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Editorial on the Research Topic

Corneal Transplantation and Eye Banking

Cornea, the front transparent layer of the eye, is responsible for vision clarity.

Disease or dysfunction in any layer of this multilayer tissue can lead to corneal

blindness in addition to pain and discomfort. Corneal transplantation is themost popular

choice of treatment where a healthy donor graft obtained from a cadaver is harvested,

stored or processed in an eye bank and used to replace the diseased host tissue (1).

However, human cadaveric corneal tissues have a worldwide shortage, so researchers are

finding alternative solutions to treat corneal disorders (2). Improved surgical techniques,

graft restoration procedures, cell and molecular based treatment options, and tissue

alternatives have all contributed to the advancement in the field of corneal transplant

and eye banking (3). In addition, since the pandemic impacted tissue procurement

significantly, a huge waiting list was observed due to lack of tissues for elective surgeries

(4, 5). However, with significant amount of work to improve the donation rate, the

corneal transplantation has resumed and now fully functional with tissue donations

being actively pursued.

The studies in this special issue on Corneal transplantation and eye banking

highlighted recent advances. Novel and long-term clinical outcomes suggested that

Boston type 1 KPro can be used for patients with aniridia associated keratopathy

(AAK), however, it was suggested that glaucoma and restroprosthetic membrane

formation must be considered before transplanting such device in these patients (Dyer

et al.). Deep anterior lamellar keratoplasty (DALK) is routinely performed to replace

the anterior cornea. Usually, the donor tissue is cut to a desired thickness and the

diseased anterior stroma replaced. However, a recent long-term study evaluated a new

polymethymethacrylate (PMMA) ring (Neoring) and showed that this synthetic device

can be used as a viable, effective, and safe option for pre-Descemet DALK to optimize
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the post-operative results for moderate-severe keratoconus

(Alfonso-Bartolozzi et al.). Gender mismatch in corneal

transplantation (6, 7) has been one of the concerns that has

not been widely studied. However, a study published in this

special issue showed no significant influence of donor-recipient

sex- or age-match on graft rejection and failure in eyes that had

undergone DALK surgeries (Ong et al.). For endokeratoplasty,

pseudophakic status and/or presence of preoperative endothelial

folds have been indicated as significant donor risk factors for

endothelial failure in non-FECD patients following DSAEK

(Nishisako et al.). In addition, many studies have investigated

the impact of COVID-19 pandemic on corneal transplantation.

Techniques for optimal utilization (8, 9) and extended storage

of human donor corneas became crucial during COVID.

Therefore, new techniques like femtosecond laser (FSL) incision

of rehydrated human donor corneas after air-drying has been

evaluated for new and optimized use of donor tissues (Pedrotti

et al.). In addition, an Italian study reported that vigorous

work and continuous effort toward resuming keratoplasties

to a near-normal standard despite the pandemic led to an

increase in endokeratoplasties, thus suggesting that the corneal

transplantation field is evolving rapidly (Mencucci et al.).

Corneal endothelium has been studied and reviewed

extensively. However, due to lack of a standard cell/molecular

based treatment approach, many new developments have been

observed. Corneal endothelium is the inner monolayer of cells

that is considered to be non-proliferative. Hence, it must be

maintained as its loss due to disease or dysfunction could

lead to corneal blindness. Apart from corneal transplantation,

intracameral injection of cultured corneal endothelial cells (10),

biomedical engineering of endothelial grafts, novel scaffolds (11)

and many other options have been evaluated. An extensive

review on diverse array of genes targeted to induce proliferation

of corneal endothelial cells has also been compiled in this

special issue (Arras et al.). In addition, extracellular vesicles

(Parekh et al.) from corneal endothelial cells have shown to

inhibit the proliferation of endothelial cells and the miRNAs

present in the extracellular vesicles, possibly the exosomes,

must be evaluated to target the induction of proliferation by

downregulating the causative gene. These studies may help

understanding the pathology of corneal endothelial dysfunction

and provide further insights in the development of future

therapeutic treatment options.

In conclusion, genes modulating the proliferative capacity

of endothelial cells, artificial and bio-mimetic corneas,

extracellular vesicles, synthetic keratoprosthesis (Holland et al.)

with or without the inclusion of biomolecules, advanced

bioengineering, 3D corneal bioprinting, biomaterials,

artificial corneas, etc. have shown to be promising

in advancing the field of Corneal transplantation and

eye banking.
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Sciences, University of Antwerp, Wilrijk, Belgium, 2Department of Ophthalmology, Antwerp University Hospital, Edegem,
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The corneal endothelium is the inner layer of the cornea. Despite comprising only a

monolayer of cells, dysfunction of this layer renders millions of people visually impaired

worldwide. Currently, corneal endothelial transplantation is the only viable means of

restoring vision for these patients. However, because the supply of corneal endothelial

grafts does not meet the demand, many patients remain on waiting lists, or are not

treated at all. Possible alternative treatment strategies include intracameral injection of

human corneal endothelial cells (HCEnCs), biomedical engineering of endothelial grafts

and increasing the HCEnC density on grafts that would otherwise have been unsuitable

for transplantation. Unfortunately, the limited proliferative capacity of HCEnCs proves to

be a major bottleneck to make these alternatives beneficial. To tackle this constraint,

proliferation enhancing genetic engineering is being investigated. This review presents

the diverse array of genes that have been targeted by different genetic engineering

strategies to increase the proliferative capacity of HCEnCs and their relevance for clinical

and research applications. Together these proliferation-related genes form the basis

to obtain a stable and safe supply of HCEnCs that can tackle the corneal endothelial

donor shortage.

Keywords: genetic engineering, cell therapy, cell proliferation, corneal endothelial cells, corneal endothelial

transplant

INTRODUCTION

When light enters the eye, the first tissue it passes through is the cornea. This highly specialized
transparent tissue is comprised of 5 anatomical layers; the epithelium, Bowman’s layer, stroma,
Descemet’s membrane and finally its most posterior layer, the endothelium. This inner layer
of the cornea acts as a leaky barrier that allows the exchange of nutrients and waste products
between the corneal stroma and the aqueous humor, but also actively pumps excessive water
out of the cornea to maintain a state of relative deturgescence (1). Throughout adulthood, the
endothelial cell density (ECD) decreases by 0.3–0.6 % each year because these cells lack the
proliferative capacity to compensate for their attrition (2, 3). Human corneal endothelial cells
(HCEnCs) are arrested in the G1-phase of the cell cycle due to cell-cell contact inhibition, reduced
exposure to growth factors and inhibition of S-phase entry by TGF-β2 in the aqueous humor (4).
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When these cells are lost or damaged, they rely on a combination
of migration and enlargement to preserve the function and
integrity of the corneal endothelium (5). Traumatic and
congenital pathologies, however, may push these compensatory
mechanisms to their limit, causing the cornea to become
edematous resulting in a loss of transparency. The current gold
standard of treatment is to remove the dysfunctional cell layer
and replace it with a corneal endothelial transplant. Due to
the corneal donor shortage and lack of banking infrastructures
globally, an estimated 12.7 million people are awaiting corneal
transplantation worldwide, more than half of which is due to
corneal endothelial dysfunction (6).

Over the past decades, different approaches to increase corneal
endothelial graft availability have been investigated. Recently, the
first results of a clinical trial using a lab-cultured suspension of
HCEnCs administered as an intracameral injection was reported
in a cohort of patients with endothelial disease with positive
results (7). While the effects of this treatment may be altered by
the severity of disease at the level of the Descemet membrane
(8), it is convincing evidence that such novel cell therapies can
be effective (7, 9). Another approach comprises the biomedical
engineering of corneal endothelial grafts in the laboratory. As
a result, a plethora of corneal endothelial scaffolds have been
proposed for use in patients, onto which HCEnCs can be seeded
(10, 11). Alternatively, instead of using scaffolds, donor grafts
with low ECD counts could also be used for transplantation by
increasing the amount of HCEnCs on these grafts (12, 13).

Regardless of the approach, the bottleneck of all these
strategies remains the limited amount of primary HCEnCs
that can only be obtained through standard cell and organ
culturing methods. While primary HCEnCs can be cultured ex
vivo, they can only generate 20–30 population doublings (PD)
under standard culturing conditions before becoming senescent
(14, 15). The amount of PD that can be obtained is also
largely dependent on donor age, as cultures originating from
older donors proliferate slower and transform to a senescent
phenotype faster (15, 16). In some cell cultures, HCEnCs
undergo endothelial-to-mesenchymal transition (EnMT), which
can be recognized by the change from their typical hexagonal
shape to an elongated morphology, loss of cell-cell contact
inhibition and an altered extracellular matrix composition.
EnMT also has a detrimental effect on the HCEnC barrier
function, rendering them unusable for clinical applications (15).
When further optimization of cell culture protocols reaches
its limits, genetic engineering may be of benefit. The focus
of this alternative approach is to increase the proliferative
capacity of HCEnCs without losing their essential characteristics.
In general, these genetic engineering strategies are based on

Abbreviations: CDKs, cyclin-dependent kinases; CKIs, cyclin-dependent

kinase inhibitors; CRISPR, clustered regularly interspaced short palindromic

repeats; dCas9, deactivated CRISPR-associated protein 9; ECD, endothelial

cell density; EnMT, endothelial-to-mesenchymal transition; HCEnCs, human

corneal endothelial cells; HPV-16, human papilloma virus type 16; TERT, human

telomerase reverse transcriptase; PD, population doublings; Rb, retinoblastoma;

RNAi, RNA interference; shRNA, short hairpin RNA; SOX2, sex-determining

region Y-box 2; SV40, simian virus 40; TAZ, transcriptional co-activator with

PDZ-binding domain; YAP, Yes-associated protein.

viral/cellular oncogene introduction, RNA interference (RNAi)
or the clustered regularly interspaced short palindromic repeats
(CRISPR)/deactivated CRISPR-associated protein 9 (dCas9)
activation system (Figure 1).

GENERAL OVERVIEW OF CELL CYCLE
ENTRY

The cell cycle is a tightly regulated process with similar features
across all eukaryotic cells. It is regulated by the sequential up-
and downregulation of cell cycle related genes where cyclin-
dependent kinases (CDKs) play a central role (17). Upon
mitogenic activation of cells in G0 or early G1, a chain of
events is initiated causing an upregulation of different cell
cycle regulating factors including cyclins (18). Cyclins interact
with their corresponding CDKs causing the latter enzymes to
become activated and phosphorylate their downstream targets.
By regulating CDK activities throughout the different phases
of the cell cycle, cell cycle-related proteins can be activated
in a sequential manner (19). Cyclin D can activate CDK 4
and 6, which induce phosphorylation of the retinoblastoma
(Rb) family members (pRb, p107, and p130) (20). In quiescent
cells (and in early G1), these proteins are bound to E2F
transcription factors, preventing cell cycle progression (18).
However, hyperphosphorylation of the Rb proteins diminishes
their control over E2F, causing some of the E2F family members
to start upregulating their (cell-cycle-associated) target genes
(20) (Figure 2). The amounts of active E2F is further increased
by a process of positive feedback, which eventually tips the
cell over the restriction point. After this “point-of-no-return.”
the cell is committed to the following phases of the cell cycle
independent of the presence of mitogenic stimuli (18). However,
cyclin-dependent kinase inhibitors (CKIs) are also present within
the cell. They function as negative regulatory mechanisms that
stabilize the G0-phase and induce G1 cell cycle arrest (18, 21). In
this group of CKIs, the INK4 proteins and the CIP/KIP protein
family can be distinguished based on their structure and specific
target. The INK4 family targets specific CDKs (i.e., CDK 4 and
6) while the CIP/KIP family inhibits cyclin-CDK complexes (21).
Additionally, p53 is an important suppressor of the cell cycle as
it can induce cell cycle arrest, and even apoptosis, in response
to the activation of oncogenes or DNA damage. To induce G1-
phase arrest, p53 mainly relies on p21CIP1, which prevents the
activation of E2F by inhibiting different cyclin-CDK complexes
including cyclin D/CDK4 (22).

PROLIFERATION ENHANCEMENT
THROUGH VIRAL ONCOGENE
INTRODUCTION

Some viruses have the potential to stimulate the proliferation of
mammalian cells by using oncogenes to increase the production
of their own genetic material (23). The human viral oncogenes
often stimulate proliferation through the inhibition of the
tumor suppressor p53 and/or members of the Rb family (24).
This capacity to increase the proliferation of a wide range of
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FIGURE 1 | Simplified overview of the main genes discussed in this review. For each gene, its relation to cell cycle entry is illustrated. The different colors indicate the

genetic engineering strategy that was used to modify gene expression in human corneal endothelial cells. CDK, cyclin-dependent kinase; CRISPR, clustered regularly

interspaced short palindromic repeats; dCas9, deactivated CRISPR-associated protein 9; HPV-16, human papilloma virus type 16; TERT, telomerase reverse

transcriptase; Rb, retinoblastoma; RNAi, RNA interference; SOX2, sex-determining region Y-box 2; SV40, simian virus 40; YAP, Yes-associated protein.

FIGURE 2 | Schematic representation of retinoblastoma (Rb) protein

hyperphosphorylation during the G1 phase.

cells has been employed extensively, but the effect of these
oncogenes differs between cell types. While some cells appear
unaffected, others exhibit invasive tumorigenic phenotypes with
the potential for metastasis (23, 25).

Simian Virus 40 Large T-antigen
One of the first viral oncogenes used in HCEnCs was a
modified simian virus 40 (SV40) early gene region encoding
the SV40 large T-antigen (26). This viral protein stimulates
cell proliferation by inhibition of p53 and disruption of
the Rb-E2F complex through binding with p53 and Rb,
respectively. E2F is then free to induce gene transcription
needed for cell cycle entry (23). In HCEnCs, SV40 large
T-antigen was found to increase the expression of CDK1,
CDK2, and CDK4 but also cyclin A and D were upregulated.
Conversely, western blotting indicated that the cell cycle
inhibitors p27KIP1 and p21CIP1 decreased compared to primary
HCEnCs (27).

The expression of SV40 large T-antigen in HCEnCs resulted

in an increased proliferation rate and extended survival of

HCEnCs from both old and young donors (26–29). Primary

HCEnC cultures with low proliferative capacity were found to
grow rapidly after expression of the SV40 large T-antigen (29).
The cells exhibited a cobblestone-like polygonal morphology
at confluence, which differed only slightly from the flatter
appearance of unmodified HCEnCs (26, 27). The proliferation
rate of transformed HCEnCs decreased when nearing confluence
as a result of contact inhibition. However, extended periods
of confluence resulted in cell stratification, which is not a
feature of the normal corneal endothelium (26).While expression
of the SV40 large T-antigen is associated with aneuploidy,
chromosomal aberrations inHCEnCs were not routinely assessed
(30). However, in these instances where karyotyping was
performed, most transformed HCEnCs were found to be
diploid (28).
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SV40 Large and Small T-Antigen
SV40 small T-antigen is another SV40-related oncogene, that
increases cell proliferation through binding with the protein
phosphatase 2A and inhibition of heterochromatin protein 1-
binding protein 3 (31). While expression of SV40 small T-antigen
alone is not enough to induce transformation, it contributes
to SV40 large T-antigen-mediated cell transformation (23,
31).

Expression of both the SV40 large and small T-antigens in
HCEnCs resulted in similar outcomes as described for the SV40
large T-antigen alone. However, one culture (obtained from a
91-year-old female donor) recovered from crisis and proliferated
indefinitely (>300 PD) while maintaining the characteristic
hexagonal shape and size of HCEnCs at confluence (32). Seeding
this heterogeneous immortalized HCEnC line (named HCEC-
12) onto the denuded Descemet’s membrane of a donor cornea
in vitro, was found to yield a functional endothelial monolayer
without exceeding the boundaries of the trabecular meshwork.
These cells also exhibited an active pumping capacity, which is a
key characteristic of functional HCEnCs (33).

Cells from the HCEC-12 cell line were adapted to serum-free
growth conditions and subcloned into two homogeneous
immortalized HCEnC lines designated HCEC-B4G12
and HCEC-H9C1. While the phenotype exhibited by the
HCEC-B4G12 line resembles that of cultured primary
HCEnCs, it was suggested that the HCEC-H9C1 cell
line represents transitional HCEnCs due to its atypical
phenotype (34). Nowadays, both immortalized cell lines
are commonly used in HCEnC research, though not for
clinical applications.

Human Papilloma Virus Type 16 E6/E7
In addition to SV40-related oncogenes, the E6 and E7 viral
oncogenes of human papilloma virus type 16 (HPV-16) have
also been used to increase proliferation of HCEnCs (28, 35). The
E6 oncoprotein increases cell proliferation by stimulating the
degradation of p53 while E7 induces the ubiquitination of the
Rb proteins (36, 37). Aside from promoting the degradation of
p53 and the Rb proteins, E6 and E7 also interact with many other
cellular factors to increase cell proliferation, which is reviewed
elsewhere (38).

Stable expression of both E6 and E7 oncoproteins resulted in
immortalization of the HCEnCs while expression of E6 alone
only extended their live span by 30 PD (14, 28, 35, 39). Similar
to the SV40 large T-antigen expressing HCEnCs, the HPV-
16 E6/E7 immortalized cell lines exhibited a cobblestone-like
polygonal morphology, were mostly diploid, but also displayed
a tendency to form a multilayer when maintained at confluence
(28, 35). ZO-1 and N-cadherin mRNA (two popular markers
for HCEnC barrier function) were detected, but these results
could not be corroborated with immunocytochemical staining of
their respective protein and subsequent functional evaluation by
means of an Ussing chamber indicated a reduced pump function
(35, 39). Subcutaneous injection in nude mice did not result in
the formation of solid tumors, indicating that these cells were not
tumorigenic (35).

