geometry and composition.[14,15] Although, other cell culture matrices
provide good cell adhesion, they could in the same time make cell retrieval more difficult.[16] The temperature-
reversible properties of the hydrogel presented here, on the other hand, permit cell retrieval without enzymatic
treatment, which is difficult using hyaluronic acid hydrogel matrices.[17]

The question of maintaining cell polarity during cell migration in gel culture may be an issue. However, we
previously demonstrated the monolayer dynamics during migration, emphasizing the difference in marker
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expression between front and rear edge of the cell monolayer,[9] inferring that after migration, normal polarity
can return as seen in vivo.

While the presented approach allows to keep the explant tissue flattened in a fixed position on the substrate,
provides sufficient nutrient supply, and enables tissue retrieval at the end of the culture period, some technical
challenges may occur during tissue embedding and retrieval. Occasionally, air bubbles get trapped in the matrix
while adding stocking gel over the graft and inhomogeneous viscosity distribution may induce optical folds that
should not be confused with folds of the tissue itself to avoid unnecessary tissue handling due to attempted
repositioning.

Conclusion

In conclusion, this culturing technique based on temperature reversible hydrogel proves to be a very useful
matrix for studying in vitro cell migration from explant tissue and allows for subsequent fundamental biological
research after gel removal.
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Abstract

Endothelial cell migration plays a crucial role in achieving corneal clearance after corneal transplantation when
using smaller-sized endothelial grafts to increase the donor pool. In this study we investigated how different
strategies of Quarter-Descemet Membrane Endothelial Keratoplasty (Quarter-DMEK) limbal graft edge
modification influence peripheral endothelial cell migration in an in vitro culture environment. For this study,
15 Quarter-DMEK grafts, prepared from 7 corneas deemed ineligible for transplantation but with intact and
viable endothelial cells, were embedded in a cooled biocompatible, thermoresponsive matrix for culture. The
limbal edge of ten Quarter-DMEK grafts were modified, either by using a small diameter punch or by peripheral
radial cuts. All Quarter-DMEK grafts showed substantial collective endothelial cell migration from the radial cut
graft edges, as observed by light microscopy at standardized time intervals. Grafts were retrieved from the
polymer matrix after the two-week culture for immunohistochemistry analyses of the newly formed cell
monolayers; this demonstrated the presence of tightly packed and viable cells that showed higher migratory
ability at the leading edge. Peripheral endothelial cell migration, however, was not triggered by increasing cell
exposure to free space through surgical modifications of the far periphery. Our data suggest that alterations in
the far peripheral area of Quarter-DMEK grafts were insufficient to triggering cell migration from the limbal
graft edge. This may be due to transient-amplifying cells that reside in the far periphery and which lack
cytokinetic directional cues. Understanding the migration capacity of the peripheral endothelium could unlock
cells’ therapeutic potential which are, at present, routinely discarded from transplantation. Encouraging
peripheral cell migration may also improve clinical outcomes from Quarter-DMEK, but a more effective solution
is required prior to clinical implementation of modified grafts.
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Introduction

We have recently introduced several modifications to Descemet membrane endothelial keratoplasty (DMEK),
including Quarter-DMEK, as a means to potentially quadruple the availability of usable grafts from a single donor
cornea.[1-3] The clinical outcomes are encouraging, use less tissue and the first series of Quarter-DMEK eyes
achieved visual outcomes comparable to conventional DMEK.[1,2] At the slit-lamp, however, Quarter-DMEK-
eyes typically showed a different corneal edema clearance pattern, due to the mismatch between the patient’s
round descemetorhexis and the quadrant shape of the graft. This mismatch results in areas of bare stroma that
must be cleared by migrating endothelial cells (EC). Clinically, clearing occurs most efficiently in the area
adjacent to the radial cut graft edges, but tends to be slow and stagnant along the “limbal” round edge of the
Quarter-DMEK-grafts.

We have replicated the cell migration of the Quarter-DMEK grafts in an in vitro culture system in our previous
experiment.[4] The results confirmed that endothelial cell migration readily occurred along the radial cut edges
of the grafts, but that migration from the peripheral limbal edge was not observed. This finding prompted us to
question the role played by the peripheral endothelium as a cell source in the restoration of corneal clearance.
We hypothesized that the arrangement of fibrillary bands of collagen in the periphery could act a as a barrier or
“fence”, thereby preventing migration.

This study’s purpose was to evaluate whether peripheral edge modification could break down the physical
barrier that inhibits cell migration from the limbal edge of the graft, thereby promoting cell migration in a
manner similar to the radial edges.

Materials and methods

Corneas

Seven human postmortem corneas, which were ineligible for transplantation but which had an intact and viable
endothelial cell layer (from five donors (mean age 69 (+4) years; range 61-73 years)) (Table 1), were obtained
from Amnitrans EyeBank Rotterdam. All donors stated that they had no objection to transplant-related research
and the study adhered to the tenets of the Declaration of Helsinki. No institutional review board approval was
obtained, given that no approval is required for this kind of research if no extra procedure was performed to
obtain the samples and if donors had consented to having the samples used for research purposes, according
to a national regulation (https://www.ccmo.nl/onderzoekers/aanvullende-informatie-over-bepaalde-soorten-
onderzoek/niet-wmo-onderzoek/onderzoek-met-lichaamsmateriaal).

Quarter-Descemet membrane endothelial keratoplasty graft preparation

The Quarter-DMEK grafts were prepared at Amnitrans EyeBank Rotterdam, as described previously,[3] by a
single eye bank technician (JTL) with extensive experience in DMEK and modified DMEK techniques.[5] For every
cornea, two of the four Quarter-DMEK grafts were modified, by either using a 1 mm diameter biopsy punch (Kai
Europe GmbH, Solingen, Germany) to create two cuts in the periphery or by using an ophthalmic keratome
(MANI, INC. Tochigi, Japan) to create 3 peripheral radial cuts. One Quarter-DMEK graft was used as a backup in
case of failed preparation of modified grafts, and one unmodified Quarter-DMEK graft was used as a negative
control. A positive control was created by cutting the peripheral edge off from a Quarter-DMEK graft, thereby
creating a triangle-shaped endothelial graft. The endothelial cell density (ECD) determined in the eye bank after
DMEK graft preparation was on average 2514 (+267) cells/mm? for all seven corneas. Each Quarter-DMEK graft
was then stored separately in organ culture medium (CorneaMax, Eurobio) for fewer than 24 hours before being
evaluated for chemotactic cell ability.
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Table 1. Donor demographics.

Donor Information Indicators

Number of corneas/donors 7/5
Gender

Female 2

Male 3
Mean age (£SD), yrs. (range) 69 (+4), (61-73)
Mean storage time* (+SD), days (range) 6 (£3), (2-12)
Cause of death

Cardio/Stroke 2

Respiratory 2

Malignant neoplasm 1

*Mean storage time = time between death and culture of isolated DM-EC tissue;
SD = standard deviation; yrs. = years

Preparation of Mebioll Gel culture medium

Mebioll Gel was obtained in a lyophilized and sterilized flask from Bio-Connect B.V. (Huissen, The Netherlands).
The gel was reconstituted in 50 ml of culture medium, consisting of Dulbecco’s modified eagle medium (DMEM)
supplemented with 15% fetal bovine serum (FBS), 2 mM L-Glutamine, 2 ng/ml fibroblast growth factor (bFGF),
0.3 mM L-ascorbic acid 2-phosphate (all from Sigma-Aldrich, Zwijndrecht, The Netherlands), and 10,000U-ml
Pen/Strep (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The culture-flask was then refrigerated at 4°C for
about three hours yielding a viscous transparent Mebioll Gel-culture medium mixture. The uniform liquid sol
was then carefully aliquoted, to avoid air bubbles, at desired volumes (1.5-4 ml) and was stored at -20°C for
later use.

Cell migration study

15 individual Quarter-DMEK rolls with the trabecular membrane (TM) attached, obtained from 7 different
corneas, were unfolded endothelial-side-up on FNC-coated (fibronectin, collagen, and albumin coating mix,
Athena ESTM Baltimore, MD, USA) glass coverslip and evaluated in vitro in order to examine whether peripheral
edge modifications of a Quarter-DMEK graft could trigger cell migration. Unfolding of all grafts was performed
in a “minimal touch” manner by grabbing the graft only at the TM site with a McPherson forceps and dropping
organ-culture medium onto the graft while the glass coverslip was kept tilted at a small angle.

The TM was then carefully removed from the Quarter-DMEK grafts, and the endothelium was submerged in
serum-containing culture medium in order to ensure cell viability during the experiments. Each glass coverslip,
which supported one Quarter-DMEK graft, was transferred to a 24 well plate and a drop of liquefied gel-culture
medium mixture (temp 4-8°C) was placed at the center of the well. The gel became more solid when kept at
37°C for about 5 minutes. Once the gel became firmer, the well was then completely filled with cooler liquid
drops of the gel-culture medium mixture (=500 pl end volume), thereby preventing Quarter-DMEK grafts gliding
over the solid support. Subsequent incubation at 37°C for about 10 minutes led to a solidified gel matrix that
was uniformly distributed over the Quarter-DMEK grafts. Growth factors and nutrients were provided by
keeping the gel surface moist using 300 pl of culture medium. Grafts were cultured over 2 weeks in a humidified
atmosphere at 37°C with 5% CO,. Medium was refreshed every 2-3 days. Quarter-DMEK grafts were

108



In vitro endothelial cell migration from limbal edge-modified Quarter-DMEK grafts

photographed daily with an AxioVert.A1 microscope with AxioCam 305 color camera (Zeiss, Oberkochen,
Germany) to examine cell morphology and the degree of cell migration.

The recovery of the Quarter-DMEK grafts after cultivation was performed by cooling the gel below the sol-gel
transition temperature (<20°C). Firstly, the warm culture medium was replaced by cold fluid (PBS or DMEM)
and gently aspirated 5 minutes later, removing the uppermost liquefied layer of the gel in the process. This was
performed several times until the gel was removed completely, without disturbing the graft position in the well.

Immunohistochemistry

Quarter-DMEK samples, reclaimed from gel culture for immunohistochemistry analysis, were first fixed in 4%
paraformaldehyde (Sigma Aldrich, The Netherlands) for 15 minutes. Following fixation, the grafts were then
washed with phosphate-buffered saline (PBS), permeabilized using permeabilization buffer (0.1% Triton X-100
in PBS, Sigma Aldrich, The Netherlands) and finally incubated with blocking buffer (5% bovine serum albumin in
PBS, Sigma Aldrich, The Netherlands) for 30 minutes in order to prevent non-specific staining. Blocking buffer
was also used for both primary and secondary antibody (Life Technology, The Netherlands) dilutions.

Samples were stained for the expression of zonula occludens-1 (ZO-1), vimentin and Na*/K* —ATPase to
establish the baseline endothelial morphology and CD73 for potential cell migration. Incubation with primary
antibodies was performed at the following dilutions: anti-ZO-1 tight junction protein (anti ZO-1/TJP1, dilution
1:100), anti-vimentin filamentous protein (anti-vimentin, dilution 1:100), anti-sodium/potassium—ATPase
(anti-Na*/K* —ATPase, dilution 1:100) and anti-lymphocyte differentiation antigen CD73 (anti-CD73, single
purchase from Abcam, Cambridge, United Kingdom, dilution 1:100). Incubations were performed for 1 hour and
were then followed by several PBS washing steps. Samples were then incubated with fluorescent secondary
antibodies that had been conjugated to Alexa Fluor® (dilution 1:200) for 45 minutes. After washing with PBS,
the samples were stained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, The Netherlands) to
visualize the nuclear DNA, and were then imaged using an inverted fluorescence microscope connected to a
camera (Axiovert, Zeiss).

Cell viability assay

The membrane-permeable dye Calcein-AM (Sigma-Aldrich Chemistry BV, Zwijndrecht, The Netherlands) was
received as stock solution of 4 mM in dimethylsulfoxide at -20°C, prepared as a working solution of 400 uM in
PBS and added directly to grafts in order to examine the cell viability of Quarter-DMEK grafts after the culture
period. A 45-minute incubation period at room temperature allowed for the nonfluorescent Calcein-AM to be
hydrolysed by intercellular esterases into the highly negatively charged green fluorescent Calcein, which is
retained in the cell cytoplasm. After one more PBS washing step, grafts were ready for imaging by microscopy.

Results
Cell migration study

All grafts placed in culture showed cell migration along the radial cut edges up to the tip of the graft (Figure 1).
The degree of migration decreased towards the peripheral graft area in both the limbal edge-modified and
unmodified Quarter-DMEK grafts (negative control) in which the dense fibrillary area was exposed to the open
space (Figure 1A—C). The peripheral edge modification of the graft in order to cut through the dense fibrillary
area either with the biopsy punch or radial cuts, did not sufficiently stimulate cell migration to populate the
limbal round edge of the graft (Figure 1B and C). Greater cell migration was seen when the cuts were very deep
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and protruding into the paracentral zone of the endothelium (Figure 1C). The positive control graft, where the
fibrillary area was completely removed, showed a uniform cell migration pattern all around the cut edges (Figure
1D).

All grafts showed substantial cell migration from day 4 up to day 15 (Figure 2) which was when the graft was
retrieved for immunohistochemistry evaluation. Cells migrated in interconnected groups (i.e., collective cell
migration) with a “leading” cell group seen at the front edge in all grafts (15/15).