PROLIFERATION ENHANCEMENT
THROUGH CELLULAR ONCOGENE
INTRODUCTION

Human Telomerase Reverse Transcriptase
During cell division, the telomeres at the chromosomal ends of
differentiated somatic cells shorten progressively as a result of
features inherent to the DNA replication mechanism. Telomeres
prevent the cell from recognizing these chromosomal ends as
DNA damage. However, excessive cell division shortens the
telomeres to such extent that they are no longer able to properly
function, causing replicative senescence and apoptosis to occur
(40). The replicative senescence that arises is a consequence of
p53 activation, which (through p21CIP1) induces cell cycle arrest
(41). Telomerase activity is associated with cells that exhibit a
high proliferative capacity while it is absent in most differentiated
somatic cells (42, 43). Human telomerase reverse transcriptase
(TERT), the catalytic subunit of telomerase, can be introduced to
prevent the shortening of telomeres. In addition, ectopic TERT
expression was also found to enhance cellular proliferation in a
cell-type dependent manner. Its effect ranges from inducing no
increase of cell proliferation, to a limited life span extension or
even immortalization (44–46).

In HCEnCs, the introduction of TERT did not increase life
span for most donors under standard cell culturing conditions
(14, 47, 48). However, TERT was found to extend cell survival by
approximately 18 PD when culture conditions were adapted to
reduce oxidative stress (14). After transfection of the HCEnCs
from a 15-day old donor with TERT, a subpopulation of
fast proliferating cells was found that could be cultured for
about 36 PD. These TERT-transfected cells exhibited many
HCEnC-associated characteristics including contact inhibition,
presence of ZO-1 and N-cadherin on protein level and an intact
Na+/K+-ATPase pump function. Furthermore, no aneuploidy
or tumorigenicity was observed (47). Schmedt et al. introduced
TERT into a uniform-appearing subpopulation of cells that was
present within a culture of mostly senescent primary HCEnCs.
Before TERT was introduced, the life span of this subpopulation
had already exceeded that of a normal HCEnCs culture. The
ectopic expression of TERT caused the cell doubling time to be
preserved at higher passages. Extensive characterization of these
TERT overexpressing cells did not indicate any adverse effect on
HCEnC-associated characteristics and functionality (48).

The relatively low impact of TERT on the HCEnC phenotype
combined with its telomere lengthening function make it a
viable candidate to induce immortalization when combined with
another oncogene. The introduction of TERT in combination
with HPV 16 E6 or CDK4 resulted in the immortalization of
HCEnCs, while stable expression of CDK4 or HPV 16 E6 alone
merely extended their life span. The TERT/CDK4 immortalized
HCEnC line remained responsive to contact inhibition and a
transcriptome analysis indicated relatively close resemblance to
cultured HCEnCs (14).

CDK4 and Cyclin D1
A variant of CDK4, together with the gene coding for cyclin
D1 (CCND1), has also been introduced in HCEnCs (35). In this
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CDK4 variant, arginine on position 24 is replaced by cysteine
(CDK4R24C) (49). While CDK4R24C has the same functional
activity as CDK4, it is not inhibited by p16INK4A and can
therefore stimulate cell cycle entry more effectively (50). The cells
that stably expressed both CDK4R24C and cyclin D1 were found
to have an increased proliferative capacity and cell survival was
extended by about 15 PD (35). Their morphology and expression
of ZO-1 and N-cadherin mRNA was similar to that of primary
cells. Both proteins were also detected by immunofluorescent
staining but ZO-1 was particularly prominent around the
nucleus instead of being mainly focused at the cellular junctions.
Na+/K+-ATPase driven pump function seemed to be intact,
albeit more variable when compared to primary cells, which
could indicate a reduced Na+/K+-ATPase or barrier function.
Subcutaneous injection of the transduced cells in nude mice did
not result in tumor formation (35).

E2F2
In contrast to the genetic modifications described above
using cells in culture, increasing the ECD by stimulating the
proliferation of HCEnCs on their own Descemet’s membrane
has also been reported (12, 13). Since corneal transplants can be
stored in warm organ culture for weeks prior to use (51), ex vivo
grafts with a low ECD could still be used for transplantation if
the ECD is increased. By using adenoviruses, the HCEnCs on
full-thickness corneal specimen were transduced with the gene
coding for the E2F2 transcription factor (13). As a result, the ECD
was found to increase, while the characteristic hexagonal shape
and monolayer feature of the HCEnCs were preserved. Since
adenoviral-mediated gene introduction only conveys transient
gene expression, the number of E2F2 overexpressing cells
decreased after 2 weeks (13).

ZONAB
Another target to increase the proliferative capacity of HCEnCs
is the ZONAB/ZO-1 pathway. ZONAB is a Y-box transcription
factor that binds to ZO-1 and the cell cycle regulating protein
CDK4 (52, 53). As cells are progressing toward confluence, they
are known to upregulate ZO-1 expression to form a network
of tight junctions (53). However, as ZO-1 is a tight junction
associated protein, this causes the amount of cytoplasmic
ZONAB to increase at the expense of its nuclear counterpart.
Correspondingly, CDK4 was found to be mainly expressed in
the cytoplasm and reduced in the nucleus, at confluence (52, 53).
ZONAB itself also negatively regulates the ERBB2 gene, which
encodes an oncogenic growth factor receptor (53, 54). However,
experiments in a canine kidney cell line indicate that alterations
of ERBB2 expression do not influence cell proliferation rates.
Therefore, it was suggested that the ZONAB/ZO-1 pathway is
more likely to regulate cell cycle arrest through CDK4 (52).
ZONABwas also found to have a direct effect on the upregulation
of other cell cycle associated genes including the one coding for
cyclin D1 (55).

Overexpression of ZONAB in HCEnCs present on the
Descemet’s membrane of full-thickness corneal specimen
increased the ECD significantly, while immunohistochemical
staining for F-actin indicated the distinct hexagonal HCEnC

morphology. Also the effects of ZO-1 repression, by employing
short hairpin RNA (shRNA) targeting ZO-1, have been assessed
in HCEnCs but will further be discussed below (12).

PROLIFERATION ENHANCEMENT
THROUGH RNA INTERFERENCE

RNAi-based methods can also be used to enhance cellular
proliferation, avoiding the need for introducing oncogenes. With
RNAi, specific genes can be downregulated by targeted
degradation of their mRNAs while hopefully avoiding
unexpected downstream effects.

ZO-1
Previously, the ZONAB/ZO-1 pathway has been discussed
together with the effect of ZONAB overexpression on HCEnC
proliferation. In this respect, the downregulation of ZO-1 by
employing ZO-1 shRNAhas been used with the goal of increasing
the proliferative capacity of HCEnCs on a donor graft by
exploiting the same pathway. Interestingly, ZO-1 shRNA only
increased the amount of HCEnCs significantly on full-thickness
donor grafts with a relatively low ECD, independent of age, while
this was not reported in the cells overexpressing ZONAB (12). As
a result, it was concluded that the ZO-1 downregulated cells were
still very sensitive to contact inhibition. Immunohistochemical
staining for F-actin and ZO-1 did not indicate disruption
of HCEnC barrier but only a reduced expression of ZO-
1. The HCEnCs exhibited their characteristic hexagonal to
polygonal shape (12). BrdU staining of a ZO-1 siRNA treated
contact inhibited monolayer comprised of cultured corneoscleral
HCEnCs also indicated an absence of induced proliferation (56).
These results indicate that a downregulation of ZO-1 by RNAi is
not sufficient to promote HCEnC proliferation in the presence of
contact inhibition.

p53 and CKIs
Other negative regulatory mechanisms of the cell cycle have
been targeted to increase the proliferation of HCEnCs aside
from the silencing of ZO-1. Targeting of p53 mRNA by stable
expression of p53 shRNAwas found to increase survival by about
12 PD while combination with TERT overexpression induced
immortalization of HCEnCs (14).

Downregulation of the CKI p27KIP1 in a confluent culture
by p27KIP1 siRNA caused a 30% increase of ECD in young
donors (<28 years) while no increase was observed in HCEnCs
originating from older donors (>60 years) (57). The p27KIP1
siRNA transfected cells showed a normal morphology and
ZO-1 immunocytochemical staining. Both the use of p27KIP1
siRNA and antisense oligonucleotides was attempted. While
both successfully decreased the expression of p27KIP1, p27KIP1
antisense oligonucleotides resulted in a lower survival rate.
Therefore, p27KIP1 antisense oligonucleotide-based silencing
was not pursued further (57). While p27KIP1 siRNA did not
increase the ECD when using cells of older donors, the average
amount of HCEnCs between such donors was found to more
than double when the expression of p21CIP1 and P16INK4
was simultaneously downregulated by electroporation with their
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respective siRNA. However, due to extensive variations between
the donors, this was not enough to establish a significant
difference compared to the control (58).

p120 Catenin/Kaiso
Cell-cell junctions are important for the maintenance of contact
inhibition and barrier function in the HCEnC monolayer
(12, 59). The effect of the tight junction associated ZO-
1/ZONAB pathway has been discussed, but adherens junctions
are also associated with a decreased proliferative capacity of
HCEnCs (59). Adherens junctions consist of an extracellular side
comprising cadherins that establish cell-cell interactions. On the
cytoplasmic side, these cadherins interact with catenins to induce
intracellular changes (60). One of these catenins, p120 catenin,
both stabilizes E-cadherin and inhibits Kaiso, a transcriptional
repressor (61, 62).

Downregulation of p120 catenin (CTNND1), by introducing
p120 catenin siRNA, decreased the amount of p120 catenin at
the cell junction in a contact inhibited monolayer of cultured
peripheral HCEnCs (56). Counterintuitively, the amount of
nuclear p120 catenin increased through nuclear translocation of
this protein, allowing it to inhibit Kaiso (56, 63). This caused the
surface area of the HCEnC monolayer to double compared to
the control, while maintaining a healthy ECD. This proliferative
effect, elicited by p120 catenin/Kaiso signaling, can be partially
explained by inhibition of the Hippo pathway (56). The Hippo
pathway suppresses cellular proliferation by phosphorylation
of transcriptional co-activators Yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif (TAZ)
(64). The p120 catenin siRNA was found to increase nuclear
unphosphorylated YAP and TAZ, allowing them to interact with
their (proliferation related) target genes (56). Ectopic expression
of YAP in immortalized HCEnCs (B4G12 cell line) induced an
overexpression of the previously mentioned cell cycle promoting
cyclin D1, which has been identified as a target gene of YAP
(65, 66). Cell cycle inhibitors p27KIP1 and p21CIP1 were found
to be downregulated (65). It is important to note that the
primary HCEnCs from these experiments were not dissociated
into single cells by using EDTA-trypsin. Instead, they were
isolated while leaving intercellular junctions intact. This was done
because disruption of intercellular junctions with EDTA-trypsin,
followed by p120 catenin siRNA treatment, negatively influenced
proliferation (56).

The apparent relationship between the p120 catenin-mediated
Kaiso inhibition and cell proliferation, led to investigating
the effect of Kaiso knockdown. Treatment with Kaiso siRNA
alone, did not influence nuclear Kaiso expression nor increased
BrdU labeling (56). However, Kaiso siRNA was found to work
synergistically with p120 catenin siRNA and their combination
resulted in a significant expansion of the HCEnC monolayer
compared to p120 catenin siRNA alone (56, 63). By combining
p120 catenin and Kaiso siRNA, one-quarter of a corneoscleral
rim (< 1mm diameter) could be expanded up to 6.8 ± 0.3mm
in diameter, which lies within the range of a transplantable
graft. The hexagonal morphology of the cells was preserved
and one week after withdrawal from siRNA treatments,

immunocytochemical staining indicated similar F-actin, ZO-1
and NA+/K+-ATPase staining to the control (63).

Weekly p120 catenin and Kaiso siRNA treatment in modified
embryonic stem cell medium instead of the supplemental
hormonal epithelial medium that was used in the corresponding
experiments described above, further increased the proliferative
capacity of the HCEnCs. It allowed for the expansion of HCEnCs
from one-eighth of the corneoscleral rim to make a graft of 11 ±
0.6mm in diameter after 5 weeks (67).

PROLIFERATION ENHANCEMENT
THROUGH CRISPR/DCAS9

The CRISPR/dCas9-system allows the overexpression of
endogenous target genes by directing a fusion protein,
comprising dCas9 and a transactivation domain, to specific
gene promoters through coexpression with guide RNA. The
guide RNA determines the target, while the transactivation
domain facilitates gene expression (68). This technique has
garnered a lot of research attention of late and could be used
to increase cell proliferation by enhancing the expression of
endogenous oncogenes.

Sex-Determining Region Y-box 2
Sex-determining region Y-box 2 (SOX2) is a transcription factor
that belongs to the SOX family of proteins. The SOX family
members are characterized by a specific DNA-binding motif,
that allows them to bind to their target genes (69). SOX2 is
indispensable for mammalian development, but has also been
related to several of the hallmarks of cancer (70). However, it
is probably best known as one of the four Yamanaka factors,
that were used to convert somatic cells into pluripotent stem
cells (i.e., cells able to differentiate into lineages of all three germ
layers) (71).

CRISPR/dCas9-mediated overexpression of SOX2
significantly increased cell proliferation and viability in
HCEnCs, while maintaining proper ZO-1 expression. Both
CDK1 and cyclin D1 were upregulated and expression of
the gene coding for p16INK4a was repressed. Interestingly,
SOX2 upregulation also caused a repression of COL8A2 (72).
Downregulation of the latter has been found to negatively
influence HCEnC functionality and proliferation (73). However,
this is contradictory to the effects observed with SOX2
overexpression (72). A possible explanation is a difference in
the extent of COL8A2 suppression, but it is also likely that
other effects of SOX2 upregulation came into play. In vivo
SOX2 overexpression in a cryoinjured rat corneal endothelium,
indicated an increased proliferation and preservation of function
by reducing corneal opacification compared to the control. The
results suggest that activation of AKT-mediated inhibition of
FOXO3a is involved in the increased proliferation elicited by
SOX2 in HCEnCs (72). However, aside from its relation to AKT,
SOX2 has been found to influence proliferation by interacting
with many other proliferation regulation factors (74). Therefore,
it is not yet clear which factors are responsible for the observed
increase of proliferation in HCEnCs.
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TABLE 1 | Genes of which the expression has been modified to increase proliferation in HCEnCs. For each gene of which the expression was altered in HCEnCs to

enhance cell proliferation, the strategy that was used for genetic engineering and the method of modification is shown.

Gene(s) Genetic engineering strategy Modification method References

SV40 early region

(SV40 Large T antigen)

Gene introduction Electroporation (26)

Adenovirus (27, 29)

Retrovirus (28)

SV40 early region

(SV40 Large and small

T antigen)

Gene introduction Electroporation (32)

HPV 16 E6 Gene introduction Retrovirus (14)

HPV 16 E6/E7 Gene introduction Retrovirus (28, 35, 39)

TERT Gene introduction Retrovirus (14, 48)

Lipid-based transfection reagent (47)

TERT + HPV 16 E6 Gene introduction Retrovirus (14)

p53 RNAi (siRNA) Retrovirus (14)

TERT + p53 Gene introduction + RNAi (siRNA) Retrovirus (14)

CDK4 Gene introduction Retrovirus (14)

TERT + CDK4 Gene introduction Retrovirus (14)

CDK4 (CDK4R24C) + CCND1 Gene introduction Retrovirus (35)

E2F2 Gene introduction Adenovirus (13)

ZONAB Gene introduction Lentivirus (12)

ZO-1 RNAi (shRNA) Lentivirus (12)

RNAi (siRNA) Lipid-based transfection reagent (56)

P27KIP1 RNAi (siRNA) Lipid-based transfection reagent (57)

P21CIP1 + p16INK4a RNAi (siRNA) Electroporation (58)

CTNND1 (p120 catenin) RNAi (siRNA) Lipid-based transfection reagent (56, 63)

Kaiso RNAi (siRNA) Lipid-based transfection reagent (56)

CTNND1 (p120 catenin) + Kaiso RNAi (siRNA) Lipid-based transfection reagent (56, 63)

YAP Gene introduction Lipid-based transfection reagent (65)

SOX2 Crispr/dCas9-mediated upregulation Lipid-based transfection reagent (72)

SIRT1 Crispr/dCas9-mediated upregulation Lipid-based transfection reagent (86)

APst I fragment of simian adenovirus type 7 Gene introduction Microinjection (90)

Adenovirus type 5 E1a/E1b Gene introduction Microinjection (90)

Adenovirus E1a + HRAS Gene introduction Microinjection (90)

CDK, cyclin-dependent kinase; CRISPR, clustered regularly interspaced short palindromic repeats; dCas9, deactivated CRISPR-associated protein 9; HCEnCs, human corneal

endothelial cells; HPV-16, human papilloma virus type 16; TERT, telomerase reverse transcriptase; RNAi, RNA interference; SOX2, sex-determining region Y-box 2; SV40, simian

virus 40; YAP, Yes-associated protein.

SIRT1
The nicotinamide adenine dinucleotide-dependent deacetylase,
SIRT1, is a member of the sirtuin family and has a diverse
array of targets inside the cell (75, 76). Its targets comprise
both histone and non-histone proteins through which SIRT1
can act as an epigenetic regulator and alter the activity of
its target proteins such as p53 (77), c-MYC (78), Rb family
members (79), E2F1 (80), FOXO3a transcription factor (81)
and more (82). Accordingly, SIRT1 is involved in several
cellular processes including proliferation, telomere maintenance,
DNA damage response, oxidative stress, apoptosis and energy
metabolism (82). However, its effect on proliferation is
context dependent since SIRT1 can both promote (83) and
limit (84) proliferation of human primary cells. Others also
reported no effect of SIRT1 overexpression on replicative
lifespan (85).

In HCEnCs, endogenous overexpression of SIRT1 resulted
in a significant increase of BrdU staining and cell viability
while the polygonal shape of the cells was preserved (86).
Correspondingly, cyclin A2 and p16INK4a were upregulated and
downregulated, respectively. The same authors also conducted an
in vivo study on cryoinjured rat corneas in which they found that
SIRT1 overexpression decreased corneal opacity and increased
ECD (86).

DISCUSSION

Throughout the years, a variety of genetic engineering
strategies have been employed to introduce proliferation
related genes into HCEnCs (Table 1). They have increased
our understanding of HCEnC proliferation and aid in
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the search for strategies to expand the amount of these
cells for research or clinical purposes. However, comparing
proliferation enhancing genes with one another is challenging,
because the characteristics that are required will depend
on the application. Also the lack of a general consensus
about which phenotypical and functional characteristics
define a healthy HCEnC monolayer and the diversity
of metrics used to quantify proliferation, complicates this
matter (87).

The ideal proliferation enhancing gene is difficult to define. To
make donor grafts with a low ECD available for transplantation,
a relatively small increase in proliferation may suffice. However,
if the goal is to use these cells for intracameral injection or
in combination with endothelial scaffolds, the ideal endpoint
would be an off-the-shelf product. While this is not possible
for many other transplantable tissues, the immune-privileged
environment of the anterior chamber does not require systematic
patient/donor matching for corneal endothelial transplantation.
Although the current gene engineering strategies allow to
only temporarily increase cell proliferation through transient
ectopic gene expression, there remain to be concerns with
regard to the safety of these methods. Unfortunately, studies
concerning the safety of proliferative enhanced HCEnCs are
sparse, making it difficult to predict the behavior of these
cells in vivo.

The extensive global corneal donor shortage demands
researchers to find innovative ways to circumvent the 1:1 relation
between donor and patient, and thus increase the amount
of available donor grafts. Even in countries were no donor
shortage existed previously, the COVID-19 pandemic made
painfully clear that the supply of corneal grafts could quickly
become compromised because of exclusion criteria to prevent
transplantation-mediated viral transmission (88, 89). Genetic
engineering can offer a solution for this shortage. Many viable
proliferation enhancing genes have been proposed, but much
more work will be required to assess their value and safety for
clinical application.
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Purpose: To analyze the long-term anatomical survival, functional survival, and

complications of Boston type 1 keratoprosthesis (KPro) in the eyes with congenital

aniridia-associated keratopathy (AAK).

Methods: A retrospective review of 12 eyes with congenital aniridia that underwent a

Boston type 1 KPro surgery was conducted. A Kaplan–Meier analysis was performed.

Anatomical and functional success criteria were KPro retention and a best corrected

visual acuity (BCVA) ≤1.3 LogMAR (≥0.05 decimal) at the end of a follow-up period.

Postoperative complications were recorded.

Results: The mean preoperative BCVA was 2.1 ± 0.9 (range: 3.8–1) LogMAR, and

glaucoma was a comorbidity in all the cases. Five years after the surgery, the overall

retention rate was 10/12 (83.3%), and 50% had functional success. Only three (25%)

of the 12 cases did not achieve a BCVA ≤1.3 LogMAR. The cumulative probability

of anatomical success was 92, 79, and 79% after 1, 5, and 10 years, respectively.

The cumulative probability of functional success was 57 and 46% after 1 and 5 years,

respectively. The mean anatomical and functional survival time was 10 ± 1.3 (95% IC =

7.5–12.3 years) and 3.8 ± 0.9 years (95% IC = 1.8–5.8 years), respectively. The most

common postoperative complication was retroprosthetic membrane (RPM) formation in

8/16 cases (66%). The mean number of complications per case was 2.4 ± 1.8 (0–6).

Conclusions: The Boston type 1 KPro is a viable option for patients with AAK with

good anatomical and functional long-term results. Glaucoma is an important preoperative

condition that affects functional results. Retroprosthetic membrane formation seems to

have a higher incidence in this condition.

Keywords: aniridia, Boston type-1 keratoprosthesis, extrusion, retroprosthetic membrane, aniridia associated

keratopathy

INTRODUCTION

Congenital aniridia is a rare condition that affects 1/64,000 to 96,000 live births
and has a major impact on vision and, therefore, quality of life (1). Classic aniridia
is a panocular phenotypically heterogeneous condition (1, 2) that includes the
partial or total absence of an iris, which may be associated with cataracts, foveal
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and optic nerve hypoplasia, aniridia-associated keratopathy
(AAK), and nystagmus (3). It is also associated with mutations
in the PAX6 gene. Mutations in other genes contribute to other
aniridia-like phenotypes with aniridia-related comorbidities (3–
5).

Besides glaucoma, AAK is the most common cause of
progressive vision loss, and it can present as early as the first
decade of life; however, the median age of diagnosis is 33
years old (4). Aniridia-associated keratopathy is characterized
by limbal stem cell deficiency, which causes progressive
vascular pannus, corneal conjunctivalization, recurrent epithelial
erosions, and subepithelial fibrosis, eventually leading to corneal
opacification (2). Because of limbal cell deficiency, penetrating
keratoplasty (PK) is usually unsuccessful in the long term, and
keratolimbal allografts with or without subsequent PK may
be a better alternative; however, aggressive long-term systemic
immunosuppression is required (2, 6).

Reported evidence proposes a primary or secondary Boston
type 1 keratoprosthesis (KPro) to treat debilitating conditions
that carry poor prognoses with PK (2). Traditionally, patients
with a KPro have been stratified into three broad categories
according to their preoperative diagnoses: (i) recurrent
immunologic rejection (including aniridia), (ii) chemical injury,
and (iii) autoimmune disease. The first category has a better
prognosis when a KPro is implanted. Additionally, a KPro is
considered as a treatment option only after several graft failures
(7, 8).

The objective of this study was to analyze the long-term
anatomical and functional survival and complications of the
Boston type 1 KPro in 12 eyes with congenital aniridia. In the
last KPro study group meeting (2020), it was suggested that
patients with aniridia should be categorized as a separate group
rather than be included in the recurrent immunologic rejection
category, as previously suggested by other authors (1). This is
due to the higher incidence of complications in AAK than most
disorders included in this category (1). It is for this reason that
this study was conducted.

MATERIALS AND METHODS

This original article includes a retrospective review of 12 eyes
(10 patients) with congenital aniridia that underwent Boston
type 1 KPro surgeries at the Centro de Oftalmología Barraquer,
Barcelona, Spain.

The subjects provided written informed consent for the
surgery and to participate in clinical research projects at
the Centro de Oftalmología Barraquer, Barcelona, Spain.
Institutional review board approval was obtained for the
retrospective review of the clinical records of the patients, and
this study adhered to the tenets of the Declaration of Helsinki.

The surgical technique used for the implantation of the Boston
type 1 KPro has been described widely (9). In summary, an 8.5- to
9-mm corneal donor button was trephined, and a 3-mm opening
was created at its center with a punch. The optical stem of the
KPro was placed through the central hole, the back plate was
located in place, and then a titanium locking ring was fixed into

a groove in the optical stem. Finally, the cornea was sutured as in
a standard PK. If an eye was pseudophakic, the intraocular lens
(IOL) was left in place; if it was phakic, the lens was removed,
making the eye aphakic.

Postoperative treatment includes the use of a permanent
Proclear R© (CooperVision Inc, Scottsville, NY, United States) soft
contact lens that is 16-mm diameter, and an 8.8-mm base curve
placed at the end of the surgery, along with wide-spectrum
topical antibiotics (ciprofloxacin 3 mg/ml TID for 1 week and
vancomycin 14mg/ml BID to be continued for life), prednisolone
acetate 1% (three to five times per day) with slow taper for 1
month, and anti-glaucomatous treatment as deemed necessary.
A fornix rinse with povidone-iodine was performed every month
in all the patients after the 1st month of the surgery.

A retrospective review of the medical records of all patients
with congenital aniridia who underwent Boston type 1 KPro
implantations from December 2010 to October 2019 was
conducted at the Centro de Oftalmología Barraquer. Three
experienced surgeons (AT, RIB, and MdP) implanted the Boston
type 1 KPro in all the studied eyes.

Gender, age at surgery, visual acuity (VA), aniridia-related
comorbidities, anatomical retention period, follow-up time, and
postoperative complications were recorded and analyzed. The
pre- and postoperative best corrected visual acuity (BCVA) of all
the patients were measured and recorded on a decimal scale and
then converted into a LogMAR scale for statistical analysis.

The main outcomes were graft retention and the BCVA.
Secondary outcomes were postoperative complications.

A Kaplan–Meier survival analysis was performed. Anatomic
success was defined as prosthesis retention during the follow-
up period. Extrusion was considered as the exposure of the back
plate due to corneal melting that needs surgical resolution such
as a lamellar patch or KPro exchange.

Functional success was defined as BCVA ≤1.3 LogMAR
(≥0.05 decimal) at the end of the follow-up period. The mean
time of functional success was the estimated mean time with a
maintained BCVA ≤1.3 LogMAR (≥0.05 decimal).

The follow-up period represents the time between the KPro
surgery and the last recorded appointment with no signs of
extrusion, or the interval of time between the KPro surgery and
the first extrusion, which is when it was diagnosed. The follow-
up period for the functional survival analysis was the time with a
maintained BCVA ≤1.3 LogMAR.

RESULTS

Demographic Data
The 12 eyes of 10 patients were studied. There were three (30%)
male and seven (70%) female patients. Nine (90%) of the patients
were Caucasian, and one (10%) was African. The mean age at
surgery was 37.1 years (range: 5–63 years). The mean follow-up
time was 58.7± 41.4 months (range: 9–142 months).

Table 1 shows a list of individual demographic and clinical
preoperative characteristics. The Boston type 1 Kpro was a
primary indication in seven eyes (58%), and the secondary
Boston type 1 Kpro was performed in five eyes (42%), which had
undergone previous PKs that, in some cases, had multiple failed
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TABLE 1 | Demographics and clinical preoperative features in each case.

Eye code Age range Gender Preoperative BCVA (LogMar) Previous surgeries Comorbid conditions Additional procedure

1 35 F 2.1 LA, PK, CE+IOL, S N, OSD,G, FH,CC

2 37 F 1.3 CE+IOL,S N, OSD,G, FH,CC IOLR

3 72 M 3.2 CE N, OSD, G,CC

4 5 F 1.3 CE,S OSD,G, FH,CC V

5 6 F 2.3 CE,S OSD,G, FH,CC V

6 35 F 1.7 CE+IOL,GS OSD,G

7 63 F 1 LA, PK,CE+IOL,GS, SIOL N, OSD,G, FH

8 13 M 3.8 PK, CE+IOL,GS N, OSD,G, CC

9 33 F 3.2 LA, CE+IOL, GS N, OSD,G, CC

10 51 M 2.1 PK, CE+IOL N, OSD,G, FH,CC

11 38 F 1.6 LA, CE+IOL, GS, E N, OSD,G, CC

12 57 F 1.5 LA, PK,CE+IOL OSD,G, CC

CC, congenital cataract; CE+ intraocular lens (IOL), cataract extraction with IOL; CE, cataract extraction; E, epitheliectomy; F, female; FH, foveal hypoplasia; G, glaucoma; GS, glaucoma

surgery; IOLR, IOL removal; M, male; N, nystagmus; LA, limbal allograft; OSD, ocular surface disease; PK, penetrating keratoplasty; RD, retinal detachment; S, strabismus; SIOL, suture

of the IOL; V, vitrectomy.

attempts. Five of the eyes (42%) had previously undergone ocular
surface stem-cell treatments (limbal allografts) without success.

Most of the patients had poor preoperative visual acuities. The
mean preoperative BCVA was 2.1 ± 0.9 LogMAR (range: 3.8–
1 LogMAR). Aniridia-related comorbidities, such as nystagmus,
were present in eight of the 12 cases (67%) and foveal hypoplasia
was in six of the 12 cases (50%). All of the cases had both ocular
surface diseases and glaucoma. Previously operated congenital
cataracts were reported in 10 of the 12 cases (83%), and none of
our patients suffered retinal detachments before the Boston type
1 KPro surgery.

Anatomical Results
The overall retention rate of the Boston type 1 KPro 5 years
after the surgery was 83.3% (10/12). The mean follow-up for the
anatomical survival analysis was 53.6 ± 36.6 months (range: 9–
142 months). The cumulative success rate by the Kaplan–Meier
analysis was 92, 79, and 79% after 1, 5, and 10 years, respectively.
Figure 1 illustrates these results. The mean anatomical survival
time was 119 ± 15 months (95% CI = 90–148 months). Failures
appeared in both eyes of the same patient. One of the failures
underwent the first extrusion 9 months after the surgery. After
that, several tectonic surgeries had to be performed because of
continuous extrusions (see Table 2 for individual details). The
second eye had its first extrusion after 49 months of follow-up
and required a transmucosal Boston type 1 KPro procedure, as
described by Camacho et al. (10), because of repeated extrusions
that were not solved with tectonic grafts. The functional success
was achieved in both cases before the first extrusion and
both eyes maintained BCVA <1.3 LogMAR (≥0.05 decimal)
during 15 and 55 months respectively after secondary rescue
procedures, although visual acuity was progressively decreasing
in one case.

Functional Results
The overall rate of functional success 5 years after
surgery was 50% (6/12). The eyes maintained a

FIGURE 1 | Anatomical and functional survival analysis.

BCVA ≤1.3 LogMAR (≥0.05 decimal) throughout
the entire follow-up period and improved their
final BCVA with a mean difference of 0.7 ± 0.5
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TABLE 2 | Individual data of postoperative complications and procedures.

Eye code Postoperative complication PostKPro ocular procedures

1 GEm, RPMm YM, YC, LTK, GDD, KProE

2 GEm, RPMm YM, LTK, GDD,

3 SU, UIOP TT

4 RPMm YM

5 RPM, E PPV

6 - -

7 RPMm, RD YM, PPV

8 RD PPV

9 MK, RPM YM

10 - YC

11 RPM, RD YM, PPV

12 SU, RPM, RD PPV

GE, graft extrusion; MK, microbial keratitis; SU, sterile ulceration; WD, wound dehiscence;

RPM, retroprosthetic membrane; RD, retinal detachment, UIOP, uncontrolled IOP;

E, endophthalmitis; YM, yttrium-aluminum-garnet (YAG) membranotomy; YC, YAG

capsulotomy; LTK, lamellar techtonic keratoplasty; GDD, glaucoma drainage devices;

KProE, Boston type 1 keratoprosthesis (KPro) exchange; TT, temporal tarsorrhaphy; PPV,

pars plana vitrectomy; m, multiple.

LogMAR (range:0.2–1.7 LogMAR), compared with their
preoperative BCVA.

The mean follow-up for the functional survival analysis was
26.5 ± 30.2 months (range:0.5–87 months). Figure 1 illustrates
the cumulative probability of success by the Kaplan–Meier
analysis, which was 57 and 46% at 1 and 5 years, respectively.
The mean functional survival time was 46 months (95% CI:
22–69 months).

Of the six functional failures, three eyes did achieve a BCVA
≤1.3 LogMAR after the KPro surgery during a period of 6, 9,
and 38 months, with a maximum improvement of 2.15, 0.6,
and 0.25 LogMAR, respectively, compared with the preoperative
BCVA. However, other complications, such as uncontrolled
intraocular pressure (IOP) (in one case) and retinal detachments
with macular involvement (in two cases), compromised the VA,
resulting in functional failure.

Only three cases (25%) never achieved a BCVA ≤ 1.3
LogMAR, even though two of these eyes did improve their VA
(Figure 2 illustrates the BCVA changes in each case studied). Out
of these three eyes, two started with very lowVA (handmovement
or light perception) due to aniridia-related comorbidities. The
other eye suffered postoperative endophthalmitis that led to
phthisis bulbi.

Postoperative Complications
The most common postoperative complications encountered
were prosthesis extrusion (2/12−17%-, explained in anatomical
results) and retroprosthetic membrane (RPM) formation
(8/12−66%-). In five of the cases (40%), the complication
occurred before 2 years, and in three (25%) after 2 years. The
recurrence of RPM was the most frequent complication in
each case, occurring up to three times in the same eye. Each
case that required it was resolved by membranotomy with
the yttrium-aluminum-garnet (YAG) laser (Lumenis Selecta R©

DuetTM, Salt Lake City, UT, United States). Other complications
found were retinal detachment (33%), microbial keratitis (8%),
sterile ulceration (8%), and endophthalmitis (8%). The mean
number of complications per case was 2.4± 1.8 (range: 0–6).

Table 2 illustrates postoperative individual complications and
procedures after Boston type 1 KPro in aniridia.

DISCUSSION

Aniridia-associated keratopathy is a major threat to vision in
patients with aniridia, and it occurs in up to 90% of cases
(1, 2, 11). This is the result of limbal stem cell deficiency, which
leads to progressive corneal scarring and eventual blindness (1).
This condition is very challenging to manage, and conventional
PK has been proven to be ineffective because it fails to address
the underlying cause; (2) PK with keratolimbal allografts requires
serious systemic inmunosupression because of its higher than
usual rate of immunological rejection (11). A keratoprosthetic
implantation has become a treatment option in the past decade
for severe conditions that have low probabilities of success, and
the Boston type 1 KPro is the one that is most commonly used,
even as a primary indication (1, 2).

All the cases in this study had poor preoperative visual acuities
(BCVA ≥ 1 LogMAR, 0.09 decimal scale), as seen in previous
studies on patients with aniridia (1, 2, 6, 11). We found that the
rate of preoperative glaucoma (100%) was slightly higher than
that described in publications (around 80%) (1, 2). The long
follow-up period of this cohort, compared with published studies
evaluating the clinical outcomes of patients with the congenital
aniridia spectrum after implantation with the Boston type 1
KPro, strengthens the reliability of our results.