Figure 1| Representative images of each type of Quarter-DMEK graft modification and Quarter-DMEK graft controls after
two weeks in vitro gel culture. Collage of light microscopy images (x25 magnification) to create an overview of the (A)
Quarter-DMEK graft with intact far periphery showing lack of cell migration along the limbal round edge (negative control),
(B) fence-broken Quarter-DMEK graft for which the periphery was punched with a 1 mm diameter biopsy punch twice,
showing no stimulation of cell migration, (C) Quarter-DMEK graft for which the periphery was radially cut three times with
an ophthalmic knife showing cell migration initiated only from those deep cuts (red marks) bypassing the intermingled
fibrillary area and opening the endothelium’s periphery, (D) Quarter-DMEK graft with a cut off periphery showing uniform
cell migration from all cut edge sites (positive control). The dashed line outlines the cell monolayer migration edge.
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Cut edge tip Radial cut edge

Figure 2| Example of collective in vitro endothelial cell migration from gel-cultured Quarter-DMEK grafts. Light
microscopy images of the cut edge tip (Left) and the radial cut edge (Right) of a Quarter-DMEK graft taken at Day 4, Day 8,
Day 11, and Day 15 (Top to Bottom view) with 100x magnification. Around the cut edge tip and along the radial cut edges
of the Quarter-DMEK graft collective endothelial cell migration in a form of a monolayer was observed; leader cells at the
front edge of the advancing cell sheet are identifiable; collective migration pattern was most evident at Day 8. The latter
appear out of focus and hazy due to the difference in focal plane between the migrated cells and the cells on the graft itself
(height difference due to Descemet membrane). In each of the photos, the dashed line outlines the edge of the Quarter-
DMEK graft. The double-lined cut edge of the graft in all images is an optical aberration caused by the gel matrix.
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Cut edge tip Front leading edge

Z0-1

Na*/K*-ATPase

Vimentin

Calcein - AM

CcD73

Figure 3| Immunofluorescence staining of the newly formed cell monolayer. Expression of ZO-1 (A-C), Na*/K* —ATPase
(D-F) vimentin (G-1), Calcein-AM (J-L) and CD73 (M-0) was analyzed around the cut edge tip (Left), along the radial cut edge
(Middle) of the Quarter-DMEK graft, and at the monolayer’s front leading edge contour (Right) after 17(+3) days in gel
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culture and subsequent gel removal. Characteristic expressions for the tight junction protein ZO-1 (A, B red) and functional
protein Na*/K —ATPase (D, E red) were uniformly observed along lateral cell borders across the monolayer (A, B red);
however, cells at the front leading edge of the monolayer showed a discontinuous distribution of ZO-1 (C, red) and
Na*/K*—ATPase (F, red). Strong expression of vimentin intermediate filaments was detected throughout the monolayer (G,
H, I red) and in cells at the font leading edge more specifically, which demonstrate increased motility (I red). Cell viability
evaluated by expression of Calcein-AM showed strong fluorescence intensity in the confluence monolayer of cultured cells
(J, K, L green). CD73 expression marker was uniquely associated with cells near the leading edge (O red) indicating
involvement in the process of cell migration; a lack of CD73 expression in the confluent monolayer indicates poor ability
for cell migration and growth at the rear of the leading edge (M, N red). Due to the difference in focal plane between the
migrated cells and the cells on the graft itself (height difference due to Descemet membrane), the latter appear out of
focus and hazy. In each of the photos, the dashed line outlines the edge of the Quarter-DMEK graft, 200x magnification.

Z20-1 Na*/K*-ATPase

Vimentin

Figure 4| Immunofluorescence staining of the Quarter-DMEK graft with focus on far periphery. Expressions for the tight
junction protein ZO-1 (A: control graft, red), functional protein Na*/K* —ATPase (B: graft with trephined periphery, red), and
structural protein vimentin (C: control graft, red) counterstained with DAPI (blue) showed sparsely distributed cells with
irregular morphology and altered pump function activities in the far periphery. The round limbal edge the Quarter-DMEK
graft was populated by viable cells as indicated by Calcein-AM expressions (D: graft with radially cut through periphery,
green). Grafts were imaged after 17(+3) days in gel culture and subsequent gel removal 200x magnification.
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Immunohistochemistry

Immunohistochemistry analysis confirmed the formation of a continuous functional monolayer created by
direct cell migration into the free space available, apart from at the round edge of the graft (Figures 3 and 4).
Typical expression profile was found for endothelial marker ZO-1 and Na*/K* —ATPase (Figure 3A,B,D and E red)
in EC that depart from the radial graft cut edge up to the rear of the leading edge. Resistance barrier and the
pump function protein showed a discontinuous expression over the front leading cell edge, the (Figure 3C and
F, red) which is concomitant with strong polymerization of vimentin intermediate filaments (Figure 3G,H and I,
red) and the expression of regulatory molecule CD73 which is involved in cell migration (Figure 3M,N and O,
red). Cell viability, evaluated by expression of Calcein-AM, showed strong fluorescence intensity in the
confluence monolayer of cultured cells (Figure 3J,K and L, green). Although migration was not observed over
the round, limbal edge of the Quarter-DMEK graft, the Calcein-AM expression (Figure 4D, green) confirmed the
presence of viable endothelial cells. Expressions for the tight junction protein ZO-1 (Figure 4A, red), functional
protein Na*/K* —ATPase (Figure 4B, red), and structural protein vimentin (Figure 4C, red) showed sparsely
distributed cells with irregular morphology and altered pump function activities.

Discussion

We know, both from clinical experience[1-3] and from our previous in vitro work,[4] that EC from the cut edges
of a quarter DMEK graft have the capacity to migrate and spread throughout regions of bare stroma in recipient
eyes. However, poor corneal clearance along the round graft edge[2] suggested that EC migration was almost
absent in the far periphery, which was also confirmed in vitro.[4] Previously, He et al. suggested that the furrow-
like distribution of the underlying collagen fibers in the corneal far periphery directs the migration of EC towards
the center of the cornea throughout a person’s life, thereby limiting migration in the other direction.[6] We
suspected that the lack of migration from the periphery was, therefore, due to this obstructive barrier, or
“fence” and that, by breaking through it, cells with migratory potential could be unlocked.

Our results showed that EC migrated collectively from all Quarter-DMEK grafts’ radial cut edges. As they
migrated through the gel matrix, the cells first displayed “mesenchymal collective migration” where individual
satellite cells separate out from the group, elongate, and independently stretch and branch into the free
space. After a few days, this pattern changed to one of “direct protrusion formation”, that is that an area in
which a sheet of cells coalesces behind the leading edge, and march together.[7] The leading edge protrusions
were dynamic vimentin-containing structures with plasma membrane blebs polarized in the direction of the
open space and regulated by activation of CD73.[8,9] Interestingly, at the leading edge of migrating cells,
Na*/K* —ATPase pumps and ZO-1 expression were more irregular, suggesting that these leader ECs were
reducing their pump function specialization in favour of migration, while the followers retain more of their EC
properties.[10,11] Thus, the rear end of EC maintained cell-cell adhesions and displayed homogenous
endothelial cell expression for structural (ZO-1) and functional (Na*/K*—ATPase) markers.

Attempts to break the barrier by trephination or radial cuts, however, did not result in cell migration from the
limbal round edge of a Quarter-DMEK graft within the study period of 2.5 weeks regardless the peripheral edge
modifications. This suggests that the lack of migration from the periphery is due to a process that is more
complex than a simple collagen barrier. It was also not due to the absence of viable of cells, since
immunolocalization showed cells with expression of the structural (ZO-1 and vimentin) and functional markers
(Na*/K* —ATPase). The morphology was also different in this area with fewer cells displaying the typical
endothelial hexagonal shape. This suggests that the cell-cell and cell-extracellular matrix (ECM) interactions are
different to the central cornea and may prohibit migration. A stimulus greater than eliminating contact
inhibition seems to be required in order to prompt these cells to move. It is possible that either the integrin-
dependent adhesion between cells and underlining ECM is less expressed, thereby affecting cell tension and
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morphology, or that the level of GTPases, responsible for cell contractility and protrusion mediation at the
leading edge, is reduced.[12]

Clinically, the failure of far peripheral EC to migrate, in spite of modification, remains a limitation of the current
quarter DMEK approach. However, cells located beneath the Schwalbe’s line have been found to have
progenitor cell-like properties[13] and might play a critical role in the stabilization of the endothelial cell density
after transplantation. Thus, understanding the nature of these peripheral endothelial cells, how they differ from
the central cells, and how to encourage them to migrate would greatly improve the pool of donor tissue
available for patients in need.
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Supporting information

Supplementary Figure 1| Additional light microscopy and immunohistochemistry images of flattened grafts with and
without modification of the limbal graft edge. Collage of light microscopy images (x25 magnification) to create an overview
of (A) a Quarter-DMEK graft with intact far periphery and (D) a Quarter-DMEK graft with modification of the limbal graft
edge; both after 2 weeks of in vitro gel culture. Both grafts show extensive cell migration along the radial cut graft edges
as outlined by the dotted white line, but not along the limbal graft edge. (B, C) Cell viability evaluated by expression of
Calcein-AM showed strong fluorescence intensity in the confluent monolayer of cultured cells at different positions of the
migrated cell layer; Images shown in (B) and (C) correspond to the areas marked with one and two white asterisks in image
(A), respectively. (E, F) Characteristic expression for the functional protein marker Na*/K* —ATPase observed across the
monolayer. Images shown in (E) and (F) correspond to the areas marked with one and two red asterisks in image (D),
respectively. (F) Cells close to the modified limbal edge showed discontinuous expression of Na*/K* —ATPase corroborating
the finding that endothelial cells along the limbal edge differ morphologically from endothelial cells in the corneal center.
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Chapter 8

ABSTRACT

Aim: To study peripheral corneal endothelial cell migration in vitro in the absence and presence of a ROCK-
inhibitor.

Materials and Methods: Twenty-one corneal endothelial graft rims, with attached trabecular meshwork (TM),
were prepared from Descemet membrane-endothelial cell (DM-EC) sheets by 6.5 mm trepanation. For the initial
proof-of-concept, 7 outer graft rims were cultured in a 3D thermo-reversible hydrogel matrix for up to 45 days.
To assess the effect of a ROCK-inhibitor, 14 paired outer rims were cultured either with or without ROCK-
inhibitor. At the end of culture, tissue was retrieved from the hydrogel matrix and examined for cell viability
and expression markers (ZO-1, Na*/K* —ATPase, NCAM, glypican-4, and vimentin).

Results: All cultured rims remained viable and displayed either single regions (n=5/21) or collective areas
(n=16/21) of cell migration, regardless of the presence or absence of ROCK-inhibition. Migration started, after
412 days and continued for at least 29 days. Migrated cells showed a more regular cell morphology when
cultured in the presence of a ROCK-inhibitor. In addition, 7 outer rims demonstrated a phenotypically distinct
late-onset, but fast-growing cell population emerging from the area close to the limbus. These cells emerged
after 3 weeks of culture and appeared less differentiated compared to the other areas of migration.
Immunostaining showed that migrated EC maintained the expression patterns of endothelial cell markers.

Conclusion: Using a 3D-culture system, we observed migration of two morphologically distinct cell populations.
The first type was triggered by a broken physical barrier, consistent with disruption of contact inhibition. The
second, late-onset type showed a higher proliferative capacity though appearing less differentiated. This cell
subpopulation appeared to be mediated by stimuli other than the loss of contact inhibition and the presence of
ROCK-inhibitor. Further exploration of the differences between these cell types may assist in optimizing
regenerative treatment options for endothelial diseases.
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INTRODUCTION

The treatment of corneal endothelial failure and dysfunction is transitioning from corneal transplantation
towards regenerative therapy.[1-3] Since central corneal endothelial cells are considered terminally
differentiated and non-replicative in vivo,[4] new therapies that rely on the presence of healthy peripheral
endothelial cells, such as Descemet stripping only (DSO), require endothelial migration from the periphery to
cover the central area and endothelial cell mitosis through the administration of mitogens.[5-9] During this
wound healing process, endothelial cells deposit fibronectin and laminin on the Descemet membrane which
supports the required signaling for directed cell migration. Cells undergo cytoskeletal changes during the
migration process reflected by cellular enlargement and polymorphism. Since the endothelial cells usually do
not replicate in vivo, cellular enlargement is needed to cover the wounded areas. It has been suggested,
however, that cells from the peripheral corneal endothelium may have proliferative capacity and act as a cell
resource for the recovery of corneal endothelium in endothelial injury.[10] When immunostained, peripheral
endothelial cells exhibit less differentiation markers than central endothelial cells but express stem cell markers
and, sometimes, proliferation markers.[11] Furthermore, these cells were found between the corneal
endothelium and the trabecular meshwork (TM) and showed a bipolar, spindle-shaped morphology similar to
that of neural crest cells.[12] Recently, progenitor-like cells were discovered to reside within a thin strip of
tissue, the transition zone (TZ), initially believed to be a zone depleted of cells.[13,14] These stem cells
sequestered in specific niches inside the TZ may respond to corneal wounding to initiate endothelial repair and
also contribute to a normal, slow replacement of corneal endothelial cells.

Endothelial cell proliferation and endothelial cell migration can be supported by topical administration of a
ROCK-inhibitor, which resulted in improved clinical outcomes after DSO.[15-20]

The purpose of this study is to evaluate in vitro peripheral endothelial cell migration from outer corneal graft
rims using a thermo-reversible temperature-responsive polymer culture technique both in the absence and
presence of a ROCK-inhibitor to gain a better understanding of the process in vivo.

MATERIALS AND METHODS
Corneas

Twenty-one human postmortem corneas, which were ineligible for transplantation, but had an intact and viable
endothelial cell layer with an average endothelial cell density of 2371 (+313) cells/mm? (from twelve donors
(mean age 76 (15) years; range 68—84 years)) (Table 1), were obtained from Amnitrans EyeBank Rotterdam. All
donors had previously stated that they had no objection to transplant-related research and the study adhered
to the tenets of the Declaration of Helsinki. No specific institutional review board approval was required as
under national regulation no approval is required for this research if donors had consented to having the
samples used for research purposes (https://www.ccmo.nl/onderzoekers/aanvullendeeisen-voor-bepaalde-
soorten-onderzoek/niet-wmo-onder zoek/onderzoek-met-lichaamsmateriaal).
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Table 2. Composition of the culture media used in this study.