The KPro overall retention rate of 83.3% is lower than that
found by Rixen et al., Akpek et al., and Bakhtiari et al. (100%),
but is similar to that found by Hassanaly et al. (77%) and Shah
et al. (87%) (1, 2, 5, 6, 11). This could possibly be attributed to
the longer follow-up period, with one of the extrusions occurring
after 49 months (4 years). This is longer than the median follow-
up time published by some authors (2, 6, 11). Another reason
could be our strict definition of extrusion; no other authors
clarified what they considered an extrusion and, in one case,
anatomical success was considered even after the KPro had to
be changed (5). The probability of retention of the Boston type
1 KPro in our study population was 92, 79, and 79% after 1, 5,
and 10 years, respectively.

The failures appeared to be due to corneal melting in both
eyes of the same patient (9 months and 49 months after
surgery). This could be due to an ocular surface/immunological
personal predisposition. Several tectonic surgeries had to be
performed in the first extruded KPro, and the second one
required a transmucosal Boston type 1 KPro exchange after many
failed tectonic grafts. This surgical technique may be considered
an alternative in patients with ocular surface/immunological
diseases (10). Other treatment options include a Boston type
2 KPro, osteo-odonto keratoprosthesis (OOKP), and osteo-
keratoprosthesis (OKP); however, these are usually indicated
in eyes with advanced-stage ocular surface diseases (12, 13).
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FIGURE 2 | Best corrected visual acuity changes in the sample.

There are limited outcome data on the Boston type 2 KPro
in the literature (12), and fewer regarding type-2 implants or
OOKP in patients with aniridia (12, 13). This could be because
patients with aniridia usually have acceptable tear functions and
good lid appositions, making the Boston type 1 KPro a more
suitable option.

All but one case improved their VA after the surgery, which
is similar to other published studies (5, 6, 11). Nevertheless, 50%
of the cases achieved ambulatory vision (VA > 0.025 decimal)
(14) and functional success (BCVA ≤ 1.3 LogMAR) at the end
of the follow-up period, with this value being the limit for legal
blindness as defined by the WHO. These patients had vision
good enough to see large objects at close range and the ability
to move around in a familiar environment. These results are
comparable with the 43.5% obtained by Shah et al. after 4.5 years
of follow-up (1).

The probability of maintained VA over legal blindness limits
in our study population was 57 and 46% at 1 and 5 years,
respectively, to our knowledge, this is the first time a Kaplan–
Meier survival analysis has been performed. In accordance with
other authors, we attribute the limitation of achieving greater
visual acuity in these patients to preexisting aniridia-related
comorbidities such as foveal hypoplasia, nystagmus, and optic
nerve hypoplasia (1, 2, 6). Moreover, the factors that tapered the
VA in our cohort were retinal detachment (33%) with macular
involvement and a high prevalence of preoperative glaucoma
(100%) and its progression. Nearly all publication considered
glaucoma as a major cause of visual loss that could have impacted
the visual outcome results (1, 2, 5, 6, 11). Retinal detachment
was also described by Akpek et al. as the cause of visual
impairment in one of 16 cases and by Hassanaly in 31% of
cases (2, 11). Our current surgical technique includes a planned
pars plana vitrectomy (PPV) to reduce the risk of postoperative
retinal detachment.

Retroprosthetic membrane formation (66%) was the most
common complication in our study. Rudnisky et al. found
a comparable rate (66.7%) in aniridia cases (15). This was

significantly higher than the RPM formation in all Boston type
1 patients, including other categories (31.7%) (15). They were
able to demonstrate that aniridia increased the hazard of RPM
formation by 3.13 (95% confidence interval 1.1–8.89). Since
2013, the Centro de Oftalmología Barraquer has only been using
titanium backplates, as they seem to be associated with less RPM
formation than polymethyl methacrylate (PMMA) (16).

The frequency of complications and the high need for
postoperative procedures in our study group add evidence that
there might be a physiopathologic process in these patients
that makes them unique compared with non-aniridic cases
(1). This could be due to aniridia fibrosis syndrome (5).
This suggests that aniridia should be considered a separate
category in the stratification by the preoperative diagnoses
of KPro patients rather than be included in the recurrent
immunologic rejection category (7). Because of the high rate of
complications, we recommend not to implant bilateral Boston
type 1 KPro simultaneously.

A limitation of this study is its retrospective design and limited
sample size due to the low incidence of the disease. A quality-of-
life questionnaire could have added valuable data to the study.
However, this study provides valuable information to the existing
literature, especially related to the long follow-up time.

Based on our results, we conclude that the Boston type 1 KPro
is a viable option for the treatment of AAK, with good long-
term results both anatomically and functionally. Uncontrolled
glaucoma is an important condition that affects functional
results. Aniridia may be considered a separate category in Boston
type 1 KPro stratification, but this needs to be validated by
future studies.
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A New Pre-descemetic Corneal Ring
(Neoring) in Deep Anterior Lamellar
Keratoplasty for Moderate-Advanced
Keratoconus: A Pilot 2-Year
Long-Term Follow-Up Study

Belén Alfonso-Bartolozzi 1, Carlos Lisa 1, Luis Fernández-Vega-Cueto 1*,

David Madrid-Costa 2 and José F. Alfonso 1

1 Fernández-Vega Ophthalmological Institute, Universidad de Oviedo, Oviedo, Spain, 2 Faculty of Optics and Optometry,

Universidad Complutense de Madrid, Madrid, Spain

Purpose: To assess the outcomes of implanting a new polymethylmethacrylate (PMMA)

ring (Neoring; AJL Ophthalmic) in pre-descemet deep anterior lamellar keratoplasty

(PD-DALK) procedure for moderate-advanced keratoconus.

Methods: This prospective study included 10 eyes of 10 patients with

moderate-advanced keratoconus who underwent PD-DALK with Neoring implantation.

Neoring was implanted in a pre-descemetic pocket. The post-operative examination

included refraction, corrected distance visual acuity (CDVA), corneal tomography, and

endothelial cell density (ECD). The root mean squares (RMSs) for coma-like aberrations

and spherical aberration were evaluated for a pupil size of 4.5mm. The junctional

graft (Tg) and host (Th) thicknesses were measured. The post-operative follow-up was

24 months.

Results: Post-operative CDVA was 0.82 ± 0.14 (decimal scale), 100% of the eyes

achieved a CDVA of 0.7 (decimal scale). The refractive cylinder was−2.86± 1.65 2-years

after surgery. No eyes had a post-operative refractive cylinder ≥5.00 D and in five eyes

(50%), it was ≤2.50 D. At the last visit, the mean keratometry was 45.64 ± 1.96 D, the

RMS for coma-like aberrations was 0.30± 0.15µm and spherical aberration was 0.22±

0.09. The mean ECD remains without changes over the follow-up (P = 0.07). At the last

visit, Tg and Th were 679.9 ± 39.0 and 634.8 ± 41.2µm, respectively. The thickness

of the complex (host-Neoring) was 740.6 ± 35.6µm. In all cases, this thickness was

thicker than Tg.

Conclusion: The results of this study suggest that PD-DALK along Neoring implantation

is a viable, effective, and safe option to optimize the post-operative results for

moderate-severe keratoconus.

Keywords: corneal transplant, deep anterior lamellar keratoplasty (DALK), visual outcomes, refractive outcomes,

keratoconus

23

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.771365
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.771365&domain=pdf&date_stamp=2021-11-04
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lfvc@fernandez-vega.com
https://doi.org/10.3389/fmed.2021.771365
https://www.frontiersin.org/articles/10.3389/fmed.2021.771365/full


Alfonso-Bartolozzi et al. Neoring Implantation and Pre-descemetic DALK

INTRODUCTION

Deep anterior lamellar keratoplasty (DALK) is a surgical
procedure in which a corneal donor, free from endothelium
and Descemet’s membrane (DM), is transplanted in patients
affected by a corneal disease, in which the endothelium is
healthy and can be preserved. DALK may be classified into
two types according to the technique used: with and without
DM exposure, known as Descemet-DALK (D-DALK), and
pre-descemet DALK (PD-DALK), respectively. Overall, DALK
has significant advantages over penetrating keratoplasty (PKP),
including reduced risk of endophthalmitis, no immune reaction,
and minor loss of endothelial cell density (ECD), among others
(1). However, DALK is not free of potential intra- and post-
operative complications. Some of these complications are related
to the corneal transplantation itself (complications associated
with the graft-host interface, graft epithelial problems, graft
or host cornea vascularization, suture-related complications,
stromal rejection, post-operative refractive errors) (1–6). Others
are more technique-dependent (D-DALK seems to provide a
faster visual recovery than PD-DALK; however, D-DALK is
associated with a higher risk of intraoperative complications)
(7, 8).

The ocular disease leading to corneal transplantation might
also influence the DALK-related complications (6, 9–11).
Advanced keratoconus is the most common indication for
corneal transplantation in many countries (12, 13). The most
common intraoperative complication is the DM rupture (14),
being mainly associated with the D-DALK technique (2, 7, 8,
15). Complications related to the graft-host interface and the
irregularity of the recipient corneal bed may make it difficult
to achieve an optimal visual restoration in patients with severe
keratoconus (16, 17).

We designed a new ring made of polymethylmethacrylate
(PMMA), named Neoring (AJL Ophthalmic, Spain), to overcome
the potential complications of DALK in advanced keratoconus.
First, the Neoring is conceived for the PD-DALK technique
owing to the fact that it is implanted in a PD pocket created
through the trephination periphery. As previously pointed
out, the most common intraoperative complication (rupture
DM) is mainly associated with D-DALK. Second, the Neoring
implantation aims to regularize the graft-host interface and
recipient corneal bed. Notedly, that corneal graft conforms, in
part, to the recipient bed. Hence, the Neoring implantationmight
lead to a better corneal morphology restoration, consequently,
improve the visual and refractive outcomes after surgery.

In the current prospective study, 10 eyes of 10 patients who
underwent PD-DALK with Neoring implantation for advanced
keratoconus were case per case analyzed over a follow-up of at
least 24 months.

PATIENTS AND METHODS

This is a prospective case series study that included patients
with moderate-advanced keratoconus, who underwent PD-
DALK surgery with Neoring implantation at the Fernández-Vega
Ophthalmological Institute in Oviedo, Spain. This study was

FIGURE 1 | Image of Neoring before implantation.

conducted in compliance with the tenets of the Declaration of
Helsinki. The study was approved by the Ethics Committee of
the “Principado de Asturias” (Oviedo, Spain). After receiving a
complete description of the nature of the study and the possible
consequences of surgery, all patients provided informed consent.

Inclusion criteria were the presence of keratoconus, poor
or unsatisfactory corrected distance visual acuity (CDVA)
with spectacle (≤20/40), intolerance to contact lens, mean
keratometry ≥50 D, corneal thickness in the area of the
central 3mm ≤450µm, and axial length ≥23.50mm. Exclusion
criteria were an active ocular disease (other than keratoconus)
and a history of ocular disorders with a potential impact
on the variables under study (cataract, macular degeneration,
glaucoma, retinal detachment, neuro-ophthalmic diseases, or
ocular inflammation).

All DALK surgeries were performed by the same surgeon
(JFA) using Anwar’s technique (18). Neoring (AJL Ophthalmic,
Spain) was implanted in all cases. This ring is made of PMMA
with a circular cross-section, a thickness of 0.21mm, and it is
available with three diameters (8, 8.5, and 9mm). Neoring is
conceived to be implanted in a pre-descemetic pocket created in
the periphery of the trephination performed at the host cornea.
The diameter of the Neoring must be 0.5mm larger than the
trephination diameter performed at the host cornea to achieve
a correct ring fitting in the pre-descemetic pocket (Figure 1).

Briefly, the more significant steps of the surgical procedure
were as follows: a partial trephination of the host corneal was
performed with a diameter of 8mm. The donor graft was cut
0.25mm larger than the size used for the recipient corneal
trephination. A manual layer-by-layer stromal dissection was
performed, starting at the trephination edge down to the deepest
stromal layer adjacent to DM. A thin stromal layer was left behind
(between 50 and 70µm at the central zone). A pre-descemetic
pocket was created to 0.25mm outside the trephination of
the recipient cornea. Subsequently, a Neoring of 8.5mm of
diameter was implanted in the pre-descemetic pocket. The ring
was provisionally fixated to the recipient cornea with two 8-0
silk sutures at 12 and 6 o’clock. Then, the donor button free
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FIGURE 2 | Neoring 24-months post-operatively.

from DM and endothelium was transferred to the recipient
bed and sutured to the host corneal with four interrupted 10-
0 nylon sutures (from 90% of the donor button depth and
going the suture needle over Neoring to ensure that it is placed
at pre-descemetic level). Finally, the silk sutures for the ring
fixation were removed, and the 16 interrupted 10-0 nylon sutures
were completed.

Post-operatively, selective suture removal started at 6 months
after DALK, and it was completed at 15 months. The post-
operative treatment consisted of a regimen of 1% dexamethasone
and ciprofloxacin 0.3% drops four times a day for 1 week.
Antibiotic drops were then discontinued, and dexamethasone
was progressively tapered down over the next 3 months.
Subsequently, we maintained dexamethasone in a regimen of one
drop per day for a year. Furthermore, Plasma Rich in Growth
Factors (PRGF) eye drops were added topically four times daily
for at least 3 months.

Post-operative follow-up visits were scheduled 1-, 7-days,
and 1 month after surgery and then every 3 months until 24
months (Figure 2). The post-operative examination included
Manifest refraction, CDVA, slit lamp examination, corneal
tomography (Sirius, CSO, Italy), ECD (SP 3000P, Topcon
Europa), and corneal thickness (CCT) (Casia II- OCT, Tomey,
Japan). Furthermore, at the last follow-up visit (24 months), the
root mean square (RMS) for coma-like aberrations [computed
for the Zernike terms Z (3, 1) and Z (3, −1)] and spherical
aberration [Zernike coefficient Z (4, 0)] of the total cornea and
the posterior corneal surface were evaluated for a pupil size
of 4.5mm. Finally, at the last visit, we used Casia II–OCT to
measure the junctional graft thickness (Tg) and junctional host
thickness (Th) and calculate the absolute value of the difference
between Tg and Th (Tg-Th) according to the study of Zhao et al.
(16). The corneal thickness of the complex host + Neoring was
also measured.

Statistical analysis was carried out using Statistical Product
and Service Solutions (SPSS) software for Windows (version
15.0, SPSS, Inc.). Pre-operative and post-operative data were

TABLE 1 | Pre-operative data of the patients.

Mean ± SD Range (Min, Max)

Age (years) 36.90 ± 2.28 (34, 40)

Refraction sphere (D) −7.80 ± 3.79 (−14.00, −3.00)

Refraction cylinder (D) −8.40 ± 4.12 (−16.00, −4.00)

CDVA (Snellen Scale) 0.44 ± 0.07 (0.30, 0.50)

Axial length (mm) 25.45 ± 1.41 (23.51, 26.94)

Minimum keratometry (D) 51.85 ± 3.41 (48.12, 57.56)

Maximum keratometry (D) 59.55 ± 5.20 (53.18, 66.75)

Mean keratometry (D) 55.70 ± 3.98 (50.65, 61.50)

Corneal thickness (µm) 390 ± 52 (299, 444)

ECD (cells/mm2 ) 2,450 ± 543 (1,674, 3,522)

D, diopters; CDVA, corrected distance visual acuity; ECD, endothelial cell density; SD,

standard deviation.

compared using the Friedman test. A P < 0.05 was considered
statistically significant. Data are reported as the mean± SD.

RESULTS

The study included 10 eyes of 10 patients with a mean age of
36.90 ± 2.28 years (range 34–40 years). All patients completed
the follow-up period of 2 years and attended all the follow-up
visits. Table 1 summarizes the pre-operative data of the patients.
All the surgeries were uneventful, with no intra or post-operative
complications. No cases required conversion to PKP.

Table 2 shows the pre-operative and post-operative clinical
outcomes. All visual and refractive parameters significantly
improved after DALK. CDVA was progressively improving visit
by visit in all eyes until 24 months of follow-up. Figure 3 shows
the changes in CDVA for each case studied over the whole follow-
up. At the last visit, 100% of the eyes achieved a CDVA of 0.7
(decimal scale) and 50% of the eyes achieved a CDVA of 0.8
(decimal scale) or better. The safety index (ratio between the
post-operative CDVA and the pre-operative CDVA) was 1.87.

The spherical component of the refraction dropped from a
pre-operative−7.80± 3.79 D to a 24-month post-operative value
of −3.39 ± 2.58 D (P = 0.0001). At the last visit, only four
eyes had a spherical refractive error ≥4.00 D. In these cases, the
axial length was longer than 25mm (Figure 4). The refractive
cylinder changed from −8.40 ± 4.12 D pre-operatively to −2.86
± 1.65 D 2 years after surgery (P < 0.001). At the last visit, no
eyes had a post-operative refractive cylinder ≥5 D, and in five
eyes (50%), it was ≤2.50 D. Both, the maximum and minimum
K reading values, declined significantly after surgery. At the
last visit, the mean keratometry was 45.64 ± 1.94 D (ranging
from 43.47 to 49.57 D).

Regarding corneal aberrometry, the 24-month post-operative
RMSs for coma-like and spherical aberrations of the posterior
corneal surface were 0.12 ± 0.09 and 0.08 ± 0.18µm,
respectively. In turn, the RMS for coma-like aberrations of the
total corneal was 0.30 ± 0.15µm and the spherical aberration
was 0.22± 0.09 µm.
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TABLE 2 | Pre-operative and post-operative clinical outcomes.

Pre-operative 6-month* 12-month 18-month** 24-month

Refraction sphere (D) Range −7.80 ± 3.79

(−14.00 to −3.00)

1.90 ± 3.90#

(−9.00 to +4.00)

−1.75 ± 2.20

(−5.00 to +1.00)

−3.03 ± 2.42#

(−7.00 to 0.00)

−3.39 ± 2.58

(−8.00 to −0.50)

Refraction cylinder (D) Range −8.40 ± 4.12

(−16.00 to −4.00)

−3.40 ± 1.71#

(−6.00 to −0.50)

−3.65 ± 1.80

(−6.00 to −1.50)

−2.75 ± 2.01#

(−5.50 to −0.25)

−2.86 ± 1.65

(−5.00 to −1.00)

CDVA (Snellen scale) Range 0.44 ± 0.07 (0.30

to 0.50)

0.52 ± 0.11# (0.40

to 0.70)

0.61 ± 0.13# (0.50

to 0.90)

0.72 ± 0.19# (0.50

to 1.0)

0.82 ± 0.14# (0.70

to 1.0)

Keratometric cylinder (D) Range 7.70 ± 3.73 (2.25

to 14.49)

4.09 ± 2.92# (0.49

to 8.39)

3.56 ± 1.44 (2.08

to 5.59)

3.12 ± 1.43 (1.04

to 4.82)

3.19 ± 1.26 (1.04

to 4.87)

Minimum keratometry (D) Range 51.85 ± 3.41

(48.12 to 57.56)

42.19 ± 4.00#

(35.62 to 48.78)

43.14 ± 2.88

(38.66 to 47.91)

43.88 ± 2.36

(39.83 to 47.21)

44.05 ± 1.89

(42.13 to 47.21)

Maximum keratometry (D) Range 59.55 ± 5.20

(53.18 to 66.75)

46.27 ± 3.13#

(42.41 to 51.34)

46.70 ± 2.01

(44.18 to 50.88)

47.00 ± 2.40

(44.23 to 52.03)

47.22 ± 2.19

(44.80 to 51.92)

Mean keratometry (D) Range 55.70 ± 3.98

(50.65 to 61.50)

44.23 ± 3.28#

(39.02 to 50.06)

44.92 ± 2.37

(41.46 to 49.40)

45.44 ± 2.27

(42.01 to 49.62)

45.64 ± 1.94

(43.47 to 49.57)

Corneal thickness (µm) Range 389.50 ± 51.58

(294 to 444)

541.70 ± 34.60#

(502 to 595)

550.50 ± 30.17

(501 to 589)

554.56 ± 21.89

(510 to 580)

566.56 ± 30.65

(520 to 620)

ECD (cells/mm2 ) Range 2,450 ± 543

(1,674 to 3,522)

2,396 ± 399

(1,874 to 3,157)

2,498 ± 277

(2,162 to 3,101)

2,591 ± 444

(2,065 to 3,210)

2,584 ± 283

(2,185 to 3,104)

*Starting of sutures removal (16 interrupted 10-0 nylon sutures in place); **3 months after completed sutures removal; #Statistically significant differences with the previous follow-up

visit; D, diopters; CDVA, Corrected Distance Visual Acuity; ECD, endothelial cell density.

FIGURE 3 | Variation in corrected distance visual acuity (CDVA) over the whole follow-up for each case.

There were no significant changes in the mean ECD at any
timepoint (P = 0.07). The mean CCT increased from 389.4 ±

51.58µm pre-operatively to 541.7 ± 34.6µm at 6 months post-
operatively (P= 0.0006), and then it remains unchanged over the
follow-up (566.56± 30.65µm at the last visit).

At the last visit, Tg and Th were 679.9 ± 39.0 and 634.8
± 41.2µm, respectively. Consequently, the (Tg-Th) was 45.1 ±

24.02µm. The thickness of the complex host + Neoring was
740.6± 35.6µm, and in all cases, this thickness was thicker than
Tg (Figure 5).

DISCUSSIONS

Advanced keratoconus is a corneal disease that causes severe
visual impairment and is a leading indication for corneal
transplantation (12, 13). Notedly, keratoconus, even in its most
advanced stages, affects young people; consequently, achieving a
good visual quality that lasts for a lifetime must be the main aim.

DALK in keratoconus aims to improve visual quality through
the restoration of corneal morphology. The graft-host matching
is a key factor to achieve optimal visual and refractive outcomes
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FIGURE 4 | Plots showing axial length vs. post-operative spherical refractive

error.

(16). The thickness of the corneal bed is also a factor that limits
the visual acuity restoration after DALK, a recipient thickness of
more than 80µm reduces the post-operative visual acuity (17). In
turn, the posterior corneal surface is also affected by keratoconus
(19). It should be kept in mind that the graft conforms, at
least in part, to the recipient DM, which remains intact after
DALK. Therefore, the changes and the irregularities induced by
keratoconus in the posterior corneal surface could contribute to
worsening the optical quality of the corneal graft.

This pilot study evaluated the clinical outcomes of implanting
a new PMMA ring (Neoring) in a pre-descemetic pocket in the
PD-DALK procedure. PD-DALK for keratoconus may provide
comparable CDVA outcomes to D-DALK (2, 7, 8, 20, 21), as long
as, as noted above, the recipient bed thickness is thinner than
80µm (17). Consequently, in our study, the stromal layer left
behind was thinner than 70µm at the central zone in all cases.
Furthermore, the Neoring implantation aimed to achieve a better
corneal morphology restoration by increasing the thickness of
the retained peripheral recipient cornea and regularizing the
recipient corneal bed.

The results showed satisfactory visual acuity. At the last visit,
the CDVA was 0.82 ± 0.14 (decimal scale) (range from 0.7 to
1.0), 100% of the eyes achieved a CDVA of 0.7 (decimal scale),
and 50% of the eyes achieved a CDVA of 0.8 (decimal scale)
or better. Furthermore, it is important to note that three of the
five eyes with a CDVA of 0.7 (decimal scale) had an axial length
longer than 26.5mm and a posterior staphyloma that reached
the macular area. Hence, it seems that likely these cases obtained
their maximum potential visual acuity. The safety index ratio was
1.87. Our visual results were better than those previously reported
in themore advanced keratoconus. In the study of Feizi et al. (11),
the CDVA was 0.19 and 0.20 logMAR (around 0.6 in decimal
scale) for stage III and IV, respectively. Javadi et al. (22), in turn,
reported a CDVA of 0.16 and 0.18 logMAR (about 0.7 decimal
scale) for moderate and severe keratoconus using D-DALK. This
study reported significantly worse CDVA for severe keratoconus
with the PD-DALK technique (0.29 logMAR; around 0.5 in

decimal scale). We should be cautious with these comparisons
because although our cases were prospectively analyzed, this is a
pilot study including 10 eyes. However, it seems plausible that the
Neoring implantation might benefit visual acuity restoration, as
will be argued below.

Regarding refractive outcomes, at the last visit, only four eyes
had a spherical refractive error ≥ 4 D. In these cases, the axial
length was longer than 25mm (Figure 4). Furthermore, themean
keratometry at the last visit was 45.64 ± 1.94 D. These results
indicate that the post-operative sphere refraction was mainly
associated with the elongation of the posterior segment, and not
with a significant steepness of the corneal graft. The refractive
cylinder changed from −8.40 ± 4.12 D pre-operatively to −2.86
± 1.65 D 2 years after surgery (P < 0.001). The average reported
refractive cylinder after DALK for keratoconus may vary among
studies between 2.50 and 5.00 D (2, 23, 24). For the moderate
and severe keratoconus, the reported post-DALK astigmatism is
around 3.50 D but may reach up to 10.00 D (11). In the present
study, at the last visit, no eyes had a post-operative refractive
cylinder ≥5.00 D and in five eyes (50%), it was ≤ 2.50 D.

According to the visual and refractive outcomes found in this
pilot study, it seems that PD-DALK along Neoring implantation
might represent a viable option to optimize the post-operative
results in moderate-severe keratoconus. We have reasons to
accept the assumption that Neoring implantation influenced
these results. First, it should be noted that the donor graft
conforms, at least in part, to the morphology of the recipient
intact bed. Therefore, it would imply that the more irregular the
recipient bed, the worse regain the corneal refractive regularity.
Advanced keratoconus has steeper corneas, and the posterior
cornea is more irregular. Hence, it should be expected that
an action to regularize the recipient bed might improve the
post-operative visual and refractive outcomes. We hypothesized
that a healing process mediated by activated keratocytes might
occur around Neoring. In a similar way to what happens
after intracorneal ring segment implantation (25). This wound-
healing process might apply a pushing force on the periphery,
which might lead to a flattening of the recipient corneal bed.
Consequently, and considering that the recipient corneal radii of
curvature are a factor influencing the post-operative graft radii of
curvature (26), it might result in a less steep keratometry of the
corneal graft. The post-operative mean keratometry in our study
was 45.64± 1.94 D with no cases exceeded 50 D. In contrast, the
post-operative mean keratometry reported by Feizi et al. (11) in
stages III and IV were around 1.0 and 1.5 D stepper, respectively,
and some cases had a Km up to 53.50 and 56.50 D, respectively.

Furthermore, Neoring implantation might mitigate the
irregularities of the recipient bed induced by advanced
keratoconus, and as a consequence, the total corneal aberrations.
The 24-month post-operative RMSs for coma-like and spherical
aberrations of the posterior corneal surface were 0.12 ± 0.09
and 0.08 ± 0.18µm, respectively. In turn, the RMS for coma-
like aberrations of the total corneal was 0.30 ± 0.15µm and the
spherical aberration was 0.22 ± 0.09µm. We cannot compare
it with the pre-operative values. However, considering that
posterior corneal aberrations increase in advanced keratoconus,
it should be expected that the posterior coma-like and
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FIGURE 5 | Anterior Segment Optical Coherence Tomography (AS-OCT; Casia II- OCT, Tomey, Japan) 24-months post-operatively.

spherical aberrations were significantly higher before surgery.
Besides, our research group has recently shown that long-arc-
length intrastromal corneal ring (ICRS) implantation provides
significant changes in the anterior and posterior corneal surface
morphology of moderate-advanced keratoconus, becoming
both surfaces more regular (27). Although both, ICRS and
Neoring, have different indications and mechanisms of action,
it seems plausible to expect that Neoring might also have
a regularization effect on the recipient bed. Moreover, the
continuous improvement in CDVA visit by visit (Table 2) could
be related, obviously, to the removal of the sutures and an
ongoing regularization process that, in turn, would be influenced
by the healing process around the ring previously explained.

Finally, it is essential to note that the implant added volume
to the retained peripheral recipient cornea (Figure 5), decreasing
the difference between the Tg and Th (Tg-Th). Zhao et al.
(16) found that the larger the (Tg-Th) value, the worse the
visual and refractive outcomes. The (Tg-Th) value was lower
in our study than that reported by Zhao et al. (16) (45.1
and 85.74µm, respectively). Furthermore, the thickness of the
complex (host + Neoring) was thicker than Tg in all cases.
All these findings suggest that Neoring implantation in PD-
DALK would provide that the posterior corneal surface became
more regularized and flattened post-operatively and a smoother
transition graft-host junction, providing encouraging outcomes
in advanced keratoconus.

In the current study, no complications occurred during
surgery or over the entire follow-up time. The most common and
significant intraoperative complication is the DM perforation,
being mainly associated with the D-DALK technique (2, 7, 8, 15).
The endothelial cell count remained stable over the follow-up,
suggesting that Neoring implantation did not cause alterations
in the endothelium. A late post-operative complication after
DALK is the recurrent keratoconus (2, 28, 29). The difference
between Tg and Th might provoke a progressive thinning of the
graft-host junction over time, which might induce high irregular
astigmatism. As previously explained, the implant added volume
to the retained peripheral recipient cornea (Figure 5), decreasing

the difference between Tg and Th, and making the thickness of
the complex (host + Neoring) thicker than Tg. Furthermore,
as Krumeich proposed (30), ring implantation might secure
the stability of the wound. Hence, the approach of implanting
Neoring might minimize the risk for recurrent keratoconus.
However, further studies with a larger sample and longer follow-
ups are required to address these potential benefits.

Despite the encouraging results in the prospective study,
it should be pointed out that this is a pilot study including
10 cases and it only represented a single-center experience.
It is important also to note that all surgeries were carried
out by an experienced surgeon. Therefore, further prospective,
randomized, and multicenter studies with a larger sample and
longer follow-ups are required to deeply address the potential
benefits of this procedure. Notedly, Neoring was initially
conceived for the PD-DALK technique because it is implanted
in a PD pocket. However, it should be noted that femtosecond
laser can be safely and effectively used to create cutting patterns
(31) in the host and donor corneas that might allow Neoring
implantation in a PD pocket in the periphery, leaving bared a
central region of Descemet’s membrane. Hence, we consider it
interesting to evaluate the outcomes of Neoring implantation in
femtosecond laser-assisted DALK using those cutting patterns
(31) in future studies.

In conclusion, the findings of this pilot study suggest
that Neoring implantation in the PD-DALK procedure might
represent a viable option to optimize the post-operative results
in moderate-severe keratoconus. Further, long-term follow-up
studies, including a larger number of cases, are needed to
properly analyze the stability of this surgery and confirm the
safety of the procedure.
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Corneal diseases are a leading cause of blindness with an estimated 10 million

patients diagnosed with bilateral corneal blindness worldwide. Corneal transplantation

is highly successful in low-risk patients with corneal blindness but often fails

those with high-risk indications such as recurrent or chronic inflammatory disorders,

history of glaucoma and herpetic infections, and those with neovascularisation of

the host bed. Moreover, the need for donor corneas greatly exceeds the supply,

especially in disadvantaged countries. Therefore, artificial and bio-mimetic corneas

have been investigated for patients with indications that result in keratoplasty

failure. Two long-lasting keratoprostheses with different indications, the Boston type-1

keratoprostheses and osteo-odonto-keratoprostheses have been adapted to minimise

complications that have arisen over time. However, both utilise either autologous tissue

or an allograft cornea to increase biointegration. To step away from the need for donor

material, synthetic keratoprostheses with soft skirts have been introduced to increase

biointegration between the device and native tissue. The AlphaCorTM, a synthetic

polymer (PHEMA) hydrogel, addressed certain complications of the previous versions

of keratoprostheses but resulted in stromal melting and optic deposition. Efforts are

being made towards creating synthetic keratoprostheses that emulate native corneas

by the inclusion of biomolecules that support enhanced biointegration of the implant

while reducing stromal melting and optic deposition. The field continues to shift towards

more advanced bioengineering approaches to form replacement corneas. Certain

biomolecules such as collagen are being investigated to create corneal substitutes,

which can be used as the basis for bio-inks in 3D corneal bioprinting. Alternatively,

decellularised corneas frommammalian sources have shown potential in replicating both

the corneal composition and fibril architecture. This review will discuss the limitations of

keratoplasty, milestones in the history of artificial corneal development, advancements in

current artificial corneas, and future possibilities in this field.

Keywords: artificial cornea, blindness, biointegration, Boston type-1 keratoprostheses, osteo-odonto-

keratoprostheses, AlphaCorTM, keratoprosthesis, bio-mimetic cornea
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INTRODUCTION

Located at the front of the eye, covering the pupil, iris, and
anterior chamber, the cornea is the primary component of the
ocular optical system (1). The cornea is made up of three cellular
layers- epithelium, stroma, and endothelium; and two acellular
layers- Bowman’s and Descemet’s membranes (Figure 1) (2).
The outermost layer, the epithelium, which makes up 10% of
the total corneal thickness, consists of stratified cells with tight
junctions, that form a protective barrier. Between the epithelium
and stroma is the Bowman’s layer, an acellular layer often known
as a modified extension of stroma (3). The stroma makes up
90% of the total corneal thickness. It protects the eye from
the external environment while contributing to 65–75% of all
light transmission to the retina, enabling vision. Separating the
posterior corneal stroma and endothelium is the Descemet’s
membrane, which is a dense, thick, somewhat transparent, cell-
free matrix (4). For those with corneal melting disorders, the
Descemet’s membrane is sometimes the only layer remaining to
keep the eye’s integrity. The endothelium is made up of a single
layer of hexagonal cells. The function of the endothelium is to
regulate and maintain stromal hydration (3). Collectively, the
cornea is a highly complex tissue, innervated and avascular.

Corneal diseases are a leading cause of blindness with an
estimated 10 million patients diagnosed with bilateral corneal
blindness worldwide (5). Furthermore, corneal blindness affects
proportionally more children and young adults than any other
age-related blinding disease such as macular degeneration
(6). Therefore, corneal transplantation, or keratoplasty, is the
most common transplant performed globally, with ∼185,000
corneal transplants performed every year in 116 countries.
Unfortunately, around 1 in 70 patients or 12.7 million people
are still awaiting corneal transplantation, given that the demand
for donor material far exceeds the supply. This emphasises the
need for an innovative solution to supplement the supply of
transplantable or implantable tissues for corneal replacement,
whether with bio-mimetic or artificial corneas (7).

Abbreviations: 3D, Three-dimensional; ACGR, Australian corneal graft registry;

ALK, Anterior lamellar keratoplasty; BCVA, Best-corrected visual acuity; BM,

Buccal mucosa; CaP, Calcium phosphate; CDVA, Corrected distance visual

acuity; CSK, Corneal stromal keratocytes; DALK, Deep anterior lamellar

keratoplasty; DM, Descemet membrane; DMEK, Descemet’s membrane

endothelial keratoplasty; DSAEK, Descemet’s stripping automated endothelial

keratoplasty; dsDNA, Double-stranded DNA; ECM, Extracellular matrix;

EDC, 1-Ethyl-3-(3-dimethylamino-propyl)-carbodiimide hydrochloride; EK,

Endothelial keratoplasty; GA, Glutaraldehyde; HAp, Hydroxyapatite; IOP,

Intraocular pressure; IPN, Interpenetrating network; iPSC, Induced pluripotent

stem cells; KPro, Keratoprosthesis; L-DOPA, L-3,4-Dihydroxyphenylalanine;

LESC, Limbal epithelial stem cell; LK, Lamellar keratoplasty; MDCT/CT,

Multi-detector computerised tomography; MMP, Mucous membrane

pemphigoid; MOOKP, Modified osteo-odonto-keratoprosthesis; MPC, 2-

methacryloyloxyethyl phosphorylcholine; MSC, Mesenchymal stromal cell;

Neu5Gc, N-Glycolylneuraminic acid; nHAp, Nano-crystalline hydroxyapatite;

OCT, Optical coherence tomography; OOKP, Osteo-odonto-keratoprosthesis;

PEG, Polyethylene glycol; PEGDA, Poly(ethylene glycol) diacrylate; PERV, Porcine

endogenous retroviruses; PHEMA, Polyhydroxyethyl methacrylate; PK/PKP,

Penetrating keratoplasty; PLGA, Poly (lactic-co-glycolic acid); PMMA, Poly

(methyl methacrylate); PTFE, Poly(tetrafluoroethylene); RPM, Retroprosthetic

membrane; SALK, Superficial anterior lamellar keratoplasty; SJS, Stevens-Johnson

syndrome; VA, Visual acuity; α-Gal, Galactose-alpha-1,3-galactose.