Culture medium Growth factors and supplements
Growth factor-depleted DMEM-based DMEM
medium (M1) 15% fetal bovine serum (FBS)
2 mM L-Glutamine (L-Glu)
DMEM based culture medium (M2): 15% fetal bovine serum (FBS)

2 mM L-Glutamine (L-Glu)

2 ng/ml basic fibroblast growth factor (bFGF)
0.3 mM L-Ascorbic acid 2-phosphate (Asc-2P)
10,000 U-ml Penicillin-Streptomycin (Pen/Strep)
ROCK-inhibitor enriched medium (M3): | M2 + 10 uM ROCK-inhibitor

FBS and bFGF were purchase from ThermoFisher Scientific Europe BV, The Netherlands; DMEM, ROCK-inhibitor,
L-Glu and Asc-2P were obtained from Sigma-Aldrich Chemie NV, The Netherlands; Pen/Strep was bought from
Carl Roth GmbH, Karlsruhe, Germany

Figure 1| Outer rim and a central graft representation of the proof-of-concept migration study. Collage of light
microscopy images (x50) to create an overview of the (A) outer rim cell migration after 45 days in gel culture for which the
ring opening was performed in the well using a surgical blade (note the imprints highlighted by the white arrows); the
squared areas marked in the overview image display the formations of a cell monolayer free from the DM substrate as a
results of collective cellular migration (*) and migration of individual cells (**) (B) 4 mm control graft after 39 days in gel
culture showing uniform cell migration from all around the round edges; two higher magnification images marked by * and
** in the graft overview show the cell monolayer formed by the collective spreading of cell cohorts. The dotted line outlines
the outer rim (A), control graft (B), and cell monolayer migration edge in the higher magnified images. Scale bar: 100 um.
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Outer graft rim preparation

Corneoscleral buttons were excised from whole donor globes obtained less than 24 hours postmortem and
stored in organ culture medium at 31°C (CorneaMax, Eurobio, Courtaboeuf, France) until graft preparation. The
Descemet membrane-endothelial cell (DM-EC) sheets were separated from the stroma by using the
standardized “no-touch” peeling technique, as described previously.[21,22] After placing the isolated DM-EC
sheets with the trabecular meshwork (TM) still attached on a soft contact lens, the DM-EC sheets were centrally
trephined with a 4 mm biopsy punch followed by a second concentric 6.5 mm trepanation to obtain the outer
rims. Attachment of the TM prevented the outer rims from scrolling and facilitated further handling. Outer graft
rims and 4 mm circular DM-EC sheets were stored separately in growth factor-depleted DMEM-based medium
(Table 2, M1) for 2 to 7 days before culture in the thermo-reversible hydrogel matrix (Mebiol Gel, Cosmo Bio,
USA).

Athermo-reversible cell culture system not only allows for studying endothelial cell migration but also facilitates
tissue retrieval, without enzymatic treatment, by cooling the gel below the sol-gel transition temperature.[23]
The preparation of the thermo-reversible hydrogel matrix and embedding protocol have been described in
detail in previous publications from our group.[23,24] When embedding the tissue in the hydrogel matrix, the
4 mm circular DM-EC sheets were placed, endothelial-side-up, on glass coverslips and transferred to a 48-well
plate.[25] The outer graft rims were transferred to a 24-well plate containing 100 pl Dulbecco’s phosphate-
buffered saline (PBS, Sigma-Aldrich Chemie NV, The Netherlands) and positioned endothelial-side-up by
grasping the TM with a forceps. The surface was then carefully dried out with cellulose vitreous sponges and
the graft rim was carefully cut radially with a surgical blade (Swann-Morton, Sheffield, England) to ensure that
the graft rims were mounted completely flat on the surface. Hypotonic trypan blue solution 0.04%
(Hippocratech, Rotterdam, The Netherlands) was used to ensure the visibility of both the rims and circular grafts
during preparation and unfolding on the solid support. For the initial proof-of-concept experiments, 7 outer
graft rims and the corresponding 4 mm circular grafts were embedded separately inside the thermo-reversible
polymer solution and evaluated for chemotactic cell ability (Figure 1). The circular grafts acted as the control
for cell migration.[23] Following the proof-of-concept, 7 paired outer rims were cultured in the presence or
absence of ROCK-inhibitor to assess the effect of ROCK-inhibitor (Y-27632, Sigma-Aldrich Chemie NV, The
Netherlands) on the in vitro cell migration. The tissue was cultured up to 47 days in a humidified atmosphere at
37°C with 5% CO,. Medium (Table 2, M2, M3) was refreshed every 2-3 days. Cell morphology and cell migration
were examined with an AxioVert.Al microscope AxioVert.Al microscope with AxioCam 305 color camera (Zeiss,
Oberkochen, Germany). The recovery of the tissue from the hydrogel matrix at the end of the culture period
was performed by gradually cooling the gel below the sol-gel transition temperature (<20°C) using low-
temperature PBS in the manner previously described.[23]

Immunohistochemistry and cell viability analysis

After the removal of the hydrogel, routine markers such as tight junction protein zonula occludens-1 (ZO-1),
vimentin, neural cell adhesion molecule (NCAM), glypican-4 (GPC-4), and sodium-potassium pump (Na*/K*—ATPase)
were examined for cell characterization. Primary antibodies against vimentin and GPC-4 were obtained from Abcam
(Cambridge, United Kingdom) and for Na*/K* —ATPase from Sigma-Aldrich Chemie NV (Zwijndrecht, The
Netherlands). ZO-1 primary antibody and secondary antibodies were purchased from ThermoFisher Scientific
Europe BV (Bleiswijk, The Netherlands). In addition, Calcein-AM (Sigma-Aldrich Chemie NV, The Netherlands)
staining was performed to verify cell viability after hydrogel removal. Nuclear cell staining was performed with DNA-
specific blue-fluorescent dyes DAPI (Sigma-Aldrich Chemie NV, The Netherlands) and Hoechst (ThermoFisher
Scientific Europe BV, The Netherlands). Details of the staining protocols has been described previously.[25]
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RESULTS

Cell migration
Proof-of-concept extended culture study

Hydrogel embedding was successful for all 7 outer graft rims and allowed for observation of in vitro cell
migration from day 2 up to day 47 during which cells migrated either only individually (2/7) or collectively (5/7)
(Figure 1). For the two graft rings that showed only migration of individual cells, the corresponding 4 mm circular
grafts showed collective cell migration (Supplementary Figure 1A). Graft ring viability determined by Calcein-
AM staining at the end of the culture period showed an overall compromised endothelial cell monolayer
integrity with areas almost depleted of cells (Supplementary Figure 1B).

ROCK-inhibitor effect on in vitro cell migration

Of seven outer graft rim pairs used to test the effect of the ROCK-inhibitor, 5 pairs formed a continuous
functional monolayer, as shown by the Calcein-AM and Hoechst staining (Figure 2). Mixed cell migration
behaviour was observed for the other two pairs. While one graft rim showed collective migration, the
contralateral graft rim only displayed single cell migration. For one outer graft rim pair with collective migration
initially, cells displayed a coordinated movement that turned into individual cell migration after approximately
17 days of culture. Moreover, cell migration was initiated from edges displaying low viability, whereas it was
absent from edges displaying well detected Calcein-AM signal (Supplement Figure 2A). A similar migration
pattern initiated from mechanically damaged areas was also observed for one outer graft rim cultured in the
absence of ROCK-inhibitor (Supplement Figure 2B) whereas the contralateral graft rim showed a more uniform
distributed migration along the open edges.

Overall, for pairs with collective migration in both graft rims, there was no remarkable difference in terms of
the moment when the cell migration started (4+2 days), or the duration, to maintain the direction of motion
(4442 days). The presence of ROCK-inhibitor in the culture medium contributed to a more regular cell
morphology of the migrating cells and a migrating cell monolayer without significant formation of any gaps
between cells (Figure 2A, ME vs. 2B, ME).

Another finding, however, was that seven outer graft rims displayed a phenotypically distinct late-onset (but
fast-growing) cell population emerging from the far periphery of the endothelium (Figure 3). The late onset
migration was seen with both graft rings of 2 pairs, as well as with 3 unpaired graft rings (2 grafts in the presence
and 1 in the absence of ROCK-inhibitor), while 2 other pairs did not show the late-onset cells at all. These late-
onset cells started to migrate after 3—5 weeks of culture. Presence of ROCK-inhibitor in the growth medium did
neither result in a higher percentage of graft rims displaying the late-onset cell population nor did it decrease
the time-point when the migration capacity was unlocked (2918 days with ROCK-inhibitor (n=4) vs. 2743 days
without ROCK-inhibitor (n=3)). The cells emerged from the intermingled fibrillary area and acquired a more
endothelial-like morphology when cultured in the absence of ROCK-inhibitor (Figure 3D-F, Figure 4A). These
cells became contact inhibited and formed a monolayer of hexagonal cells within 104 days (in 4 of 7 cases) and
7+4 days (in 3 of 7 cases) of gel culture in the presence or absence of ROCK-inhibitor, respectively (Figure 3C, F
and Figure 4B).
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Figure 2| Calcein-AM and Hoechst staining of representative images of paired outer graft rims cultured in the (A) absence
or (B) presence of ROCK-inhibitor. Displayed per culture condition are fluorescence overlay images of Calcein-AM and
Hoechst channels representative of far periphery endothelium (FPE), cell monolayer migration edge (ME), cells of different
phenotype (CDP) growing around the outer rim opening, and late-onset cell type (LCT) with high proliferative capacity. The
dashed lines outline the cell monolayer migration edges. Scale bar: 100 um.
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Figure 4| Example images of an outer rim displaying the late-onset cell population without actively targeting the Rho-
kinase pathway. (A) cell outgrowth in the far periphery of the endothelium visible after 28 days of gel culture. Note, (i) the
different gel embedding plane of the TM that was not physically connected to the endothelium and (ii) the absence of cell
migration from the radial cut edge of the outer rim. (B) After 35 days of gel culture, a new cell monolayer of optimal
morphology formed around the rim’s cut edge. Scale bar: 100 um.

Z0-1 Vimentin

Control graft edge

Outer rim edge

Figure 5| Representative images of structural proteins detected in the cell monolayer with focus on migration edge.
Fluorescence microscopy images showing expression of ZO-1 (A, B: red signal) and Vimentin (C, D: red signal)
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counterstained with DAPI (blue signal) in the confluent layer of migrating cells: control tissue (4 mm circular graft) (A and C)
vs. outer graft rim (B and D). Scale bar: 100 um.

Immunohistochemistry

After gel removal, immunohistochemistry analysis showed the typical expression profiles for the endothelial
cell markers ZO-1 (Figure 5A, B) and Vimentin (Figure 5C, D) in the migrated cell monolayer. A weak signal was
recorded for the functional marker Na*/K* — ATPase, adhesion marker NCAM, and cell surface marker GPC-4 in
the cell monolayer formed from the outer graft rim’s edge and tissue itself regardless of the culture medium
composition (Table 2, M2, M3), while the 4 mm circular grafts revealed the formation of a continuous functional
monolayer with tightly interconnected cells (Figure 6). No visual differences in the immunofluorescent
expression patterns were detected between cultured monolayers formed by cell outgrowth from the 4 mm
circular grafts with or without ROCK inhibition. Interestingly, cell viability evaluation of the seven outer graft
rims with the late-onset cell population showed a heterogenous Calcein-AM signal intensity wherein the lowest
signal detection corresponded to the cell population emerged from the far periphery of the endothelium.

Na*/K*—ATPase NCAM GPC-4

With Rock-inhibitor

Without Rock-inhibitor

Figure 6] Immunofluorescence staining of the migrated monolayer from unpaired control grafts. Grafts were
cultured with (top line: A, C, E) or without (bottom line: B, D, F) ROCK-inhibitor. Considerable expression of the
functional cell marker Na*/K* —ATPase (A, B: green signal), neural cell adhesion molecule NCAM (C, D: green
signal), and cell surface proteoglycan GPC-4 (E, F: green signal) was detected in all cultured monolayers
irrespective of the culture media composition. Nuclei were stained blue by DAPI. Scale bar: 100 um

DISCUSSION

Corneal endothelial explant culture is technically challenging due to the inherent scrolling properties of the
tissue, however, using a thermo-reversible hydrogel it is possible to selectively study in vitro EC migration from
the outer regions of the monolayer with a central opening. Using this approach, we showed that EC migrate

129




Chapter 8

collectively in the majority of outer graft rims with an intact endothelial monolayer. We observed early- and
late-onset migration of two morphologically distinct corneal endothelial cell populations. The late-onset type
showed a higher proliferative capacity though it appeared to be less differentiated. This cell subpopulation
appeared to be mediated by stimuli other than the loss of contact inhibition and ROCK-inhibitor.

When both early- and late- onset migration ceased — on average, 6 weeks vs. 1 week with a lag time of 3-5
weeks, respectively, the cell monolayer became contact inhibited and immunohistochemistry demonstrated
the presence of viable cells with tightly packed morphologies. In some other areas, we also noted single cell
migration with individual satellite cells branching into the free space, though these were most often seen from
areas with mechanical damage. We suspect that the lack of collective migration from the neighboring
undamaged endothelial areas may be partly due to inconsistency in flattening the tissue fixed on the support,
trapping some regions in the gel during the solidified matrix formation.

Cultures of seven outer rims showed migration of a morphologically distinct, late-onset cell type which appears
after 3-5 weeks in culture. These cells arose from the intermingled fibrillary area between the peripheral
endothelium and TM. The late-onset cells first adopted a quickly migrating, fibroblast-like morphology (Figure
3B, E). Within 10 days of culture, however, the cell migration pattern became more coordinated in which cells
acquired an endothelial cell phenotype with a regular morphology (Figure 3C, F and Figure 4B). Interestingly,
cell viability evaluation of outer graft rims with a late-onset cell population showed a heterogenous Calcein-AM
signal intensity (Figure 2A: ME vs. LCT, B: ME vs. LCT) where late-onset cells displayed a lower fluorescence
signal intensity than the cells that had started earlier with the migration.