Artificial corneas can be defined as laboratory-made
constructs, with or without the help of biological material but
typically consisting of manmade materials, designed principally
to replace the function of the native human cornea. Typically,
keratoprostheses fall into this category. The benefits of artificial
corneas tend to outweigh the disadvantages (Table 1), especially
in difficult and high-risk cases where traditional donor cornea
transplantation would have a poor outcome. Production of
keratoprostheses (or KPros) is stringent in order to guarantee
non-toxic, sterile products with high stability. Moreover, KPros
overcome socio-cultural and policy difficulties while preventing
viral invasion and immune rejection. These KPros are specialised
constructs with limited swelling which results in limited
water accumulation and less light scattering from the cornea.
Improvement in KPro design is possible due to the continually
evolving biomaterial technologies, that enable functionalisation
using synthetic materials or surface coating techniques. In
addition, reservoir systems such as micro- or nanoparticles can
be incorporated into these systems to facilitate biointegration
and modulate inflammation. Furthermore, 3D fabrication
methods can build a fully functionalised biosynthetic cornea
with programmed spatial, optical properties and biomechanical
properties which cannot be provided by a human corneal
transplant (8).

Keratoplasty and Its Limitations
Throughout the years, keratoplasty has proven to be one of
the most successful transplant procedures. For low-risk patients,
corneal transplantation is an attractive solution with high success
rates: survival of first-time grafts is ∼90% at 5 years (9,
10). However, these success rates steadily decrease over time
(11). Anshu et al. investigated over one thousand penetrating
keratoplasties performed over 20 years and found that corneal
grafts remained in only 55.4% of patients at 10 years, 52% at
15 years and 44% at 20 years post-surgery (12). Similarly, the
Australian Corneal Graft Registry (ACGR) reported that after
15 years corneal graft survival rates had dropped to 46% for
full-thickness grafts and 41% for lamellar grafts (13).

Keratoplasty has proven to work with several conditions,
for example, keratoconus, corneal opacities, and bullous
keratopathy. However, those with recurrent or chronic
inflammatory disorders such as sicca disease states, history
of glaucoma and herpetic infections, and those with
neovascularisation of the host bed have a low keratoplasty
success rate (6, 14, 15). Furthermore, those who have failed their
first keratoplasty have a high chance of re-graft failure with about
50% of re-grafts failing at 5 years (9, 16). Given this, surgeons are
likely to only give re-grafts to patients with a high chance of graft
survival and visual acuity improvement (6).

The need for corneal donor tissue is especially prevalent in
developing countries. It is often difficult to meet the required
logistics around corneal donor transplantation involving
processing, transportation, and storage in developing countries
due to a lack of facilities. Additionally, biological tissue can
transmit certain infections such as tuberculosis, hepatitis C,
and venereal infections. Although artificial corneas, or KPros,
can potentially address certain limitations of keratoplasty, at
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FIGURE 1 | Schematic diagram of the anatomical position of the cornea, and its 5 distinguishable layers.

TABLE 1 | Advantages and disadvantages of keratoprostheses.

Advantages Disadvantages

Can restore meaningful vision in

the most severe cases of corneal

blindness where donor corneas

fail

Uncomfortable to wear

Avoids religion, culture and policy

problems

Transplantation process is

complex; multiple surgeries and

long-term topical medications

often required

Overcomes immune rejection,

immune graft risk and ocular

surface disease

Limited field of view

Continuously evolving

technologies

Unsatisfactory aesthetic

appearance

Limited swellability therefore

limited water accumulation and

less light scattering

Potential for post-operative

complications such as extrusion

and glaucoma.

present artificial corneas are not seen as an alternative, but
more as a last resort. Currently, artificial corneas are only
used in end-stage corneal blindness associated with a severe
ocular surface disease or as a result of multiple conventional
transplantation failures (14). However, advances in KPro
technology may lead to KPros being chosen over keratoplasty in
the future.

History and Development of
Keratoprostheses
Transplantation, including that of corneas, was first referenced
around 2000 BC by the Egyptians (17). In 1760, the grandfather
of Charles Darwin, Erasmus Darwin, first suggested the removal
(trephination) of an opaque cornea and the addition of a
KPro to restore vision (18). This was followed by the first
full description of a KPro by Guillaume Pellier de Quengsy
in 1789 in his monograph on ophthalmology: he suggested a

thin silver-rimmed convex glass disc can be used in place of an
opaque cornea with the surgical instruments required for such a
procedure (19).

Nonetheless, there was little interest in KPros at that time. In
1853, Nussbaum manufactured a quartz crystal and implanted
it into the cornea of rabbits. The first prototype was too large
and was rapidly extruded. However, a smaller oblong-shaped
prototype was successful in animals and was tried in human
patients. These initial KPros had a high failure rate due to
infection, leakage, and extrusion of the device (20). Six years
later, Heusser successfully implanted a quartz KPro into a
blind girl’s cornea in Switzerland, who experienced a significant
improvement in vision and retained the implant for at least 6
months without complications (21).

In 1862, Abbate made a KPro out of a glass disc surrounded
by two rings assembled from natural polymers; gutta-percha
and casein. The former was isolated from the exudate of trees
and the latter from the precipitation of milk or cheese. The
KPro implanted in cats and dogs were only retained for about
a week. Although this KPro was quickly extruded, Abbate
did emphasise the need for the KPros to be different from
glass to allow for incorporation into the host tissue (3, 14).
In the early twentieth century, Salzer implanted a quartz disc
bounded by a platinum ring with prongs into four humans,
with one almost lasting 3 years (22). Much like Abbate, Salzer
suggested later that the rim of the KPro should be based on
materials that can be incorporated into the host cornea. He also
noted that KPros could be made out of materials lighter than
glass (3).

Investigation into KPros stalled after Eduard Zirm performed
the first successful bilateral keratoplasty in 1905 (23). However,
the discovery of poly (methyl methacrylate) (PMMA) in WWII
by Harold Ridley refocused attention on artificial corneas.
PMMA splinters from crashed Perspex R© canopies were found
embedded in the cornea of pilots’ eyes and were observed to be
well-tolerated, thus providing a potential material for subsequent
KPros (20, 24). To date PMMA has proven to be the material
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of choice, providing a stable and minimally toxic optic. Over
time, a two-part “core–skirt” structure was devised for the KPro.
Stone took advantage of PMMA to make perforated discs and
implant them in corneal lamellae, which were retained for 3
years on average (25, 26). Using a PMMA skirt positioned
retrocorneally forming the “nut,” and the threaded optic making
up the bolt, Cardona developed the first two-piece nut-and-bolt
KPro in 1969 (27). Five years later, Dohlman introduced the
collar-button model which had a front and backplate made out of
PMMA (28). Aquavella et al. performed a retrospective analysis
of implanted Cardona and Dohlman devices, concluding that,
although improved device design and surgical procedures reduce
the severity of complications, further refinements aimed at KPro
biointegration will enhance the long-term clinical outcome for
patients (29).

Several scientists took inspiration from Cardona’s nut-and-
bolt device but used several different materials as skirts to
support biointegration into the host tissue, e.g., Proplast, Teflon,
hydrogels, poly-2-hydroxyethyl methacrylate and silicone-
carbon (30–32). In this review, various soft and hard KPros and
their design, outcomes and recent advances will be reviewed.

HARD KERATOPROSTHESES

Hard keratoprostheses include those made from PMMA as it is a
rigid polymer that needs a resilient skirt material to function as
a successful implant (Table 2). Moreover, the bonding between
PMMA and its skirt must withstand intraocular pressure, and
deformations caused by movement of the eye and blinking.
Therefore, skirts made from softer materials like Dacron, Teflon
and Proplast were extruded (30–32). KPro models like the
Boston KPro and osteo-odonto-keratoprosthesis (OOKP), based
on harder skirts have been successful in wet blinking eyes and
dry or non-blinking eyes, respectively. Although other hard
KPros exist, such as the Fyodorov-Zuev KPro (40, 41), this
review will focus on the Boston KPro and OOKP as there
is an abundance of literature to demonstrate their efficacy in
restoring sight, as well as a multitude of studies documenting
improvements to their design and/or surgical procedure for
enhancing clinical outcomes.

Boston Keratoprosthesis
As mentioned previously, the collar-button model called
Dohlman–Doane KPro was a predecessor to the Boston KPro
(28). In 1992, the type-I Boston KPro was approved by FDA.
Since then it has become the most implanted KPro with over
15,000 devices implanted worldwide. The type II Boston KPro is
less popular than its counterpart and is indicated for patients with
severe ocular diseases, for example, Stevens-Johnson syndrome
(SJS) and mucous membrane pemphigoid (MMP) (33). The
main difference consists in the anterior extension which allows
implantation through surgically closed eyelids (34).

Design
The Boston KPro consists of a PMMA front plate with a central
diameter between 3.5 and 3.7mm and a backplate made of
PMMA or titanium. A titanium locking ring was also added to

secure the backplate (42). Donor corneal tissue acts as a carrier
and is placed between the front and backplate. It was found that
both frozen and fresh donor corneas could be used for Boston
KPro Type 1 (43). It is thus important to consider that these
KPros do not eliminate the need for donor human corneas but
work in tandem with donor corneas.

Outcomes
The majority of short-term outcomes of the Boston KPro type-
I are favourable. Retention rates are around 90% with post-
operative visual acuity (VA) of 20/100 or better in 67% of
patients at 6 months and 75% at 1 year (35, 44). However, there
is inadequate medium and long-term follow-up data following
Boston KPro surgery. This is particularly true for long-term (>5
years) outcomes; both retention rates and complication data are
scarce (45). It is important to know the medium- and long-
term outcomes as it gives a realistic perspective on the real
performance of KPros.

The majority of patients improve their VA following
implantation. A meta-analysis of 406 articles found that 60%
of patients had 6/60 vision or better at 2 years and 51% at
5 years (45). Kanu et al. found 75 and 66.7% of patients had
improved VA at 5 and 10 years, respectively (46). Often, VA
improves the longer the KPro has been implanted. Aravena
et al. (47) found at 5 years 57% of patients had a corrected
distance visual acuity (CDVA) ≥20/200 while at 8 years 82%
of patients had a CDVA ≥20/200, while 5% of patients had
a CDVA ≥20/200 pre-operatively. In contrast, Szigiato et al.
(48) found only 36.5% of patients had a VA ≥20/200 post-
operatively with 2.4% having a VA ≥20/200 pre-operatively.
Szigaiato’s study had more patients than Aravena’s however (58
vs. 85). Interestingly, Driver et al. investigated 231 eyes: 67
primary KPro procedures and 164 after a failed keratoplasty.
They found 78–87% of primary KPro procedures had a CDVA
of ≥20/200 after 6 years. In comparison, 56–67% of those given
the Boston KPro after failed keratoplasty had a CDVA of≥20/200
at 6 years (49).

Those with inflammatory diseases like SJS have a high
probability of gaining a CDVA of ≥20/200. One study found
that 100% of patients with SJS had a CDVA of ≥20/200 after
a year (50). Similarly, Brown et al. found 100% of patients
with the herpes simplex virus (HSV) had a best-corrected visual
acuity (BCVA) ≥20/200. However, only one patient out of four
with herpes zoster virus (HZV) had a BCVA ≥20/200 (51).
Interestingly, a study investigating patients with chemical or
thermal injuries found that after a follow-up of 40.7 months on
average, the median best-corrected visual acuity was 20/60 (52).

In general, retention rates for the Boston KPro have been
quite high (between 74 and 100%) at the last follow-up (45, 51).
The aforementioned meta-analysis review found accumulated
retention rates of 88 and 74% at 2 and 5 years, respectively (45).
However, conditions that cause cicatrisation like SJS or MMP
can significantly decrease retention rates (50, 53). Alexander
et al. (50) found an increase in post-operative complications
for those with SJS which resulted in decreased retention rates.
Brown et al. found a similar disparity between the HSV
and HZV groups in retention rates as seen with the BCVA.
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TABLE 2 | Description of commercial Hard-Keratoprostheses with skirts based on resilient materials, and transparent optic cylinders composed of polymethyl

methacrylate (PMMA).

Keratoprosthesis KPro materials Schematic References

Cardona keratoprosthesis Teflon

(skirt)

PMMA (optic)

(29, 30)

Boston Keratoprosthesis [type I and type II] Titanium

(skirt)

PMMA (optic)

(33–35)

The osteo-odonto-keratoprosthesis (OOKP) Autologous tooth root and

alveolar bone

PMMA (optic)

(36, 37)

The modified osteo-odonto-keratoprosthesis (MOOKP) Osteodental lamina surface

PMMA (optic)

(38, 39)

Fyodorov-Zuev keratoprosthesis (MICOF) Titanium (skirt)

PMMA (optic)

(40, 41)

The HSV group had a retention rate of 100% whereas the
HZV had a retention rate of 25% after around 50 months
(51). Phillips et al. (52) found that patients with chemical

or thermal injuries, had an initial retention rate of 77.7%
and the remaining KPros were successfully replaced. They
did find that for those with severely damaged eyes, the rate
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of success can be increased by preparing the ocular surface
before implantation with limbal stem cell transplants to reduce
sterile ulceration.

Post-operative Complications and Advances
Adjustments in the design of the KPro were introduced to
decrease post-operative complications such as the addition of
holes to the backplate of the device. The backplate was originally
a solid 8mm PMMA plate which led to high keratolysis and
decreased nutritional flow. Keratolysis is defined as the “thinning
of peripheral corneal stroma with an overlying epithelial defect
due to autoimmune-induced inflammation” (54). Currently, the
backplate is 8.5mm with 16 holes for nutritional support. This
led to a decrease in keratolysis from 50 to 10% following
transplantation (42). Wearing a large diameter soft or contour
contact lens and long-term use of topical antibiotics also
decreased sterile keratolysis (14). In 2014, a titanium backplate
was introduced as an alternative to PMMA which clicks into
the stem without the need for a locking ring, thus easier to
assemble. Titanium is well-tolerated by the surrounding tissue
and is highly resistant to corrosion and is both light and strong.
As it is not magnetic, patients can undergo magnetic resonance
imaging (42). Moreover, the titanium backplate can be coloured
blue or brown by electrochemical anodisation to help with the
cosmetic appeal of the device (55).

There are conflicting reports about whether titanium
can cause a reduction in retroprosthetic membrane (RPM)
formation, which occurs when fibrovascular tissue grows behind
the device. Up to 65% of patients with a Boston KPro form
an RPM (56). A study by Todani et al. (57) investigated
the potential for RPM formation in 55 eyes with PMMA
backplates and 23 with titanium backplates: 41.8% of patients
with PMMA backplates developed RPM compared to only
13% for patients with titanium backplates at 6 months post-
implantation. However, in the group of patients with PMMA
backplates, 39 had threaded PMMA backplates which may,
in itself, increase RPM formation (discussed below) (57). In
contrast, a study by Talati et al. (58) compared 20 patients with
a titanium backplate and 20 with a PMMA backplate with an
average follow-up duration of 28.1 or 53.7 months, respectively:
45% of patients with a PMMA backplate developed RPM and
55% of those with a titanium backplate developed RPM. It
was concluded that neither material was superior in reducing
RPM formation.

In 2007, a newer PMMA stem was produced without screw
threads. It was aimed at avoiding damage to the corneal graft
associated with the screwing action during surgery and thus
possibly reduce RPM formation (59). This newer stem was
both easier to use and less expensive to produce as the device
was produced by moulding as opposed to machine-made (42).
Al Arfaj and Hantera investigated four eyes that underwent
Boston type 1 threadless KPro implantation and found no RPM
developed at the time of follow-up (i.e., up to 11 months) (60).
This is consistent with the observations made by Todani et al. at
6 months post-surgery: 46.1% of eyes implanted with threaded
PMMA backplates resulted in RPM, while RPM occurred only in
31.2% of cases implanted with threadless PMMA backplates (57).

Thus, combining a PMMA backplate with a threadless design
may reduce the risk for RPM formation (57).

One of the difficulties encountered by many hard KPros is
the failure of the corneal graft to adhere to the surface of the
PMMA stem. Although PMMA is minimally toxic to corneal
stromal cells, poor biointegration between the PMMA and the
corneal stroma can lead to corneal melting and graft detachment.
Weak interfacial adhesion can create spaces into which bacteria
or inflammatory cells can infiltrate (61). In recent years it has
been demonstrated that contact between cells and titanium
results in increased growth of corneal limbus epithelial cells,
alongside a decrease in cell death, thereby providing a superior
surface for adhesion (62, 63). Titanium with smooth surface
topography was found to enhance cell adhesion and proliferation
while roughened titanium can reduce vision-impairing light
reflectivity (62).

Several novel techniques have been introduced recently to
increase PMMA and corneal tissue adhesion. Sharifi et al. (64)
used magnetron sputtering of titanium onto the Boston KPro
PMMA stem to show that titanium sputtering can cause an
increase in cell adhesion, with an increase in cell growth and
collagen deposition, resulting in a more normal corneal stromal
cell phenotype. For these reasons, titanium sputtering may
improve PMMA-corneal tissue adherence, therefore improving
long-term outcomes. Coating the titanium of the KPro with
hydroxyapatite (HAp), a constituent from bone and teeth has
also resulted in enhanced tissue adherence in rabbit corneas
(65, 66). HAp nanoparticles can also be trapped and immobilised
on the PMMA surface which results in human corneal fibroblasts
adhering and proliferating onto the coated PMMA (61).
Similarly, calcium phosphate (CaP) was used to coat PMMA
sheets that had dopamine present to induce CaP deposition
(61). This resulted in better adhesion, but delamination occurred
rather easily. Furthermore, L-3,4-Dihydroxyphenylalanine (L-
DOPA) can be covalently bonded to the PMMA surface to
support enhanced cellular adhesion, proliferation, andmigration,
thus improving the compatibility of PMMA (67).

Another post-operative complication that may lead to
possible changes in the Boston KPro design is glaucoma.
Nonpassopon et al. gathered information from several Boston
KPro clinical trials and found 20.2–40% of eyes had an
increase in intraocular pressure (IOP), 14–36% developed de-
novo glaucoma, and 13–33% had progression of previously
present glaucoma (42). These results are primarily due to the
device being unable to detect elevated IOP early with standard
tonometry techniques due to the rigidity of the KPro device
(68). Therefore, a potential solution has been introduced by
integrating a micro-optomechanical pressure sensor into the
Boston KPro device. Hui et al. investigated a fibre-optic Fabry-
Perot pressure sensor for its cost-effectiveness and industrial
quality control (69). The sensor integrated onto the KPro
was stable over long periods and successfully measured IOP.
However, pressure sensors implanted in rabbit eyes showed an
increase of IOP following RPM formation. It was concluded
that RPM formation shortened the optical cavity and caused
an artificial IOP increase (69). Another alternative is to
use three-dimensional (3D) spectral-domain optical coherence
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tomography (OCT) to enhance the evaluation of KPro patients
with glaucoma (68).

Cost
In developing countries, the cost of the Boston KPro device
can be prohibitive. In 2011, the Aurolab in Madurai, India
designed a low-cost version of the Boston KPro, the auroKPro.
Basu et al. (70) compared both KPros and found them to
be similar in retention rates (70.5 vs. 62.5% for Boston Kpro
and auroKPro, respectively) and post-operative complications,
but more extrusions were observed with the auroKPro. In
2012, the Boston KPro team also produced a less expensive
KPro, the Lucia KPro, which was approved by the FDA in
2019 (71, 72). This device had a titanium backplate which
was 7.5mm in diameter with radial petaloid-shaped holes. It
was anodised to a brown colour giving a more acceptable
appearance to patients. Although efforts are being made towards
reducing device manufacturing cost while maintaining ease
of implantation, it is important to note that there are many
additional costs associated with any corneal procedure, including
access to additional clinical resources, and continued post-
operative care, and it is ultimately these factors that create
a cost-prohibitive option for many patients requiring corneal
replacement (70, 73–75).

Osteo-Odonto-Keratoprosthesis
First introduced by Strampelli in 1963, OOKP is one of
the longest-lasting KPros available (36). Strampelli used a
donor root tooth and alveolar bone to support the PMMA
optical cylinder (37). This was further improved upon by
Falcinelli in 1998 by adding certain modifications such as
using a larger biconvex optic and performing cryo-extraction
of the lens. This led to the model which is now known
as the modified osteo-odonto-keratoprosthesis (MOOKP) (38).
The MOOKP is a device that uses the alveo-dental lamina
of a single tooth (usually canine) to support the optical
cylinder in its centre. This is covered with a resistant
membrane called the buccal mucosa (BM) to give protection
and nourishment. It is indicated for patients with bilateral
corneal blindness with severe visual loss (<6/60) and dry
eye or lid damage, as well as poor keratoplasty prognosis.
Those with SJS, MMP, chemical or thermal injury view the
OOKP as a life-changing surgery (76), and over the last
40 years, centre-based studies across Europe and India have
demonstrated excellent anatomical retention of the MOOKP
and improvements in visual acuity for the almost 500 patients
studied (73).

MOOKP Device Preparation and Implantation
Creating the MOOKP device requires a complex surgical
technique and patient counselling, and can only be performed
by experienced surgeons. The technique can be separated into
two stages: first preparing the bulbar anterior surface and the
osteo-odonto-acrylic lamina, and secondly implanting the lamina
OOKP into the eye (39, 76).

For those with normal conjunctiva, a 360-degree limbal
peritomy is performed, followed by a superficial keratectomy

to remove the epithelium and any scar tissue present (76).
Oral mucosa is harvested from below the parotid duct and
sutured in place, covering the cornea and sclera (39, 76). To
prepare the osteo-odonto-acrylic lamina, a monoradicular tooth
and surrounding alveolar bone are removed. Through constant
irrigationwith a balanced salt solution andwith the aid of a dental
flywheel, the tooth and alveolar bone are shaped into a 3mm
thick rectangular lamella. A hole is then drilled perpendicularly
into the lamina to accommodate an optical cylinder. The PMMA
optical cylinder is made up of an anterior stem that ranges in
diameter from 3.5 to 4mm and a posterior section ranging from
4.5 to 5.25mm in width. The anterior stem protrudes 2–3mm
beyond the alveolar side while the posterior projects through
the anterior chamber (76). The completed osteo-odonto-acrylic
lamina is then inserted below the lower orbital rim under the skin
for∼3 months (39).

In stage 2 the lamina is retrieved from the lower orbital rim
and excess soft tissue is removed leaving new vascularisation
intact. The mucosal graft is partially detached from top to
bottom and the Flieringa ring is placed on the sclera to facilitate
attachment of the lamina. A full-thickness disc is made in the
cornea to facilitate the optical cylinder of the KPro. A 360-degree
iridectomy is performed to remove the iris. This is followed by
cryo-extraction of the lens. The lamina is sutured to the sclera
and remaining cornea and is covered by the flap of the oral
mucosa. Generally, a cosmetic prosthesis is applied which covers
the ocular surface, 1 month after surgery (39). Topical broad-
spectrum antibiotics must be applied every night for the patient’s
lifetime (76).

For those with no suitable teeth, a tooth allograft from a
related or non-related donor can be used or tibial bone can be
used. However, functional survival rates of KPros using tibial
bone can be as low as 19% after 10 years (77). Retention of bone
strength is reliant on physical stress and so inactivity leads to
resorption of the laminae (78). Furthermore, a KPro has been
developed for patients with unsuitable teeth for OOKP and no
healthy eyelid skin for the Boston KPro type II called the “Lux”
KPro (79). It is made up of a PMMA optic, titanium backplate,
and a titanium sleeve but it requires a corneal graft. Like the
MOOKP, the “Lux” KPro is implanted through, and protected by,
a mucous membrane graft (79).

Outcomes
The VA of patients following OOKP surgery can be as good
as 6/14. In a systematic review of eight different case studies,
Tan et al. found VAs of ≥6/18 in 52% of patients after OOKP
(80). Similarly, Liu et al. recorded a VA of ≥6/12 in 53% of all
OOKP patients. In the same study, 78% of patients achieved a
VA of ≥6/60 (81). Iyer et al. recorded 66% of all patients had a
VA ≥20/60 (82). However, complications involving the mucosa,
retina, lamina and IOP can occur which affect visual outcomes.

Long- and medium-term anatomical retention rates for
OOKP devices are high throughout several studies. Iyer et al.
found 96% retention in 50 eyes, with a mean follow-up of 15.4
months (82). Liu et al. reported 72% of patients retained their
OOKP after a mean follow-up of 3.9 years (81). De la Paz et al.
found 86% of patients with a chemical injury retained their
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OOKPwhile only 65%was retained when the Boston KPro type-I
was used (83).

Post-operative Complications
A common cause of OOKP retention failure is resorption.
Although there must be a balance between resorption and
reformation to preserve the lamina, the osteo-odonto-acrylic
lamina is prone to excessive resorption. In a study undertaken
by Liu et al., 19% of patients had laminar resorption, resulting in
retention failure (81). However, laminar resorption rates aremost
likely underreported as it tends to progress slowly and is difficult
to detect as the lamella resides underneath the oral mucosal
membrane graft. Laminar resorption can result in thinning of
the lamina which may cause tilting of the optical cylinder, altered
refraction, leaking, and endophthalmitis (76).

Advances in imaging have resulted in earlier detection of
laminar resorption. Avadhanam et al. (84) found that 40% of
all cases of laminar resorption were detected in the first year
of follow-up and 66% of cases were found within 3 years of
OOKP surgery. They also discovered that laminar thickness did
not affect the onset or progression of resorption (84). Multi-
detector computerised tomography (MDCT or CT) is widely
employed when investigating laminar resorption. Along with
imaging, clinical palpation can be carried out by an experienced
surgeon to detect resorption early. It seems the best way forward
is to implement both methods in the long-term. However,
frequent CT scanning is not indicated for the detection of laminar
resorption (85).

An autoclavable µ-milling device has been introduced to
contour and drill the lamina to increase its stability (86). Iyer
et al. introduced a new technique that augments the canine
tooth using a mandibular bone graft to boost the labial side of
the lamina and therefore decrease laminar resorption (87). In a
separate study, Iyer et al. administered a bone morphogenetic
protein to 11 eyes with laminar resorption and yet to undergo
additional intervention (88). Bone morphogenetic proteins were
administered to inhibit further resorption and promote bone
generation. However, three eyes had further resorption after
protein administration (88). There is uncertainty around the
ability of bisphosphonate drugs such as alendronate to decelerate
laminar resorption. Several remedies are available that maintain
mucosal health and in addition, smoking cessation can have an
increased benefit (85).

To decrease laminar resorption, and simplify the surgical
procedure, decrease costs, and avoid oral trauma, skirts made
of synthetic materials similar to the osteo-odonto-acrylic lamina
have been introduced. Avadhanam et al. incorporated nano-
crystalline hydroxyapatite (nHAp) coated poly (lactic-co-glycolic
acid) PLGA microspheres with a high strength interpenetrating
network (IPN) hydrogel to mimic the odonto-acrylic lamina
microenvironment (89). They also added poly(ethylene glycol)
diacrylate (PEGDA) polymers and agarose to improve the
mechanical strength of the hydrogels. This study suggested the
PEGDA-agarose based IPN can be used in the future to replace
the OOKP lamina (89).

There is a strong correlation between laminar resorption and
endophthalmitis, a condition that is caused by a bacterial or

fungal infection of the vitreous and/or aqueous humour (90). A
recent study found a 9% incidence rate of endophthalmitis in eyes
that had undergone OOKP surgery (91). Falcinelli et al. identified
endophthalmitis in 4 out of 181 eyes (2%) following OOKP at a
mean 12 years follow-up. Poor pre-operative dental hygiene was
reported in these cases (39).

Two common causes of the slowdown in the rate of VA
recovery are the presence of air bubbles in the vitreous humour
or vitreous haemorrhage. Vitreous haemorrhage was the most
common post-operative complication in the systematic review
reported by Tan et al., with up to 52% experiencing haemorrhage
(80). However, vitreous haemorrhage, and also the problem
of choroidal detachment, tend to resolve themselves soon
after surgery.

Glaucoma is the main cause of a decrease in VA for those with
an OOKP. Tan et al. stated glaucoma rates ranged from 7 to 47%
between different studies (80). However, pre-existing glaucoma
can be hard to detect pre-operatively (76). Generally, those with
glaucoma undergo a trabeculectomy to relieve IOP; however,
those with an OOKP will not benefit from this procedure.
Kumar et al. found visual field testing and optic disc assessment
with optic disc photographs may be used for the monitoring
of eyes for glaucoma; but currently, drainage devices are the
best method for glaucoma management in those with OOKPs
(92, 93). Interestingly, a device called the Ahmed glaucoma
drainage device was found to stabilise IOP in three-quarters
of OOKP eyes with glaucoma if placed before the mucosal
graft (93).

SOFT KERATOPROSTHESES

Soft skirt materials have been adopted in recent years to increase
biointegration based on a variety of synthetic polymers with
or without biofunctionalisation with macromolecules (Table 3).
Several skirt and optic type KPros have been brought to clinical
trials over the decades, including the Keraklear (94), the MIRO R©

Cornea (95), the Legeais BioKpro III (96) and the Korea Seoul-
type KPro (99, 100). However, for the purpose of this review, we
will focus on the AlphaCorTM keratoprosthesis, the first soft KPro
to obtain FDA approval almost 20 years ago, while mentioning
the two newest soft synthetic KPros that have begun clinical trials
in the last year (CorNeat, and EndoArt).

AlphaCorTM Keratoprosthesis
Chirila et al. at the Lions Eye Institute and the University of
Western Australia in Perth aimed to produce an “ideal” KPro.
They used cross-linked poly (2-hydroxyethyl methacrylate)
(PHEMA), to form both the optical and skirt components (101).
The hydrophilic PHEMA forms a hydrogel by polymerisation.
The skirt and optic are chemically identical with the exception
that the skirt has higher water content, meaning it has larger
pores to allow for biointegration. The optic and skirt are fused by
an IPN to prevent leakage or down growth (102, 103). Formerly
known as the Chirila KPro, the AlphaCorTM KPro (Figure 2)
was approved by the FDA in 2003 (97). In 1998, the original
Chirila Type-I KPro was first implanted in three people who had
failed keratoplasty and had vascularised and/or scarred corneas.
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TABLE 3 | Description of commercial Soft-Keratoprostheses with skirts based on soft materials.

Keratoprosthesis Materials Schematic References

Keraklear artificial cornea PMMA + (polyethylene glycol) PEG (94)

MIRO® CORNEA UR keratoprosthesis Hydrophobic acrylic polymer + Genetically engineered fibronectin (95)

Legeais BioKpro III Fluorocarbon poly(tetrafluoroethylene) (PTFE) (96)

Alphacor keratoprosthesis (Polyhydroxyethyl methacrylate) PHEMA (97, 98)

Korea Seoul-type keratoprosthesis PMMA + PEG (99, 100)
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FIGURE 2 | Digital pictures of the AlphaCorTM produced by polymerisation of

PHEMA to produce a transparent (optical) and white (skirt) PHEMA before (A)

and after (B) lathing.

This device required full-thickness removal of the host cornea,
and the placement of a conjunctival flap to protect the KPro-
corneal interface during post-operative healing; this flap is then
removed in a second surgical stage. Unfortunately, two devices
were quickly extruded due to retraction of the conjunctival
flap. Full-thickness insertion increased the risk of exposing the
porous skirt after conjunctival flap failure. In response to these
observations, a thinner KPro (the Type II, AlphaCorTM KPro)
was developed, allowing for lamellar pocket implantation instead
of full-thickness insertion, followed by a subsequent second
surgical step several weeks later to trephine the anterior host
cornea. A pilot human trial in four patients implanted with
the type II KPro observed no post-operative complications, and
improved outcomes at seven months follow-up in all individuals
(104). This thinner design was subsequently utilised in the larger
clinical trials that supported the FDA approval of the AlphaCorTM

device (103).

Outcomes
Retention rates reported for the AlphaCorTM have been relatively
high. In a phase I trial, 93% of the 14 devices were retained for up
to 2.5 years (105). Some years thereafter, Hicks et al. undertook
a retrospective study of 322 AlphaCorTM KPros and found at 6
months, 1, and 2 years, 92, 80, and 62% of devices were retained,
respectively (97). Of 322 AlphaCorTM KPros implanted, 65.8%
were in situ, 26.7% had undergone a PK, 6.2% had been replaced
with a second AlphaCorTM, and 1.2% of patients had lost the
eye. Stromal melts occurred in 27% of the cases, from which
65% had resulted in device expulsion (97). Similarly, Jiraskova
et al. recorded survival rates of 87, 58, and 42% after 1, 2, and
3 years, respectively (98). Conversely, they found stromal melts
occurred in 60% of patients and device removal was necessary in
more than half of these patients (98). Topical administration of
medroxyprogesterone appeared to protect against melts. On the
other hand, protection such as bandage contact lenses could have
contributed to this decrease in corneal melts (103).

The high water content and therefore large pores of the
AlphaCorTM can lead to inadequate suturing performance and
overall poor mechanical strength which causes stromal melts
and therefore extrusion. A T-style KPro based on a PHEMA
hydrogel was introduced by Xiang et al. to address this problem.
They found that adding hyaluronic acid and cationised gelatin

to the skirt promoted cell adhesion and bound the device and
native tissue firmly (106). They also added poly(ethylene glycol)
(PEG) to the bottom of the optical column and this caused
resistance to RPM formation by decreasing cellular attachment
and proliferation (106).

Often patients will have pre-existing conditions such as
macular disease or glaucomatous cupping which will limit VA
improvement. This was the case for many patients in the study
carried out by Hicks et al. The average VA was 20/200 and the
lowest was light perception. Surprisingly, one patient did achieve
a VA of 20/20 (97). Jiraskova et al. found BCVAs ranging from
hand movements to 20/25 (98). Although there are promising
visual acuity results, regain of sight was often impeded by the
occurrence of deposits on the optic and surface spoliation of the
device. Hicks et al. found that 11% of all patients implanted with
an AlphaCorTM had intraoptic calcium or pigment deposition,
four cases having white deposition and the other four brown
(107). The white deposits had been associated with topical steroid
and beta-blocker administration and the brown deposits were
correlated with cigarette smoking and topical administration
of the beta-blocker levobunolol (107). Interestingly, one study
excluded stage 2 of the surgical process, in which corneal tissue
is removed from the anterior flap, to find if this could decrease
the rate of stromal melts, deposits, and aqueous leakage. All six
patients had no stromal melting, infection, aqueous leakage, or
extrusion (108).