The late-onset cells appear to originate from the far peripheral area of the endothelium, a region that has been
referred to as a progenitor enriched region (TZ) with the potential to generate mature human corneal EC.[26,27]
For the far peripheral endothelium a high mitogenic activity has been reported due to their propensity to sphere
formation when cultured on low adhesion surfaces.[28] When spheres were injected into the anterior chamber
of rabbit eyes with corneal deficiency, they formed a functional endothelium.[29,30] Zhang et al. demonstrated
that TZ cells can proliferate and differentiate into CEC by culturing TZ cells from donor corneal rims.[31] The TZ
cells grew from the explant after 20 days of culture, exhibiting initially a rounder polygonal morphology, that
become gradually more elongated and fibroblastic during passaging and finally polygonal 2 to 3 passages before
senescence. As a general observation, terminal differentiation was identified when the TZ cells spontaneously
acquired round and polygonal morphology. While we cannot definitively state that the late onset growth
represents TZ cell growth, the timing and end morphology of the cells is highly suggestive.

In our study, the observation of this late-onset cell population was only possible because the outer graft rims
had been cut in order to flatten them on the substrate, however, the question is how these cells could be
activated in vivo. While He et al. hypothesized that cells from the far periphery may have the ability to migrate
towards the corneal center along DM grooves,[11] it is yet still unknown whether the TZ/late-onset cells play
an active functional role or can be stimulated to be functionally active in vivo.

Although endothelial-to-mesenchymal transition (EMT) has been described to occur when CEC are cultured over
multiple passages and cells adopted a more elongated morphology,[32] highly proliferative TZ cells first adopt
a fibroblast-like morphology and later transform to a polygonal morphology.[31] Previous studies also reported
that there is no association of the TZ dimension or proliferative characteristics with donor age, ethnicity, or cell
density which is in agreement with our findings that the outer rims showing the late-onset cells were isolated
from old donors (68-80 years old) with variable ECD (1800 — 2400 cells/mm?), and preservation time before
culture (8-26 days).[26]

Interestingly, the presence of ROCK-inhibitor in the culture medium did not alter the cell outgrowth from the
outer graft rims. While it did appear beneficial for maintaining the cell shape and cell-cell adhesion contacts
during collective migration, no differences in fluorescence intensity and expression patterns were observed for
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the functional protein marker Na*/K*—ATPase and surface glycoproteins NCAM and GPC-4. Similar observations
have been reported in other studies where the authors concluded that ROCK-inhibitors did not induce
proliferation or alter the apoptosis of human corneal EC in culture but modulated the cell adhesion properties,
cell morphology, and cell junctions by regulating the dynamic rearrangements of the actin cytoskeleton.[33,34]
It is possible that the growth factors present in the serum and routinely added to these explant cell cultures
already promote cell growth to the point that the effect of a ROCK-inhibitor cannot be detected.

One limitation of our analysis is the small number of outer graft rims used to test whether the ROCK-inhibitor
influences the migratory ability of corneal endothelial cells in vitro and larger studies are needed to obtain more
conclusive results under which conditions ROCK-inhibitor is most effective in stimulating cell migration. A
technical limitation was the challenging observation of the late-onset cells, that were located close to the
borders of the well-plate, due to an uneven illumination caused by liquid meniscus.

CONCLUSION

In conclusion, we present the findings of selectively studying EC migration from the peripheral cornea by using
outer graft rims embedded into a thermo-reversible polymer matrix. In this study, we observed the migration
of two morphologically distinct cell populations. The first type was triggered by a broken physical barrier, while
the second, late-onset type appeared less differentiated but showed a higher proliferative capacity. It is possible
that the activation of the later cell population that displays characteristics of the TZ cells is governed by stimuli
other than the loss of contact inhibition and the influence of a ROCK-inhibitor. Understanding the cell migration
mechanism from phenotypically distinct regions of the endothelium may assist in optimizing regenerative
therapies for endothelial diseases and whether other means of pharmaceutical modulation could further
improve the outcomes.
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Supporting information

Supplementary Figure 1| Control graft - outer rim pair showing different cell migration behavior. (A) Light microscopy
overview collage (x50) of a control graft cultured for 19 days in 3D gel matrix showing the formation of a continuous
monolayer. Higher magnification images from the areas marked by * and ** in the overview image illustrate a contact
inhibited cell monolayer. (B) Composite photos (x50) stitched together to create an image panorama of the outer rim
stained with Calcein-AM after 47 days of gel culture. Note the imprints (market by white arrows) left by the surgical blade
on the well surface after cutting open the outer rim. Scale bars:100 pum.

+ Rock-inhibitor - Rock-inhibitor

Supplementary Figure 2| Fluorescence imaging overviews. Overviews (collage of x50) are shown for two unpaired outer
rims stained with Calcein-AM and cultured (A) in the presence or (B) absence of ROCK-inhibitor. Both outer rims showed
cells migrating from areas with low viability.
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Chapter 9

Abstract

In this study, we describe a process of preparing, surgically manipulating, and validating a novel “small
diameter” 4 mm circular Descemet membrane endothelial keratoplasty (DMEK) graft in vitro. Three small
diameter DMEK grafts can be prepared from a single donor endothelium and could, therefore, potentially
expand the donor pool. Prior to clinical use, however, we aimed to examine each step of the process to
determine the effect on the endothelial cell loss and whether or not cells retained their capacity to migrate
uniformly. For this study, circular small diameter grafts, obtained from twelve corneas of ten donors deemed
ineligible for transplantation, were included. Small diameter DMEK graft preparation was successful in all cases
(n = 36). Endothelial cell density (ECD), determined in the eye bank on seventeen grafts, showed an average
decrease from 2413(+189) cells/mm? before to 2240 (+413) cells/mm? after preparation. Twenty-four grafts
were used to simulate DMEK-surgery in vitro and were successfully stained with 0.06% trypan blue, loaded
into a straight DMEK-injector, unfolded, positioned, and centered within the circular = 4 mm
descemetorhexis. The estimated % area populated by viable cells on the grafts decreased from on average
92 (+3) % before to 78 (+10) % (n = 4) after in vitro surgery. Cells displayed a capacity for uniform cell
migration from all edges of the graft (n = 4) when embedded in the 3D hydrogel system. Our data show, that
by using an in vitro model of DMEK-surgery it was possible to test the 4 mm circular DMEK grafts from eye bank
preparation to surgical implantation. The cell loss after in vitro surgery was comparable with the in vivo ECD
decline early after DMEK and the capacity of the cells to migrate to potentially cover bare stroma indicates that
these small diameter grafts may be a viable clinical option to treat central endothelial disease.
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Introduction

Descemet membrane endothelial keratoplasty (DMEK) is the current standard of care for patients with
symptomatic corneal endothelial dysfunction, with some of the best outcomes being seen in cases of Fuchs
endothelial corneal dystrophy (FECD).[1] While this technique represents an improvement over the classical
penetrating keratoplasty (PK)[2] and Descemet stripping (automated) endothelial keratoplasty (DSAEK),[3] it is
limited by the 1:1 endothelial donor to recipient ratio, though the stroma may be repurposed for anterior
corneal use.[4,5] In an effort to address this and at the same time trying to possibly reduce the antigen load of
the transplanted tissue, Quarter-DMEK was developed, where four patients with central FECD could be treated
using a single donor endothelium.[6—-10] Clinically, Quarter-DMEK grafts perform well, with similar best
corrected visual acuity (BCVA) to conventional DMEK, though the endothelial cell density (ECD) is lower,[9]
which may be due to the shape mismatch between a round descemetorhexis and a triangular graft. These bare
stromal areas require migration of endothelial cells to clear the cornea which could be cause of the reduced
ECD.[7]

Donor independent strategies for central FECD have also been explored. In these approaches, known as
‘Descemet stripping only’ (DSO) or ‘Descemetorhexis without endothelial keratoplasty’ (DWEK), a smaller
descemetorhexis of 4-5mm is performed, removing both the endothelium and associated guttae.[10-15] In
successful cases, the residual peripheral endothelial cells spread and migrate to close the defect and clear the
cornea. While this does avoid the need for donor tissue, the postoperative healing time is longer, and the
success rate is less than that of gold standard DMEK techniques.[16]

A smaller graft that matches a smaller descemetorhexis could, in theory, be combined to marry the best aspects
of both techniques. Miniature DMEK grafts or bare Descemet membrane transplants have been used previously
to treat stromal hydrops[17,18] or to promote endothelial cell migration after manual removal of diseased
central corneal endothelial cells from the recipient cornea.[19,20] While it was technically challenging, it was
still feasible to place the patch in the correct place and resulted in clinical improvement. The technique,
however, has not been applied to FECD and the effect of preparing and manipulating such grafts on the
endothelium is not known.

In this study, we describe a process of preparing and surgically testing small diameter DMEK grafts in vitro. The
aim was to evaluate not only the feasibility of the surgery but also the effect on endothelial cell density, viability,
and migration capacity.

Materials and methods

Corneas

Human postmortem corneas, that were deemed ineligible for transplantation, but which had an intact and
viable endothelial cell layer, were obtained from Amnitrans EyeBank Rotterdam. Small diameter DMEK grafts
were prepared from twelve corneas of ten donors (mean age 69 (+9) years; range 57-85 years) for a total of 36
grafts. The average storage time prior to graft preparation was 13 (+6) days (range 4-21 days) and average ECD
2500 (+230) cells/mm? (range 2100-3000 cells/mm?) (Table 1).

All donors had stated to have no objection to transplant-related research and the study adhered to the
tenets of the Declaration of Helsinki. No institutional review board approval was obtained as under
national regulation no approval is required for this research if no extra procedure was performed to
obtain the samples and donors had consented to having the samples used for research purposes
(https://www.ccmo.nl/onderzoekers/aanvullende-informatie-over-bepaalde-soorten-onderzoek/niet-
wmo-onderzoek/onderzoek-met-lichaamsmateriaal).
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Table 1. Basic donor demographics of corneas used for small diameter DMEK
graft preparation.

Donor Information

Number of corneas (donors) 12 (10)
Gender
Female 5
Male 5
Mean age (SD), yrs. (range) 69 (+9), (57-85)
Mean storage time (£SD), days (range) 13 (£6), (4-21)
Mean ECD (+SD), cells/mm? (range) 2500 (+230), (2100-3000)
Rejection reason for corneas (donors)
Virology 6 (5)
Guttae 1(1)
Poor endothelium quality 3(2)
(e.g., I0OL scars, low ECD, loose roll)
Outdated tissue 2(2)
Cause of death for corneas (donors)
Respiratory 4(3)
Circulatory 2(2)
Unknown/Others 4 (4)
Cardiovascular 2 (1)

*Mean storage time = time between death and evaluation of the Micro-DMEK
at day 0; SD = standard deviation; yrs. = years; ECD = endothelial cell density

Small diameter Descemet membrane endothelial keratoplasty graft preparation

Small diameter DMEK donor tissue preparation was performed by a single experienced eye bank technician (JL).
Corneoscleral buttons were excised and stored in organ culture medium at 31°C (CorneaMax, Eurobio,
Courtaboeuf, France) until graft preparation from whole donor globes obtained less than 24 hours postmortem.
The corneoscleral buttons were mounted endothelial side up on a custom-made holder with a suction cup
(DORC International, Zuidland, The Netherlands). The Descemet membrane (DM) was separated from the
stroma by using a hydro-separation technique using a bent 30G needle (BD Microlance, Drogheda, Ireland)
inserted just underneath the DM layer bevel up until the bevel was completely inserted. A small amount of 0.9%
physiological salt solution (BSS, B. Braun, Melsungen, Germany) was injected in order to separate DM from the
stroma (Figure 1A).

Additional physiological salt solution was injected with increased pressure aiming to establish a bubble spanning
the full diameter of the cornea (Figure 1B and 1C). Throughout the hydro-separation of the DM from its
underlying stroma, the endothelium surface was kept moist by regularly applying BSS solution. After the hydro-
dissection, the peripheral DM with its adjacent trabecular meshwork (TM) was loosened over 360 degrees by
using a hockey stick blade (Figure 1D) and the anterior remnant was replaced by a soft contact lens (Figure
1E).[4] The soft contact lens supporting the DM still attached to the TM was placed on a punch block (Network
medical products, Ripon North Yorkshire, UK) (Figure 1F and 1G). Attachment of the TM prevented the tissue
from scrolling and facilitated further handling. Subsequently, the three grafts were carefully punched out by
using a 4 mm diameter biopsy punch (Kai Europe GmbH, Solingen, Germany) (Figure 1H, 1J and 1K). Small
diameter DMEK grafts were stored in organ-culture medium until the time came for further analysis or in vitro
surgery (Figure 1L). Endothelial cell density was calculated centrally on the corneas before preparation and on
the grafts after preparation using the fixed-frame method by using at least three frames per cornea and graft,
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respectively (Figure 1M). Post-preparation ECD counts were available for 17 small diameter DMEK grafts with
sufficient image quality.

Figure 1| Image collage showing the different steps of preparing three small diameter grafts from one donor cornea. (A)
Local DM separation from the stoma by hydro-dissection using a bent 30G needle. (B, C) Separation of the DM along with
the corneal endothelium by a bubble spanning the full diameter of the cornea. (D) Complete detachment of the peripheral
DM with its adjacent TM using a hockey stick blade. (E) The anterior remnant was replaced on a soft contact lens. (F, G)
Transfer of the soft contact lens holding the DM with its TM to a punch block. (H) Preparation of three small diameter grafts
by carefully punching out the grafts using a 4 mm diameter biopsy punch. (J) Schematic representation of the trephination
pattern for the three grafts. (K, L) Remaining part of the DM sheet after punching out three 4 mm grafts and the three
resulting grafts. (M) Light microscopy image of a graft showing the endothelial cells on the graft and a very thin denuded
band along the graft edge caused by trephination.

In vitro surgery

In vitro surgery for 24 of the 4 mm DMEK grafts was performed in a manner similar to conventional DMEK,[21]
with some modifications. All grafts were prepared by staining them twice with 0.06% trypan blue for three
minutes (Figure 2A). Grafts were then loaded into a straight DMEK injector (Geuder DMEK injector, Heidelberg,
Germany) (Figure 2B). Twenty small diameter DMEK grafts were used during the optimization steps using two
types of anterior chamber set ups. The first experiments were performed using a donor corneoscleral button
mounted on an artificial anterior chamber. The small graft size and deep chamber, however, made modelling
the surgery very difficult. This was made easier by using a flexible thermoplastic material (Parafilm, Bemis Co,
USA) to simulate the function of the iris in DMEK surgery. The artificial chamber was primed with balanced salt
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solution and the film was stretched over it, followed by locking the corneoscleral button in place. Adjusting the
pressure in the anterior chamber allowed the surgeon to shallow or deepen the chamber as needed and it was
possible to position the graft in the Descemetorhexis (Figure 2C). While this partitioned anterior chamber was
very helpful for practicing the maneuvers, the endothelium can adhere to the thermoplastic film and be
damaged. To better model the true surgical situation, the final round of experiments was therefore, performed
on whole globes (n = 4). The allowed better control of the iris and anterior chamber dept than the model setup.

The globes used were also obtained from Amnitrans EyeBank Rotterdam and had been deemed ineligible for
transplantation. Globes were stabilized on a suction support device (DALK/PLK Holder, DORC International). The
intraocular pressure could be adjusted by increasing or decreasing the aspiration, fixating the globe. A 4 mm
circular guiding mark was colored using gentian violet and then stamped on the anterior surface of the cornea.
A 3 mm self-sealing corneal incision and three 1mm paracentesis incisions were created at the limbus. Air was
then injected into the anterior chamber and a Descemetorhexis, slightly larger than the 4 mm guiding ring, was
created. The graft was then injected into the anterior chamber ensuring that it retained its orientation and that
the pressure remained soft to prevent reflux. The anterior chamber was kept relatively shallow during the
surgical maneuvers.

Once the graft was centered in the Descemetorhexis, air was slowly injected under the graft until the anterior
chamber was completely full (Figure 2D). Full air fill was maintained for 30-45 minutes and imaging was
performed using an anterior segment optical coherence tomographer (AS-OCT) (CASIA SS-1000 OCT, Tomey
GmbH, Erlangen, Germany) (Figure 2E). At the end of the air-fill period, the corneoscleral rims were carefully
excised and transferred endothelial side-up in a glass jar filled with BSS. By gently moving the corneal remnant
through the liquid, the graft came loose and, with a glass pipette, could be transferred onto any support and
subjected to further biological analysis.

4mm DMEK graft

Figure 2| In vitro surgery performed with the small diameter DMEK graft. (A) Graft staining with 0.06% trypan blue. (B)
Graft loading into a straight DMEK injector. (C) Descemetorhexis performed on a cornea mounted on an artificial anterior
chamber. (D) Graft unfolding and positioning in the descemetorhexis area performed in a whole globe. Purple dashed line
indicates the outline of the descemetorhexis, and the blue dashed line indicates the position of the 4 mm DMEK graft. (E)
AS-OCT graft imaging after 30—45 minutes of a fully pressurized anterior chamber
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Graft viability

Calcein-AM was used to examine the cell viability of the grafts both before (i.e., immediately after preparation)
and after in vitro surgeries. 100 ul of 400 uM Calcein-AM (Sigma-Aldrich Chemistry BV, Zwijndrecht, The
Netherlands) in phosphate-buffered saline (PBS) was added directly to grafts that were flattened on silane-
coated glass slides. After a 45-minute incubation period at room temperature and one more PBS washing step,
fluorescence images were taken (AxioVert.A1l microscope with AxioCam 305 color camera (Zeiss, Oberkochen,
Germany)), and the level of cellular fluorescence was determined with ImagelJ using the thresholding method.

Cell migration study

Four small diameter DMEK rolls were successfully unfolded endothelial-side-up on FNC-coated (fibronectin,
collagen, and albumin coating mix, Athena ESTM Baltimore, MD, USA) glass coverslip and evaluated in vitro in
order to examine the cellular migration behavior. One graft was accidently unfolded endothelium-side-down
on the FNC-coated glass and was excluded from the study. The unfolding of all the grafts was performed in a
“no-touch” manner by dropping organ-culture medium onto the graft until complete unfolding. Each glass
coverslip, which supported one graft, was transferred to a 24-well plate and embedded into the
thermoresponsive gel matrix as described previously.[22] Grafts were cultured in a humidified atmosphere at
37°C and 5% CO; for up to 2 weeks. Medium was refreshed every 2—-3 days. Grafts were photographed daily
with an AxioVert.A1l microscope to examine cell morphology and cell migration. The recovery of the grafts after
cultivation was performed by gradually cooling the gel below the sol-gel transition temperature (<20°C) using
low-temperature PBS as the low transfer medium.[20]

Cell monolayer integrity was evaluated after gel removal by immunohistochemistry. Two samples were stained
for the expression of zonula occludens-1 (ZO-1) according to a protocol that has been described previously.[22,
23]

Results

Graft preparation

Preparation was successful for all 12 corneas and resulted in 36 grafts of 4 mm diameter (Figure 1). All grafts
showed endothelial cells up to the graft edge with only a small outer band of cells becoming depleted due to
the trephination (Figure 1M). Cells showed the typical endothelial cell morphology and no micro-fibrillar
arrangements representative for the far corneal periphery were observed. Post- preparation ECD was 2240
(+413) cells/mm? (n = 17) and it was not statistically significant compared to an ECD of 2413 (+189) cells/mm?
(P =.141) calculated centrally before preparation on the same donor corneas used for graft preparation. The
cell viability assay performed directly after preparation showed that, on average, 92 (£3)% of the graft surface
area was covered by viable cells (Figure 3).

In vitro surgery

In vitro surgery was performed using 24 of the 4 mm DMEK grafts. In all cases the grafts could be successfully
positioned centrally in a 4 mm descemetorhexis area. It should be noted that the graft was opened slightly
differently than in conventional DMEK. It was noted that intracameral direct fluid injection and air bubble
unfolding were not helpful surgical maneuvers, given that the grafts responded by moving too freely around
the anterior chamber. Unfolding and centration were instead achieved by soft taps and strokes with a cannula
on the outer corneal surface. Post-surgery OCT imaging confirmed complete adherence of the grafts in all cases.
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For in vitro surgeries performed in globes, assessment of cell viability by Calcein-AM assay showed that the
estimated average % area populated by viable cells on the grafts was 78 (£10)% (n = 4) after in vitro surgery.
This would correspond to an average decline of 14% (5) inviable cell area compared to the 92 (+3)% surface
area covered by viable cells determined directly after graft preparation (Figure 4).

Figure 3| Graft viability after preparation. (A) Light microscopy image of a flattened 4 mm DMEK graft. The insert in the
right top corner represents an area on the graft (white square) that may be perceived as a bare area in the overview image
but is populated by cells. Please note that areas on the graft that may be perceived as bare areas in are artefacts from the
mounting the flat tissue and keeping the graft moist to avoid tissue drying during imaging, which in turn causes some areas
to be out of focus. (B) Fluorescence microscopy image of the same graft showing Calcein-AM staining for cell viability. The
fluorescence image in (B) shows that all those areas that appeared to be devoid of cells in (A) are indeed covered by viable
cells. (C) Higher magnification images from the areas marked by * and ** in overview image (B) to illustrate the viable cells
(green) and the corresponding segmentation images (red). Scale bar: 100 um.

Cell migration study

Grafts (n = 4) placed in 3D-gel culture showed uniform cell migration around the entire circular graft edge (Figure
5A and 5C). Endothelial cells appeared densely packed with a homogenous morphology on all grafts (Figure 5B).
After gel removal cells showed expression of ZO-1 all across the graft (Figure 5D) and also in the newly formed
cell monolayer (Figure 5E).

Discussion

In this study, we present a new tissue-efficient surgical strategy for the treatment of central FECD by successfully
validating the preparation process and in vitro surgically protocol for a circular small diameter DMEK graft. With
this new application of the small diameter DMEK technique, three circular mini-DMEK grafts with a diameter of
4 mm can be obtained from one donor cornea.

The circular shape allows for the graft to be well matched to a 4 mm circular descemetorhexis similar to those
used in DSO/DWEK procedures,[12-21] thereby reducing the bare stroma area that needs to be re-populated
postoperatively by endothelial cells. At the same time, harvesting three circular 4 mm grafts avoids the far
periphery of the corneal endothelium from being included in the graft (Figure 1J). The far peripheral corneal
cells of the endothelium are intermingled with collagen fibers which inhibit their capacity to migrate.[8,9] Thus,
by avoiding the periphery in these circular trepanations, it was possible to maintain migration capability from
the entire perimeter of the graft.
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Before in vitro surgery After in vitro surgery Graft viability by Calcein-AM

Figure 4] Light and fluorescence microscopy images of two 4 mm DMEK grafts before and after in vitro surgery. (A, D)
Light microscopy images of the grafts before in vitro surgery already showing some areas denuded of cells (red asterisk
mark) directly after preparation which is probably related to the low-quality of the corneas ineligible for transplantation
that were used for preparation. (B, E) Light microscopy images and (C, F) fluorescence microscopy images of the grafts after
in vitro surgery showing again the same areas devoid of cells in addition to some other small areas on the graft that do not
show any Calcein-AM fluorescence signal (indicative for the presence of viable cells). Note that one image tile each if
missing in (C, F). The graft surface area within these missing image tiles was calculated (0.7% and 1.9%, respectively) and
cell viability percentages were corrected for the missing graft area to avoid a potential overestimation.

While surgical handling of such small DMEK grafts could be intuited as prohibitively challenging, the previous
work of both Bachmann et al.[17] and Tu[18] indicates that small DMEK grafts can be mobilized effectively in
the anterior chamber, even under the visual obstruction of stromal hydrops. Postoperative endothelial cell
density was not a main outcome parameter, however, as the primary purpose was to patch ruptured DM so
“no-touch” handling was not mandatory. In our surgical testing model, we demonstrated that circular 4 mm
DMEK grafts can be handled and centered in a circular descemetorhexis in a “no-touch” fashion with minimal
loss in cell viability and migration capacity offering the possibility of using this small patch technique for FECD.
The model itself also provided an opportunity to practice surgical maneuvers which may help in reducing the
learning curve when translating this technique to patients.
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Central graft endothelium

Graft edge — cell outgrowth

Figure 5| Example of in vitro endothelial cell migration from a gel-cultured 4 mm graft. (A) Light microscopy overview
collage (50x magnification) of a4 mm DMEK graft after 17 days in gel culture showing uniform cell migration from all around
the graft. (B) Light microscopy image showing central graft endothelium and (C) graft edge (bottom of the image) from
where migration was directed as a confluent cellular monolayer. (D, E) Fluorescence microscopy images showing
expression of ZO-1 (red signal) counterstained with DAPI (blue signal) in the graft center and in the migrated monolayer.
The absence of ZO-1 stained cell borders in the lower part of image 5E can be attributed to the fact that cells in this area
reside on the graft and are elevated as compared to the new cell monolayer. Therefore, the cells on the graft have an
elevation of about 10 um (on the Descemet membrane) when compared to the migrated cells on the glass cover slide and
therefore appear out of focus. Scale bars: 100 pm.

One limitation of our analysis is the small number of grafts tested in a globe model while the other grafts were
used for technique optimization in a different surgical model. This limits the sample size and thus accuracy of
the cell viability analysis. Also, for cell viability analysis grafts could not be evaluated before and after surgery,
and in addition had to be removed from the globe for imaging which constitutes an additional handling.
However, the latter may be expected to have rather decreased than increased the reported cell viability
percentage after in vitro surgery. With these limitations, the viability estimates are to be considered an
extrapolation, but they still provide some reassurance prior to applying this technique in a patient’s eye. For
future studies, using prolonged Calcein-AM staining to monitor the decrease in cell viability during the entire
process from graft preparation to surgery may provide more detailed information on the effect of each handling
step.[24]

It should also be noted that small-diameter DMEK grafts are not a replacement for full-sized DMEK, particularly
in extensive FECD and bullous keratopathy, where peripheral corneal edema is a prominent feature. They should
rather be considered an option for central FECD and a potential alternative, or rescue strategy, for DSO/DWEK.
By having a matching shape to the circular descemetorhexis, small diameter DMEK grafts may provide a faster
corneal clearance than DSO. After successfully in vitro testing of small diameter DMEK grafts from eye bank
preparation to surgical implantation, clinical tests will be required to evaluate if small diameter-DMEK can
indeed become a viable clinical option to treat central endothelial disease.
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Supporting information

Supplementary Figure 1| Light microscopy examination of the research-graded human corneas before small
dimeter DMEK graft preparation. For cell viability assessment after preparation. For cell viability assessment after
preparation in the eye bank, grafts of corneas A, B, C, | and K were used. Grafts used to optimize the learning curve
and tested using artificial anterior chamber model were prepared from corneas A-l. The four grafts transferred into
globes were prepared from L and K. Migration studies were performed with grafts of corneas B, Cand J.
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Chapter 10

SUMMARY AND DISCUSSION

An intact corneal endothelium is essential for corneal transparency as it regulates corneal nutrition and
hydration by balancing a semipermeable barrier activity with active ion transport mechanisms. The human
endothelium is thought to be an amitotic cell layer with a continuous and age-dependent loss of endothelial
cells of about 0.5 to 0.9% annually.[1] However, the endothelial cell loss can be accelerated due to corneal
diseases, damage by inflammatory processes or by mechanical trauma following intraocular surgery or
penetrating injury. Although the corneal endothelial cells (CEC) in low density conditions will display increased
cellular migration by decreasing contact inhibition, once the endothelial cell density (ECD) drops below a
minimum required to maintain the pumping function of the endothelium (typically around 400 — 500 cells/mm?),
it will result in corneal decompensation. In such cases, the damaged or diseased portion of the cornea is
surgically replaced either by a full thickness corneal graft (Penetrating Keratoplasty — PK) or a lamellar
endothelial cell layer graft (lamellar endothelial keratoplasty — EK). Descemet Membrane Endothelial
Keratoplasty (DMEK) is the most selective EK technique and nowadays the preferred treatment option for
endothelial diseases.

Similar to solid organ grafting, transplanted corneal tissue possesses a limited lifespan that is often related to
the density of cells transplanted. Grafts may display an acute (related to surgical technique or graft preparation)
or chronic endothelial cell loss (subclinical immunological reaction) that could lead to graft failure. Moreover,
due to the global deficit of donor corneas it is estimated that only 1 in 70 visually impaired patients that require
a corneal graft actually receive one.[2,3] In an effort to overcome tissue shortage, Hemi-[4-6] and Quarter-
DMEK[7-10] were developed to use the available donor tissue more efficiently. These techniques, like other
new treatment options to alleviate tissue shortage, are most appropriate for patients with still healthy
peripheral endothelial cells. Therefore, regeneration of the corneal endothelium by tissue engineering
techniques, administration of pharmacological modulators or synthetic alternatives is being researched to
overcome these problems.[11]

This thesis outlines the rapid progression of the corneal regeneration field, including an in-depth analysis of
wound healing pathways and biological modulators. In addition, in vitro studies were conducted to evaluate the
migration capacity of corneal endothelium before and after EK. These findings result in a better understanding
of endothelial cell migration and provided further knowledge for the ongoing research on endothelial graft
substitutes.

Early postoperative decrease in ECD after DMEK and DMEK graft viability prior to
transplantation

DMEK has become the gold standard to treat endothelial dysfunction owing to the rapid visual rehabilitation,
near-normal anatomical restoration of the cornea and a lower risk of allograft rejection.[12] Initially, the DMEK
technique was met with some reluctance as there were concerns regarding the technical aspects of graft
preparation and surgery.[13] Preparation of thin (10-15 um) grafts can be challenging and, together with
intraoperative graft handling, could potentially lead to either complete tissue loss especially during preparation
or to high postoperative endothelial cells loss and low graft survival rate.[14] Since ECD is fundamentally tied to
the longevity of endothelial keratoplasty, ECD decrease is considered one of the main outcome measures in the
investigation of the efficacy and safety of DMEK, as well as for predicting long-term graft survival.[14-16]
Postoperative ECD decrease for all endothelial keratoplasty techniques is usually reported for the six-month
follow-up and shows a drop of about 30-40%, comparative to preoperative values, followed by an annual
decrease of 7-9% thereafter.[17,18] However, it is unclear at what time point the decrease in ECD reported at
six months actually occurred, and whether it reflects a gradual decrease or a sudden drop. The results of a small
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case series at our institute showed a larger than 30% decrease in ECD within the first month after DMEK.[19]
This finding was substantiated in a follow-up study (Chapter 1) on a series of 24 DMEK eyes operated for Fuchs
endothelial cell dystrophy (FECD). In this study we were able to obtain specular microscopy images already 1
day and 1 week postoperatively due to the fast corneal clearance after DMEK and we could show that the 30%
ECD drop occurs within the first postoperative week; about 2/3 of the total decrease could already be observed
after the first postoperative day.[20] Such a rapid decrease cannot be explained by endothelial cell migration
and/or redistribution that usually requires more time.[21] Similarly, it is unlikely that such an early drop was
caused by an immune response, especially because an allograft rejection is generally considered to be a delayed
reaction.[22] Other possibilities for causing the sudden early onset drop in ECD after DMEK may be
intraoperative handling or an overestimation of preoperative viable cells on the graft. Since for most surgeries
in this study no intraoperative complications were reported, the larger portion of the ECD decrease within the
early postoperative phase after DMEK may primarily be explained by the overestimation of the eye bank viable
ECD. This led us to examine endothelial cell viability after graft preparation in more detail.

Evaluation of the cell viability and quality of endothelial grafts prepared in the eye bank has become the subject
of numerous studies. Endothelial cell loss was evaluated following various graft preparation methods or surgical
manipulations.[23-29] Current eye banking practices determine ECD based on the structural integrity of the
cells (assessed by trypan blue staining) though this does not exactly reflect the viable cell pool of corneal
endothelium allocated for transplantation. Our follow-up study (Chapter 2) on graft viability using surgery grade
DMEK grafts that could not be allocated (due to the Covid-19-related cancellation of elective surgeries),
demonstrated the need to perform a more accurate post-processing corneal endothelial cell analysis.[30]
Ideally, grafts should not only be evaluated based on live-dead analysis, but it should be differentiated between
various forms of cell death (apoptosis, necrosis, autophagy) since otherwise e.g. apoptotic cells are considered
as ‘live’ cells. For a better differentiation, multiple biochemical and functional assays should be applied. In this
regard, Calcein acetoxymethyl ester (Calcein-AM) has been used for studies of enzymatic activity, cell
membrane integrity, and long-term cell tracking due to its low cellular toxicity.[31,32] In our study, the cell
viability of five grafts scheduled for transplantation was assessed by Calcein-AM on the originally planned
surgery day and revealed that the percentage of central surface area covered by viable cells ranged from 57%
to 97%. Because of this scattered viability range, we continued with the viability analysis of 11 paired donor
corneas evaluated either directly post-preparation or after 3—7 days of storage. Our results showed that cell
viability of most DMEK grafts seems not to be affected by preparation and storage, while for some grafts
endothelial cell damage undetected by trypan blue could be observed within hours after graft preparation.
Because trypan blue can only identify dead cells, it fails to detect apoptotic or necrotic cells.[33] Therefore,
when ECD was evaluated after graft preparation by trypan blue staining (eye bank procedure), we observed an
average ECD difference of 10 (+21)% compared to ECD determined on the same grafts by Calcein-AM. This large
variability of endothelial cell loss observed by Calcein-AM after graft preparation supported our clinical
observation that the high endothelial cell loss detected in the early postoperative phase after DMEK can be
primarily explained by an overestimation of the graft’s viable endothelial cell population.

As an alternative to Calcein-AM, an annexin V-FITC assay has also been reported to detect early apoptosis by
targeting negatively-charged phosphatidylserine translocated from the inner membrane leaflet of viable cells
to the outer membrane surface during apoptosis.[34] Therefore, combining assays routinely used to
characterize cell apoptosis with membrane impermeable dyes such as trypan blue would allow for the detection
and quantification, in the same sample, of the apoptotic/necrotic and viable cell populations. However, these
assays are not yet approved for the use on transplantable tissue and therefore, there is a still a strong need to
develop and validate cell viability and cytotoxicity detection methods that analyze the functional status of the
corneal endothelial cells after graft preparation and provide an accurate cell count. Meanwhile, an additional
DMEK quality check by light microscopy performed within hour after graft preparation or just before surgery
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could help to detect grafts with doubtful endothelial quality and thus, reduce postoperative DMEK
complications and low postoperative ECD outcomes.

Perceiving the morphological changes and regenerative capacity of the corneal endothelium
in vivo and in vitro

Intracellular signaling in wound healing

Next to improving the quality of the available corneal donor tissue, current research is also focusing on non-
surgical treatments for restoration of corneal endothelium by first understanding the concepts and limitations
of clinical procedures. In this regard, the extensive review (Chapter 3) on signaling pathways involved in CEC
proliferation and migration could lead to new ideas on how to treat corneal endothelial dysfunction in the
future.[35]

Developing novel strategies to re-activate CEC regenerative capacity is challenging as CEC are blocked in the
GO0/G1 phase of the cell cycle in vivo and this is further hindered by endothelial-to-mesenchymal transition
(EMT). Literature and gene and genome data base analysis revealed a complex interplay of pathways regulating
the cell cycle and migration including among others the B-catenin and transforming growth factor (TGF-B)
pathways, the PI3K/Akt pathway, and the Rho-ROCK pathway.[36-43] Especially the Rho/ROCK pathway
regulates a wide spectrum of fundamental cellular events and is involved in a variety of pathological conditions;
its inhibition may trigger various signaling cascades and produce multiple biological effects such as enhanced
proliferation, increased motility, or cytoskeleton rearrangements.

In the process of wound repair, corneal endothelial cells may undergo EMT and transform to fibrogenic
myofibroblasts. Myofibroblast generation through EMT is largely modulated by the transforming growth factor
B (TGF-B)[44,45] that activates not only Smad signals but also other cytokines/growth factors such as mitogen-
activated protein kinase (MAPK), P38MAPK.[46—48] Because migration is a major component of wound healing
in the corneal endothelium, strategies to inhibit of the unfavorable EMT of the corneal endothelium should not
be accompanied with an impairment of cell migration.

The wound healing process of corneal endothelium considers that cells close the wounded gap mainly by
migration and increased cell spreading,[49] while cell division remains very low[34] with cells dividing mostly
amitotic with formation of binuclear cells.[50] Successful clinical options for replacing the diseased endothelium
include approaches that accelerate endothelial healing and suppress EMT through topical administration of
ROCK inhibitor eye drops. There is clear evidence that topical Rock inhibitor administered after removal of non-
confluent guttae (Descemet stripping only (DSO))[51,52] or after transplanting a devitalized DM([53] for treating
central FECD, sustained cornea clearance, improved endothelial cell density, while overall, cells displayed a
better architecture. ROCK inhibitors played also a major role in the clinical trial for injecting cultured human CEC
into the anterior chamber of the eye.[54,55]

Corneal endothelial cells migrate by transiently acquiring a fibroblast morphology reorganizing the actin into
stress fibers, events that are consistent with EMT. Furthermore, EMT may lead to fibrotic complications of
healing such as the formation of a retrocorneal fibrous membrane.[56] Inducers of EMT and fibrotic changes in
the endothelial layer include interleukine-1 beta (IL-1B) that may be released in response to many ‘pathogen
associated molecular patterns’ (PAMPs) and TGF-B. Although TGF-B can stimulate healing, it also promotes
fibrogenic changes including deposition of aberrant extracellular matrix (ECM).[57] To counteract the fibrogenic
response, inhibition of TGF-B signaling, viral-mediated overexpression of SMAD7[58] — a natural TGF- signaling
inhibitor, proved to suppress the inhibitory action of TGF-B on cell proliferation, which was mediated by
inhibition of SMAD2 phosphorylation and downregulation of p27Kip1.[59] SMAD7 therapy is being currently
considered useful for prevention and treatment of fibrogenic disorders in the corneal endothelium.[57]
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Clinical scenarios that require corneal endothelial cell migration

Clinical studies on endothelial healing are usually restricted to observations of cases with ocular chemical
burn,[60,61] or after replacement of the abnormal corneal endothelium with healthy donor tissue.[62,63] These
cases reported corneal recovery either through proliferation of endothelial progenitors from specific regions of
the eye (progenitor-enriched niche adjacent to the peripheral endothelium and named inner transition zone
(TZ2))[64] or combined migration of both donor and remaining recipient endothelial cells. However, the wound
healing process of corneal endothelium gives rise to many unanswered questions. For instance, endothelial cell
migration insights after Quarter-DMEK surgery (that is, a modified DMEK-technique in which a full-sized DMEK
graft is divided in quarters to treat 4 eyes),[8—10] did not succeed in confirming the presence of endothelium
progenitors residing in the area close to the limbus. All operated eyes cleared centrally, while the peripheral
bare stroma showed persistent edema.[8] The lack of cell migration from that specific region was attributed to
the arrangement of collagen fibrillary bands in the graft periphery acting as a barrier for cell migration[6] but
could also be caused by the removal of (progenitor) cells during Quarter-DMEK graft preparation. Typical, a
DMEK graft diameter of 8-8.5 mm, that is prepared using the no-touch peeling technique, has low chances to
show endothelial damage because trephination is performed outside the touched area during
preparation.[66,67] However, Quarter-DMEK graft preparation requires manual removal of trabecular
meshwork[9] and this technical step may be likely to deteriorate the quality of the peripheral endothelium.

The clinical results of Quarter-DMEK eyes showed a different corneal clearance pattern with clearing primarily
occurring adjacent to the radial cut graft edges but not along the ‘limbal’ round edge of the Quarter-DMEK grafts
and in the adjacent bare stromal areas.[8,10] This observation was mainly attributed to an asymmetric
endothelial cell migration over different anatomical corneal areas. To better understand the heterogenous cell
migration behavior, with migration almost entirely absent in the far periphery of the endothelium, we
performed in vitro studies to determine how Quarter-DMEK grafts may be positioned best onto the posterior
recipient stroma in order to create a more homogeneous corneal clearance pattern (Chapter 4).The main
experimental challenge was to keep a tissue, inherently inclined to curl, to stay flat in a fixed position on a
surface in fluid. While Quarter-DMEK grafts were sandwiched between two glass coverslips spatially separated
by a suture wire, the assembly was transferred to a culture plate and cell migration documented over 6 days.[68]
Although the experimental set up was rather restrictive for nutrient diffusion, endothelial cells migrated from
the radial cut edges but failed from the limbal round edge of the Quarter-DMEK grafts. This finding was mainly
attributed to Descemet membrane architecture that organizes the cells in small radial rows induced by the
furrow-like distribution of the underlying collagen fibers.[65] Also, it was suggested that endothelial cells
undergo, throughout life, a continuous slow centripetal migration from deeper niches toward the center and
lose their progenitor phenotype in response to contact with aqueous humor, the presence of TGF-B, and by cell
contact inhibition as soon as they form a monolayer.[65] Hence, endothelial cells in the periphery will unlikely
migrate outside from the graft area but might still possess residual proliferative capacity.[69,70]

Three-dimensional in vitro cell culture model: concept and its applications
Concept description

Given the success to reproduce a clinical observation using an in vitro system and research grade donor tissue,
we decided to improve the culture technique in order to gather more insight regarding the movement of corneal
endothelial cells. But to achieve more reproducible results and reduce the technical burden of the experiments,
further optimization of the explant culture system was required. Therefore, we developed a 3D culture
technique for explant tissue by using a temperature-reversible hydrogel system which was biocompatible, non-
toxic, 100% synthetic, pathogen-free and highly transparent for cell observation (Chapter 5). Also, the
temperature-dependent dynamic viscosity is an important characteristic that allows the gel to swell, become
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soft and flexible upon warming and liquefy upon cooling. This property is very useful to develop methods to
harvest cultured cells for specifically planned procedures[71,72] or develop techniques to preserve viable cells
within the gel,[73] with no need for an enzymatic treatment.[74] In this study, we expanded the scope of the
gel, from an effective culture matrix that provides mechanical support while directing cell adhesion to a
structure that adds weight when placed over the top of the biological sample without deteriorating its structure
and functionality. In our first in vitro cell migration study with Quarter-DMEK grafts sandwiched between two
glass slides cell migration could be studied for about 7 days before cells died due to the insufficient supply of
nutrients (Chapter 4).[68] The new adapted 3D explant culture protocol improved cell viability and collective
cell migration continued far longer (>3 weeks).[75] Also, the gel’s thermo-reversibility allowed the removal of
liquefied gel and enabled the detection of biomolecular markers in the tissue and migrated cell layer which was
not possible with the previous experimental set-up.

Study the capacity to induce CEC mitosis in the peripheral corneal endothelium, via the controlled disruption
of contact inhibition

Given the advantages of the new 3D culture method to enhance the viability and migration capacity of cells
from explant tissue, we continued with testing the effect of different types of peripheral Quarter-DMEK graft
modifications on endothelial cell migration (Chapter 6). The objective of the study was to further optimize the
Quarter-DMEK preparation in order to accelerate corneal clearance in patients along the round edge of the
graft. Quarter-DMEK grafts with intact and viable endothelial cells were embedded in a cooled biocompatible,
temperature-reversible polymer matrix and cultured over two weeks in a humidified atmosphere.[76] The
peripheral edge of Quarter-DMEK grafts was physically modified by either introducing radial cuts into the far
peripheral area or by removing parts of the far periphery with a trephine. Immunohistochemistry analysis
performed after the two-week culture on grafts retrieved from the polymer matrix, demonstrated the presence
of tightly packed and viable cells that showed high migratory ability at the leading edge of the monolayers
formed from the radial cut graft edges.

Next to better understanding the molecular pathways involved in endothelial migration (Chapter 3), current
research also focuses on understanding the structure-function relationships in the adhesive structures of an
endothelial monolayer that enable the cell to exert traction on its environment.[77,78] Cells spreading is a
process largely determined by two interdependent and interactive systems: the integrin-based apparatus for
substrate adhesion and the actin cytoskeleton characterized by distinct arrangements of actin filaments.[79-81]
Integrins and actin are coupled through a physical linkage, which provides traction for migration. In collective
cell migration cells carry out specialized functions according to their position within the group. Front-rear
polarization is an example in which one subset of leader cells at the front guides a larger group of follower cells
at the rear.[82] Leader cells typically exhibit a mesenchymal migration phenotype and function by degrading
and remodeling the ECM to create channels for the whole cell group to advance cohesively.[83,84] By contrast,
followers retain endothelial features such as apical-basolateral polarity and tight junctions and express relatively
low levels of guidance receptors. Importantly, cells are not dragged or pushed by neighbors, but actively sense
and respond to stresses imposed on them.

Endothelial cell migration from the limbal graft edge, however, was not triggered by increasing cell exposure to
free space through surgical modifications of the far periphery. Lack of migration from this area was also not due
to an absence of viable cells, since immunolocalization showed cells with expression of structural (zonula
occludens-1 (ZO-1) and vimentin) and functional markers (sodium/potassium pump (Na*/K* —ATPase)). At first
instance, the furrowed collagen microstructure of the peripheral cornea[65] might have acted as a barrier,
thereby preventing migration. At the same time, other stimulus-specific gene expression responses might be
required in order to prompt these cells to move. It is possible that important factors responsible for regulating
cell migration such as cell-matrix adhesion molecules (e.g., integrins, selectins, cadherins), the Rho family of
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small GTPases, and proteases (matrix-metallo proteases (MMPs)), are less expressed in the peripheral cells.
When functional integrins recognize ECM ligands (fibronectin, laminin) to form focal adhesion,[85] signaling
proteins are recruited to focal adhesion to regulate their assembly and disassembly.[86] Rho family of small
GTPases[87] have been reported as key regulators of focal adhesion dynamics by dictating contact association,
maturation, and turn over. The disassembly process through which cell adhesions are resealed could be
mediated by ECM degradation by MMPs[88,89] or cellular contractile machinery ,i.e., Rho and myosin Il, that
cause cell rear detachment.[90,91] Taken together, cell migration framework outlines a complex map of
processes, with multiple cross-talks between members of different families that influence the cell movement
through mutually antagonistic pathways.[92]

Study the regenerative potential of the peripheral corneal endothelium

The failure of far peripheral EC to migrate, in spite of limbal area modifications, still limits the clinical application
of Quarter-DMEK. Understanding the nature of these peripheral endothelial cells, how they differ from the
central cells, and how to encourage them to migrate would greatly improve the pool of donor tissue available
for patients with an immediate need of a transplant.

After having explored the controlled mechanical perturbation of the peripheral endothelium as a possible
promoter of collective cell migration, we performed an in vitro study to evaluate the potential of ROCK-inhibitor
to stimulate peripheral endothelial cell migration. We first adapted the explant tissue shape from a pizza-pie
(Quarter-DMEK) to an open-ring (6.5 mm punched out endothelium with TM still attached) to create a better
system model for mimicking in vitro the in vivo effect of ROCK-inhibitor on cell migration outcomes after placing
a pie-shaped Quarter-DMEK graft in a circular descemetorhexis area or after DSO (Chapter 7). The curved outer
graft rims were mounted flat on a substrate, a central prerequisite for observing cell motility, and were cultured
in a 3D thermo-reversible hydrogel matrix for over a month. This enabled the assessment whether continuous
ROCK-inhibition creates long-term alteration in the migration characteristics of corneal endothelial cells. Our
results, described in Chapter 7, showed that all cultured rims remained viable and displayed either single regions
or collective areas of cell migration, regardless of the presence or absence of a ROCK-inhibitor. Rock-inhibitor,
on the other hand, seemed to enhance the morphological stability of the migrated cells. Interestingly, late-onset
cell migration from an area close to the limbus was observed. These late-onset cells grew fast into a contact
inhibited monolayer displaying the typical hexagonal cell morphology, first adopted a fibroblast-like morphology
before acquiring a cell phenotype with a regular morphology and appeared less differentiated compared to
other areas of migration. This late-onset cell population not only showed high proliferative capacity but also
emerged from outer rim grafts cultured without dysregulating the Rho-ROCK pathway. While it did not alter the
cell outgrowth from the outer graft rims, the presence of ROCK-inhibitor did appear beneficial for maintaining
the cell shape and cell-cell adhesion contacts during collective migration. The ability of ROCK-inhibitor to
promote corneal endothelial wound healing by enhancing endothelial remodeling, adhesion and cell migration
has been reported previously.[92]

The broad range of cell migration phenotypes, from non-invasive motility to single-cell mesenchymal style to
collective motility, differed in this study compared to previous migration studies of Quarter-DMEK grafts
(Chapter 6),[76]. The main distinctions in the experimental design were presence of TM that remained adhered
to endothelium and cell motility study-period that was considerably longer than two weeks. Thus, it is possible
that a particular cell type localized at the insert region of the TM required long-term culture before displaying
the characteristics of undifferentiated cells. When cell viability was evaluated on outer graft rims with the late-
onset cell population, the intensity of Calcein-AM signal varied over the sample wherein the lowest signal
intensity corresponded to the cell population that had emerged from the far periphery of the endothelium. We
suspect that this late-onset but fast growing cell population has a low intracellular esterase activity that does
not signal damaged membranes but rather low-level expression of esterase-specific genes that serves as a
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reliable indicator of undifferentiated cells.[93] Similar to our explant culture, Zhang et al.[94] demonstrated that
cells proliferated from peripheral corneal areas with similar morphological characteristics during cell growth,
timing, and end cell morphology. Furthermore, by using quantitative polymerase chain reaction (g-PCR), the
cultured cells in their study were initially found to express increased levels of stem cell genes and minimal levels
of pluripotency but these gene expression levels were reversed later during culture. The conclusion was that
cells residing in the Schwalbe's ring region, a transition area between the peripheral corneal endothelium and
the anterior non-filtering portion of the TM (collectively called the 'transition zone' [TZ]) displayed
characteristics of adult stem cells.

Generally, these cells seem to form a distinct cell population in the transition area displaying distinct
ultrastructural features and with a whorled-like pattern oriented circumferentially at the corneal periphery and
deep to the corneal endothelium lining of the anterior chamber.[95] Although they were proposed to have
neuroregulatory function in the anterior segment [96] they were also found responsible for the formation of an
aberrant endothelial membrane covering the anterior uveal meshwork in some patients treated for glaucoma
with argon laser trabeculoplasty (ALT).[97,98] In addition, increased cell density in the peripheral areas of the
cornea compared to the central area (average range 17%—23%)[99] also suggests that stem-like cells may be
present in the peripheral transition region to provide differentiated CEC. Also, it has been documented in the
literature that under some circumstances mitosis occurs in the endothelium of the adult human
cornea[100,101] and percentage of replication-competent cells is higher in the peripheral CEC than those in the
central cornea, which was independent of donor age.[102] These findings suggest that peripheral CEC possess
regenerative capacity and may be able to supply new cells for the corneal endothelium. Although molecular
marker studies for the stem cell niche at the transition zone provide supportive data,[103,104] there has not
been a stem cell signature established so far.[105] Also, attempts to isolate and propagate undifferentiated
progenitor cells using a sphere culture protocol have proved to be more effective in isolating young precursor
cells[106] from the peripheral corneal endothelium than the central region.[107-110] Therefore, it still remains
to be determined if the Schwalbe's cells, TZ cells, and precursors are the same cell type, the extent to which
they retain regenerative potential, and how cellular proliferation could be unlocked in vivo to repopulate
corneal endothelium in age and disease.

Improving surgical technique by integrating in vitro cell culture observations

While trying to understand and promote EC migration from the peripheral cornea, the low postoperative ECD
after Quarter-DMEK helped us to focus on continuous technique improvement. In an effort to address the
significant ECD decrease after Quarter-DMEK,[8,10] which was thought to be caused by the shape mismatch
between a round descemetorhexis and a triangular graft, a new surgical option was described, where small
diameter DMEK grafts were prepared to match a small descemetorhexis and validated through a series of in
vitro experimental conditions (Chapter 8). The main findings of this study were: (1) three circular mini-DMEK
grafts with a diameter of 4 mm can be successfully prepared from one donor cornea, (2) the surgical procedure
could be validated in vitro, and (3) small-diameter grafts embedded into a thermo-responsive hydrogel matrix
showed uniform cell migration around the entire circular graft edge with cells displaying typical hexagonal close-
packed morphology.[111] Similar to Quarter-DMEK, transplantation of a small-diameter graft offers the
theoretical benefit of reduced donor antigen load and may allow using donor corneas with multiple incisional
scars following cataract extraction. Initially, grafts as small as the 4 mm diameter (mini-DMEK) were reported
to treat acute corneal hydrops in keratoconus (i.e., rupture and detachment of the stiff DM due to progressing
ectasia of the corneal stroma).[112,113] Not only the shape and size of the DMEK grafts used to close the tear
in the DM were not standardized (5 mm round DMEK graft or razor blade cut graft with a width of 3 mm and a
length adjusted to the length of the tear in the recipients’ DM) but also the orientation of the graft was not
important for the surgery, presumably because the healthy host endothelium would easily repopulate the DM
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even if the graft was accidentally inverted.[113] In a more recent study, Handel et al.[114] utilized mini-DMEK
grafts to treat chronic focal corneal endothelial decompensation caused by tears in Descemet membrane after
intraocular surgeries or corneal edema in the area of Haab striae in buphthalmus. Therefore, corneas were
healthy and no disease except for the focal DM defect was present. The mini-DMEK grafts were trimmed from
remaining DM to a width and a length equal to the length of the tear in the recipient’s DM, while the central
DM was used for patients with FECD. Although cornea deswelling was observed in all cases, the role of
endothelial cells in small DM defects remained unclear.

It should also be noted that the small-diameter DMEK grafts have the potential to increase the use of one donor
cornea to benefit three recipients only for treating mild FECD with guttae confined to the 4 mm central area. To
avoid the ‘no-touch’ handling-related challenges of such small DMEK grafts, two alternative methods have been
clinically tested so far, namely DSO and transplantation of acellular DM (i.e., Descemet membrane
transplantation, DMT).[115-120] DSO represents a donor-independent strategy for central FECD, an approach
that has already extensively been discussed in Chapter 4, while DMT represents a strategy for using non-clinical
grade DMEK tissue. Although both techniques have the potential to treat FECD without the need for allogenic
cell transplantation and fear of graft rejection, DMT provides an appropriate substrate that supports host
endothelial cell migration with reduced risk for cells to enter endothelial-to-mesenchymal transition.[53] In
addition, it seals the stroma to avoid keratocyte activation close to the wound space by the aqueous TGF-$3,[121]
that may lead to fibrosis and increased risk for retrocorneal membrane formation.[122,123] However, both DSO
and DMT report a long recovery time with complete anatomical cornea restoration and visual rehabilitation not
earlier than 3 months postoperatively.

Small diameter DMEK grafts showed great surgical feasibility with improved graft characteristics (i.e., ECD, graft
viability, uniform cell migration capacity) and by having a matching shape to the circular descemetorhexis,
clinical recovery could be similar to conventional DMEK. However, results of clinical tests would provide greater
clarity about the efficiency of small diameter-DMEK grafts for treatment of mild FECD.

FUTURE PERSPECTIVES

DMEK is nowadays the gold standard for the treatment of corneal endothelial dysfunction. Since its
introduction, DMEK has proved superior to PK and other keratoplasty techniques in terms of faster visual
recovery, lower rejection rates, better refractive outcomes, and increased structural integrity.[124—-128]
Therefore, the number of DMEK procedures performed worldwide has increased, particularly, in patients with
Fuchs endothelial corneal dystrophy (FECD).[129,130]

By only replacing the diseased tissue, DMEK embodies conceptual simplicity and surgical sophistication.
Nonetheless, the main problem with endothelial keratoplasty is the chronic loss of endothelial cell density (ECD)
over time which is similar to PK.[124,131,132] The effect of several donor- and patient-related parameters on
endothelial cell loss has been evaluated in several studies in the literature, but with no consistent
outcome.[15,133-140] However, the intraocular handling of the 15-20 um thick membrane and the
preoperative manual graft preparation represent technical challenges that may affect the final outcome.

We performed studies to better understand the postoperative ECD decline, as described in this thesis. One
aspect regards the overestimation of graft viability in the eye bank,[30] which in turn results in an unrealistic
high drop in ECD in the early postoperative phase after DMEK.[20] Grafts seem to develop pronounced
endothelial cell damage even after an unremarkable preparation process, However, performing DMEK surgery
using tissue with suboptimal endothelium quality could increase the risk of graft detachment and early graft
failure.[14] While candidate fluorescent vital dyes can visualize life and apoptotic cells, regulatory and safety
concerns as well as economic considerations may prevent eye banks from implementing such a step in their
current protocol. One short-term solution could be to check the tissue quality just before releasing the graft for
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transplantation. Although implementing this step might lead to an increase in the discard rate of already scarce
tissue, it may result in a lower re-transplantation rate. An alternative strategy could be to improve the quality
of donated corneas, by boosting the storage media with pharmacological modulators able to promote corneal
endothelial regeneration and by maintaining a low level of oxidative stress. Furthermore, storing the cornea in
a bioreactor, and not just free floating in a sealed bottle, could recreate the pressure gradient equivalent to
intraocular pressure associated with a continuous renewal of storage medium, reduce stromal swelling, and
therefore improve EC viability.[141,142] However, further research is needed to evaluate the safety of such
storage methods and the therapeutical relevance of pharmaceutical agents.

In an effort to overcome tissue shortage, the use of Quarter-DMEK could potentially quadruple the pool of
donor tissue. However, the technique may benefit from some further modification to improve ECD outcomes.
In vitro studies on the endothelial cell migration included in this thesis showed that the round peripheral edge
of the Quarte-DMEK graft will constitute a physical barrier for cell migration[68,76] unless progenitor-like cells,
recently discovered in an area close to the limbus,[64] could be unlocked to induce sufficient corneal
deturgescence. Also, by adapting the graft preparation protocol to eliminate the round peripheral edge of the
Quarter-DMEK, small diameter-DMEK may provide a fast and uniform corneal clearance and become a viable
clinical option to treat central endothelial disease.[111]

The limited numbers of high-quality corneal donors, and the surgical complexity of DMEK has promoted
significant research interest in developing alternative techniques that either encourage a more efficient use of
donor tissue or completely eliminate the need for implanting donor tissue.

To date, no better therapeutic alternatives are available for the treatment of diseased endothelium than corneal
transplantation. However, current tissue engineering approaches for corneal replacement represent a
promising avenue for clinical applications. To overcome cornea donor shortage, researchers have adopted two
basic tissue-engineering approaches: a “cell-based” strategy to allow the cells to create their own extracellular
matrix, and “scaffold-based” strategies to provide strong and biocompatible matrices upon which to grow
cells.[143-146] Regardless of strategy, in vitro expansion or the de novo generation of corneal endothelial cells
(CEC) from pluripotent stem cells or other cell sources is required.[147,148] The main challenge for the in vitro
proliferation of terminally differentiated cells is to preserve their phenotype by avoiding endothelial-to-
mesenchymal transition (EMT), which can cause CEC to lose their normal cell morphology and induce cell
fibrosis. The alternative of differentiating CEC from pluripotent stem cells or other cell sources such as bone
marrow-derived endothelial precursors, neural crest cells, corneal stromal stem cells, skin-derived precursors,
or mesenchymal stem cells requires suitable culture protocols which have to comply with regulatory directives
to guarantee that the final cell source resembles CEC.[148-154] While good manufacturing practice directives
may differ depending on the country or region in which they are defined, there is an urgent need for
standardization of endpoint parameters that generated CEC should fulfil. Therefore, the list of quality criteria
should be reviewed for: (i) morphology assessment by checking cellular hexagonality upon reaching confluence
in culture, (ii) genotype and phenotype by examining structural and functional markers, (iii) karyotype
conservation by checking the integrity of the DNA to demonstrate the lack of gross chromosomal aberration,
and (iv) functionality checked in vitro by tools that measure ion permeability across a monolayer of cells, ex vivo
using corneas in a setting that mimics physiological conditions and allows the measurement of corneal thickness
and further correlate to cell functionality, or in vivo using animal models of corneal edema.[155]

After facing all challenges with CEC culture in terms of cellular profile, proliferative capacity, and downstream
analysis, cells must be delivered alive and with sufficient potential to adhere to the posterior part of the cornea.
The “cell-based” strategy proposes the delivery of CEC in a simple and minimal invasive manner via injection
into the anterior chamber of the eye.[155] After the procedure, placing the subject in a prone position for 3
hours allows gravity to increase the attachment of CEC to the posterior part of the cornea. The proof-of-concept
clinical study by Kinoshita and associates demonstrated that corneal edema could be reversed by injecting about
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1x10° cultured human CEC supplemented with ROCK inhibitor Y-27632 into the anterior chamber after
mechanical scrapping of the diseased endothelium; corneal clarity was maintained at least 5 years
postoperatively.[54,55] Additionally, the latest technique refinement suggests that injection therapy using
highly purified mature cultured human CEC for corneal endothelial failure is safer, provides rapid recovery of
corneal thickness, better ECD, and a low cell attrition rate over 3 years postsurgery.[156] However, larger,
prospective, randomised controlled trials are required to ensure the long term efficacy and safety.

The main challenge for the “scaffold-based” strategy is to obtain a monolayer of CEC on a biocompatible carrier
to produce bioengineered corneal endothelial grafts.[145] The use of a carrier that supports cell replication is
an attractive approach because it has the added advantage of delivering a contact-inhibited and functional cell
monolayer to the correct place and in a controlled manner. In addition, fewer cells are needed to populate the
carrier compared to cell injection, thereby increasing the number of patients that could benefit. Assuming a
surface area of 57 mm? (8.5 mm circular carrier) and a final ECD of 2300 cells/mm? (usual threshold value set up
by eye banks), an endothelial graft should contain about 1.3 x 10° CEC. Based on a simple calculation, the
expanded CECs used to treat 11 patients by cell injection could hypothetically populate 84 carriers and treat
patients by a delivery strategy similar to DMEK or DSEK. However, an ideal cell carrier should mimic key
architectural and functional features of the DM and therefore be dense, thick enough to provide sufficient
mechanical strength, relatively transparent, semi-permeable to aqueous humour, flexible enough to mould to
the curvature of the cornea, biocompatible, promote cell adhesion and phenotype, and maybe biodegradable
to enables cells to produce their own DM while simultaneously degrading the surrounding scaffold. Many in
vitro studies have reported promising research results when using either natural tissues such as decellulared
biological membranes (e.g., amniotic membrane, denuded DM or stroma of both human and animal origin,
human anterior lens capsule)[157-167] or polymeric materials (natural and synthetic).[161,168-192]
Subsequent in vivo testing of tissue-engineered corneal endothelial cell-carrier sheets in animal models has,
however, not proven any of the constructs suitable to progress into clinical practise.[160,193-195]

The option to eliminate the transplant altogether and allow a person’s own endothelial cells to redistribute was
introduced by Descemet stripping only (DSO) for the treatment of early FECD. In a primary analysis of DSO, the
removal of a 6mm diameter area of the diseased DM led to an incomplete recovery.[116,196] Better clearance
rates were reported where a smaller 4-5mm descemetorhexis was employed in selected cases of relatively
young patients with central guttae and an adequate peripheral endothelial reserve.[116,197] Despite these
limitations, DSO benefits from 0% rejection rate (no risk of immunologic graft rejection) and no need to use long
term topical corticosteroids to prevent graft rejection thereby reducing the side effect of intraocular pressure
elevation. However, DSO is not yet a replacement for DMEK for two primary reasons: clearing a smaller area
may still lead to suboptimal vision, and corneal edema may persist for months hindering visual recovery,
rendering its outcome unpredictable.[119] To improve its success, this technique may require the use of
pharmacological modulators such as Rho-associated protein kinase (ROCK) inhibitors.[118] Although the
biological action of ROCK-inhibitors is completely understood, they have been described to significantly speed
up the visual recovery and induce higher central endothelial cell counts in a restored endothelium and with an
improved cell architecture.[52] Therefore, DSO may be a suitable first-line surgical treatment option prior to
DMEK or small diameter-DMEK, for those willing to try if stripping alone will resolve their vision problems.
However, larger trials are still required to assess the effect of DSO in conjunction with pharmacological drugs
on longer-term clinical efficacy and drug safety.

A potential hybrid technique between DSO and conventional, circular DMEK employs the use of endothelial
graft substitutes comprising of tissue-derived or synthetic matrices.[120,198,199] Transplantation of an
acellular DM into a patient has recently been reported as part of a larger clinical trial in Singapore [identification
number NCT03275896]. The patient was transplanted with a 4 mm decellularized membrane and showed a
four-line improvement in acuity 6 month after transplant, with near to normal restauration of central corneal
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thickness and ECD values comparable to DSO.[120] Alternatively, a synthetic graft substitute (EndoArt) has been
implanted to reverse corneal enema and promote sight recovery.[198] Attached to the back of the cornea,
EndoArt should prevent the transfer of fluids into the cornea and inhibit the fluid accumulation leading to
edema. A summary of the first results for two patients as part of a multi-center, prospective feasibility clinical
study [identification number NCT03069521] showed that patients had a reduction of corneal edema with
transparency recovery after EndoArt implantation. Limitations of implanting this synthetic construct include: (i)
regular repositioning by rebubbling until complete adherence to the stromal bed, (ii) unclear timespan over
which the cornea will remain transparent and properly hydrated, (iii) long-term effect of restricting diffusion of
vitamin and essential nutrients from the aqueous humour to the cornea and (iv) inability of corneal endothelial
cells to migrate and populate the artificial layer. Overall, natural-derived or engineered graft substitutes will still
have to be evaluated in large clinical trials with long-term follow-up results to further determine their
implementation success and also identify the right target populations.

Another strategy to increase corneal endothelial graft availability is to treat the genetic disorder by replacing
the need for a corneal transplant. The current strategies able to correct the genetic alteration or avoid their
associated effects are gene augmentation therapy (GAT), antisense oligonucleotide-based modulation (AON),
and clustered regularly interspaced short palindromic repeats (CRISPR/Cas9)-based modulation.[200-205] It
has also been reported that FED pathophysiology manifests through a combination of various genetic and non-
heritable factors, such as channel dysfunction (e.g., solute carrier family 4 member 11 — SLC4A11), abnormal
extracellular matrix deposition (e.g., collagen type VIII alpha 2 chain — COL8A2), RNA toxicity, oxidative stress
(e.g., nuclear factor, erythroid 2 like 2 transcription factor — NRF2), and apoptosis (e.g., zinc finger e-box binding
homeobox 1 — ZEB1).[206,207] The most common genetic alteration in FECD is a microsatellite region
comprising CTG trinucleotide repeats (TNRs) in the fourth intron of the TCF4 gene to be abnormally expanded
and segregated. While the genetic mechanism responsible for the effect of this trinucleotide expansion on the
TCF4 gene is unclear, it will contribute to cellular dysfunction by triggering RNA mis-splicing. The genetic
modulation of TCF4 expression is done either by transferring a functioning copy of this defective gene aimed to
correct the disease, by introducing antisense oligonucleotides such as small interference RNA (siRNA) or micro-
RNA (miRNA) that could diminish the toxic effects associated with the defective gene, or by eliminating the CTG
expansion in order to revert the mutation causing FECD.[208-214] Further research is also needed to explore
the immune tolerance towards the transgene products following repeated administration in the anterior eye
chamber, find the most efficient and cost-effective delivery methods, and identity the off-target effects.

Over the past several years, the use of pharmaceutical agents for the treatment of corneal endothelial diseases
has been explored.[35] The working principle relies on promoting cell survival, proliferation, and migration with
a minimally invasive approach of intracameral or topical drug delivery. ROCK-inhibitors have been the most
studied drugs with great potential to trigger CEC repair in vivo in humans when administrated topically as an
adjuvant to DSO.[51,52] Worldwide clinical series report on ROCK-inhibitors success to reverse corneal edema
after surgical removal of diseased CEC, restore corneal anatomy after partially detached DM in BK eyes after
cataract surgery, and regenerate the corneal endothelium through a presumed increase in cell
proliferation.[118,215-217] Also, promising research has been reported for other pharmaceutical drugs such as
epidermal growth factor, platelet-derived growth factor, or fibroblast growth factors.[218-220] However, they
should be administered with caution as they show a dual mechanism of action, i.e., regeneration potential with
the risk of causing an undesired EMT. Attention has also been directed to reduce oxidative stress by upregulating
transcription factors to promote the expression of antioxidative stress proteins thereby decreasing CEC
apoptosis.[221-226] Also, profiling new drug candidates require a systematic examination of the functional
effect in a variety of in vitro and in vivo assays. Furthermore, patient assignment in a clinical trial requires
extensive knowledge on the diseases to be treated. In order to conclude any beneficial effects of the drug
candidates mentioned above, it is mandatory to perform large, randomized control trials to generate higher
level evidence.
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Conclusive remarks

Despite significant progress towards therapies to promote corneal endothelial regeneration, there is still a long
way before such therapies are approved by regulatory bodies and become routine clinical practice. To date,
replacing the diseased endothelium by DMEK is still the most efficient treatment option for endothelial
dysfunction, but the number of procedures is still restricted by a worldwide shortage of suitable and available
human donors, especially in resource-poor parts of the world. Moreover, considering the COVID-19 pandemic,
tissue exclusion criteria have become even more stringent, limiting considerably the pool of available
donors.[227] It is essential to make the added value of the donation process clear to people, to have an incentive
to register for donation because they are more likely to gain from the system than to contribute to it,[228-230]
while in the meantime new treatment options are being developed and translated into clinical practice.
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