The AlphaCorTM was developed to address the problems
observed in older generations of KPros; namely glaucoma,
endophthalmitis, RPM formation, and extrusion. The
AlphaCorTM is associated with reduced complications, but
corneal stromal melts and optic deposition have been a major
setback. Current efforts to improve the clinical outcome
include enhancing the stiffness of the skirt material to allow for
better suturing of the device into the host eye. Furthermore,
the incorporation of gelatin to improve cell attachment and
proliferation are also under consideration to enhance device
skirt biointegration. In addition, efforts are being made to
improve the optics of the AlphaCorTM, such as the addition
of a UV philtre co-monomer to avoid any UV-associated
damage to the retina, as well as the use of an anti-calcification
comonomer to reduce the risk of optic depositions that impair
visual improvements. It is hoped that these modifications will
target the majority of complications previously identified with
AlphaCorTM, and that future patients will benefit from these
improved clinical outcomes.

Synthetic Cornea Alternatives
An interesting alternative to the AlphaCorTM is the CorNeat
KPro, a completely synthetic, sterile cornea made using inert
materials. Whereas, the AlphaCorTM attempts to somewhat
biointegrate with native tissue (stroma), the tissue itself is
avascular and is slow to heal. The CorNeat KPro takes
advantage of the highly vascularised, fibroblast rich, regenerative
environment of the conjunctiva and biointegrates with the tissue.

In contrast to the lengthy MOOKP surgical technique,
CorNeat implantation requires just 45min of surgery using a
surgical kit with a marker and snapper. The PMMA lens is
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designed to effortlessly snap on into a trephined cornea. If
successful, the device should withstand IOP and uphold the eye’s
integrity. The degradable skirt is implanted subconjunctivally.

The CorNeat KPro is indicated for those who have had
keratoplasty failure or an indication that would result in
keratoplasty failure (109). The CorNeat has just entered its
first-in-human clinical trial in Israel as of January 2021
(ClinicalTrials.gov Identifier: NCT04485858). Several other
clinical trials are planned and have a predicted release date of
2023. Moreover, a synthetic endothelial layer has been produced
by an Israeli company, EyeYon Medical, known as EndoArt
(110). It is a polymer film that acts as a barrier, preventing
excess fluid from entering the cornea from the anterior chamber,
thereby avoiding corneal oedema and vision loss. The EndoArt
is implanted by a minimally-invasive procedure and can reduce
pre-existing edoema, as evident in pre-clinical studies and in an
early clinical trial (ClinicalTrials.gov Identifier: NCT03069521).

FUTURE TRENDS FOR CORNEAL
IMPLANTS

In contrast to KPros, a growing area of research and development
relates to corneal substitutes aimed at reducing reliance on
human donor tissue, in particular for the low-risk cases
comprising the majority of corneal transplantations performed
worldwide. Various biomaterials have been employed to form
full- or partial-thickness corneal substitutes to replicate the
structure and function of the cornea. Both natural and synthetic
polymers have been used as scaffolds and substitutes for
corneal stroma (111). Natural polymers have the advantage of
biocompatibility, but synthetic polymers allow for manipulation
of chemical and mechanical properties to meet individual
needs (112).

Biopolymers of extracellular matrix (ECM) components are
being investigated to mimic the corneal microenvironment. In
theory, ECM components should be ideal for promoting and
supporting regeneration as it is the ECM that supports the growth
and embryonic development of an organ. The ideal biomaterial
should be biocompatible, transparent, strong (to allow suturing
and IOP), non-immunogenic, refractive, permeable to nutrients
and oxygen, and resistant to neo-angiogenesis (113).

Collagen and Derivatives
The corneal stroma, which makes up the bulk of the cornea,
consists mainly of collagen. Collagen type-I is abundant in several
areas of the body, and it is commercially available (112). In the
cornea, collagen type-I, III and V form a complex lattice-like
structure that provides considerable strength, but this is difficult
to replicate in a laboratory setting using purified collagen from
different species and tissues. Several treatments have been applied
to collagen hydrogels to increase their tensile strength (113).
Collagen hydrogels have been plastically compressed to increase
density (114), cross-linked chemically (glutaraldehyde, genipin),
physically (UV or dehydrothermal treatment) or enzymatically
(transglutaminase) (112), and added to other materials capable
of forming an IPN or double network (115).

One promising solution for patients with a high-risk of
graft failure is a bioengineered corneal implant made from
recombinant human collagen type III (RHCIII). In a phase
I clinical study, Fagerholm et al. prepared a biosynthetic
cornea composed of type III recombinand human collagen
crosslinked with the non-toxic zero-length crosslinkers 1-
ethyl-3-(3-dimethylamino-propyl)-carbodiimide hydrochloride
and N-hydroxysuccinimide (EDC-NHS). It was found that the
biomimetic cornea had good biointegration, regenerated the
corneal epithelium, partially replaced the corneal stroma and
facilitated nerve regeneration, that restored the corneal reflex
better than corneal allografts in low-risk patients (116). A 4-year
follow-up showed all 10 implants maintained their transparency
and no tissue rejection was reported (117). However, these
RHCIII implants were only suitable for low-risk patients as
they led to neovascularisation in rabbit models with severe
pathology (118).

To identify whether the risk of implant-related
neovascularisation in high-risk patients could be reduced,
modified RHCIII implants were developed to include the
synthetic phospholipid methacryloyloxyethyl phosphorylcholine
(MPC). These RHCIII-MPC implants had previously been
shown to prevent vascularisation in a high-risk alkali burn
corneal injury model (118). This device was implanted into
three patients with ulceration, decreased corneal integrity, near
blindness and associated pain and discomfort (119). Although
the implants improved vision in only two of the three patients, in
all three cases, the implants remained free of neovascularisation
at 1-year follow-up. Functional restoration of corneal integrity
was observed, with stable regeneration of both the corneal
epithelium and nerves, providing all three patients relief from
pain and discomfort (119).

In 2018, Islam et al. grafted cell-free corneal implants
consisting of recombinant human collagen and MPC by anterior
lamellar keratoplasty (120). The patients were unilaterally blind
and at high-risk of graft failure. Three out of six patients gained
significant improvement in vision and the corneal stability of the
remaining patients was sufficient to allow surgery to improve
vision. Grafting outcomes in mini-pig corneas were superior
to those in human subjects, indicating that animal models
are only predictive for patients with non-severely pathological
corneas (120). Another method to combat neovascularisation is
to integrate a sustained release nanosystem of bevacizumab (an
anti-VEGF drug) into the cell-free biosynthetic scaffolds (121),
while ulceration and a neurotrophic deficit could be addressed by
sustained release of nerve growth factor, demonstrated recently
in a collagen-based scaffold releasing the drug in a controlled
manner during a 60-day period (122).

Limbal epithelial stem cells (LESCs) have been successfully
cultivated on recombinant human collagen type-I (RHCI)
hydrogels (123). LESCs at the junction of the sclera and cornea
are responsible for the regeneration of corneal epithelial cells and
also prevent invasion by conjunctival epithelial cells (124). Severe
limbal stem cell deficiency requires keratolimbal and limbal stem
cell allografts but these have poor survival rates and usually
require immunosuppression post-surgery (125, 126). One study
found that the LESC cultivated hydrogels were biocompatible,
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had promising optical characteristics, comparative microbial
resistance and successful composite graft generation (123).
Additionally, human corneal stromal-derived mesenchymal
stromal cells (MSCs) have been shown to culture successfully on
a porcine collagen-based hydrogel scaffolds (127).

In 2020, McTiernan et al. introduced the LiQD cornea.
The LiQD cornea is made up of short collagen-like peptides
conjugated with PEG which are functionally similar to RHCIII
implants (128). Fibrinogen was also added to act as a natural
adhesive. The LiQD Cornea is liquid at temperatures above 37◦C
and solidifies to a gel at lower temperatures. It therefore can be
used as either a sealant or an alternative to corneal transplants. A
12-month study carried out on pigs found the cornea capable of
regeneration and a reduced risk of allergy or immune reaction
was observed in traditional corneal transplants or xenogeneic
materials, however, all implanted pigs had corneal haze and
neovascularisation post-operatively (128).

Alternatively, gelatin, a denatured form of collagen, can be
used to construct membranes for corneal cells. It is more pre-
disposed to biodegradation and absorption than collagen itself.
Gelatin can be cross-linked dehydrothermally or chemically
using EDC or glutaraldehyde (GA). Mimura et al. cross-linked
a gelatin hydrogel with GA and found the hydrogel was capable
of supporting the growth and maintenance of cultured rabbit
fibroblasts for 4 weeks (129).

Several other materials beyond collagen or gelatin, such as
silk and chitosan are now being investigated to form corneal
substitutes with some success (130). This ever-growing area
of research has the potential of forming full-thickness corneal
biomimetic substitutes in the future.

Decellularised Corneas
Decellularised corneas are one of the most promising forms of
replicating the complex structure and function of actual corneas
(111, 131). Decellularisation is a process by which cells from
mammalian organs or tissues are removed to form a cell-free
scaffold with intact ECM integrity. Although hydrogels derived
from ECM components such as collagen mimic the cornea’s
ECM, they may lack its fibril organisation (127) and thereby the
tensile strength that the lamellar collagen structure imparts to
the stroma.

Decellularised corneas mimic both the fibril architecture
and corneal composition and therefore, are a very attractive
option. It is the organised and complex architectural structure
of the stromal collagen fibrils in the cornea that allow for the
appropriate biomechanical properties of the cornea. Collagen
fibrils in the anterior part of the cornea are more isotropic and
thus allow the IOP to be better withstood and to sustain corneal
curvature. Here, spring-like structures extend into deeper fibrils
(132). Peripherally the fibrils are circumferentially orientated,
more compact and the fibril diameter increases with the merging
sclera collagen to reinforce the limbus stabilising the corneal
curvature and sustaining its refractive properties (133). The
larger and wider fibrils of the posterior cornea and their
orthogonal arrangement, as well as the ones of the central cornea,
strengthens against strain from extraocular muscles. Narrower
bundles in the posterior stroma are directed to the four major

rectus muscles. This complex collagen structure is maintained by
proteoglycans and glycosaminoglycans. Decellularised corneas
are a promising source for engineering corneal tissue as they
retain this complex structure of corneal collagen (132).

The process of decellularisation starts with the isolation of
the donor tissue followed by the removal of the cells. New
healthy cells can then be added to increase biointegration
and finally, the cornea is implanted into the patient (131).
Decellularisation can be achieved using physical (freeze-thaw
cycle, high hydrostatic pressure, electrophoresis, supercritical
CO2), chemical (Triton X-100, sodium dodecyl sulphate, formic
acid, ethanol) and/or biological agents (trypsin, phospholipase
A2, Dispase R© II). Decellularisation aims to eliminate from the
cornea all major histocompatibility complexes to prevent an
immune response and therefore rejection once transplanted
into the recipient (131). It has been shown that ineffective
decellularisation causes macrophages to change into their pro-
inflammatoryM1 phenotype in vivo and in vitro (134). Moreover,
decellularisation may expose new antigenic sites due to the
deformation of the collagen fibrils, which may lead to graft
rejection (135). In addition, the process of decellularisation often
significantly reduces proteoglycan content. This reduction in
proteoglycan content reduces the water holding capacity of these
constructs and compromises bioactivity.

Porcine corneas are commonly used for decellularisation
studies as they are easily procured and have anatomical
similarities with the human cornea. In the case of porcine
cells, decellularisation is necessary to eliminate the epitopes
Galactose-alpha-1,3-galactose (α-Gal) and N-glycolylneuraminic
acid (Neu5Gc) which are extremely immunogenic to human
hosts (136). Suboptimal decellularisation procedures leading to
immunogenic reactions are likely the source of inflammation,
neovascularization and rejection observed in the first clinical
reports of acellular porcine corneas implantation (137).

To address potential issues of xenogeneic transplantation,
a potential alternative is to first generate “humanised” pigs.
To develop “humanised pigs” one must remove multiple
xenoreactive cell surface molecules and porcine endogenous
retroviruses (PERV). The revolutionary CRISPR-Cas9 gene-
editing technique has been introduced to obtain pigs with
GGTA1, CMAH and β4GalNT2 gene knockouts involved in
immunogenic surface glycans (138). PERVS were also inactivated
using the same technique (139), possibly making the corneas of
transgenic pigs a non-immunogenic alternative. However, the
process is very costly compared to using decellularised corneas
from “normal” pigs.

Following decellularisation, these matrices may be populated
with human cells to generate a viable corneal transplant. There
are three parameters used to establish that decellularisation
has taken place: staining to verify the absence of intact cell
nuclei, quantification of double-stranded DNA (dsDNA), and
determination of the maximum length of DNA remnants using
agarose gel electrophoresis. The difficulty in choosing the optimal
decellularisation technique lies in the fact that researchers
have obtained different results using similar techniques. Also
increasing decellularisation efficiency is associated with increased
damage to the ECM (131).
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Recellularisation of the cornea can be achieved using cells
from many different origins, all of which are associated with
certain advantages and disadvantages. As the cornea is avascular,
allogenic cells can be used with a decreased risk of rejection,
provided the implanted tissue remains sequestered from the host
immune system. Recellularisation of the three different cell types-
epithelium, stroma and endothelium- has been carried out using
different approaches.

Recellularisation of the stroma is possible using autologous
stromal cells by obtaining a biopsy from the uncompromised
eye. If both eyes are compromised, adipose-derived MSCs can
be activated to produce keratocytes (140). Induced pluripotent
stem cells (iPSCs) cultured on cadaveric human corneas have
produced cells with a similar phenotype to keratocytes (140).

Different means of achieving cell penetration into the
thick densely packed fibril structure of the cornea have been
investigated. Human keratocytes seeded directly onto the
surface of the scaffold have resulted in distributions resembling
human counterparts. In a phase I clinical trial, Ali del Barrio
et al. successfully recellularised 120µm thick laminas from
donor corneas by seeding autologous adipose-derived MSCs
which were implanted in four patients (141). Each patient
had an improvement in VA and CDVA. However, there was
no significant difference between the recellularised and non-
recellularised groups, questioning the need to add adipose-
derived MSCs, which are obtained from an extra liposuction
surgery (141).

Injections of cells into the stroma can damage the stromal
fibril structure (131). Freeze-drying creates pores which allow
for greater cell penetration (142). Bioreactors have been used
where the construct is kept in suspension using a magnetic
stirrer and cells, prevented from attaching to other surfaces and
promoting the colonisation of the structure. Ma et al. seeded thin
sheets of decellularised porcine cornea with keratocytes during
transplantation. Cells were added to each sheet, creating a 5-layer
recellularised cornea which was then transplanted into rabbits
by lamellar keratoplasty (143). Surgery using these recellularised
sheets was more successful and had greater transparency than
surgeries involving acellular tissue in the model (143).

Epithelial recellularisation was carried out using limbal stem
cells isolated from a biopsy of the unaffected eye (144). When
both eyes are compromised, oral mucosal allogeneic cells can
be used (145). iPSCs could also be used as a non-autogenic
cell source due to their ability to differentiate into limbal
epithelial stem cell-like cells (146). Xu et al. reported the
production of an anterior hemi-cornea using acellular porcine
corneal stromata injected with human corneal stromal and
epithelial cells (147). These constructs were transfected into dog
eyes by lamellar keratoplasty and found to maintain corneal
transparency, thickness, and composition (147).

Native corneal endothelial cells are arrested in the G1 phase,
and therefore will not proliferate. However, in vitro endothelial
cells can proliferate but procedures must be established to
restrict the cells from transitioning into MSCs (131). The
use of these cells relies on donor corneas. iPSCs can form
human corneal endothelial-like cells which can potentially be
used for implantation (148). Choi et al. reported the dissection

and sectioning of donor corneal stroma to 120–200mm thick
(149). Following decellularisation, these stromal sections were
seeded with human donor-derived corneal endothelial cells
which resulted in a neo-cornea with biomechanical properties
comparable to a normal cornea after 14 days in culture (149).

Some reports have questioned the merits of recellularisation
as no significant difference had been observed between the
acellular and recellularised corneas (141). However, this is a
developing field that requires more in vivo studies and clinical
trials to assess the possible advantages of recellularisation.
Nevertheless, decellularised corneas could provide a potential
cornea alternative that mimics both its composition as well as its
fibril architecture.

3D Bioprinting
3D printing has become an attractive method to manufacture a
corneal equivalent. With the emergence of various biomaterials
in corneal bioengineering, bio-inks and inks can be made to
mimic the corneal microenvironment. Currently, much of the
emphasis is on rebuilding a stromal equivalent using several
methods which include inkjet printing, extrusion printing, and
Laser-assisted printing (8). Duarte Campos et al. (150) bioprinted
corneal stromal keratocytes (CSK) in collagen-based bioinks to
form stromal equivalents. Theoretically, 3D bioprinting could
produce a multi-layered cornea embedded with epithelial cells,
keratocytes and endothelial cells.

Isaacson et al. (151) demonstrated the feasibility of
engineering an artificial corneal structure using 3D bioprinting.
Using an existing 3D digital human corneal model and a
composite bio-ink comprising of collagen and alginate, which
contained encapsulated corneal keratocytes, 3D constructs
anatomically analogous to a human model were produced
(151). Keratocytes remained viable for 7 days post-printing.
However, the metabolic activity and the protein expression of
the keratocyte cells was low which might be linked to the high
crosslinking density of the 3D bioprinted scaffold and the lack of
a curved geometry (151).

Ulag et al. have 3D printed a cornea suitable for
transplantation using an aluminium mould, necessary to
achieve the correct shape and a PVA-chitosan construct (152).
Scanning electron microscopy and UV spectrometry showed
favourable optical properties. Tensile strength could support
fluctuations in IOP and the structure remained biocompatible
with stem cells after 30 days of degradation (152).

Moreover, decellularised corneal ECM-based bio-inks can
be used to mimic the corneal stroma structure. Kim et al.
investigated the effects of changing the nozzle diameter and
hence the shear stress when extrusion bioprinting was used
to bio-print human keratocytes into a bio-ink made from
decellularised corneal ECM (153). Widening the nozzle to lower
shear stress resulted in non-aligned collagen fibrils. While giving
highly structured fibrils, the narrower nozzle and higher shear
stress damaged the keratocytes, thereby activating fibroblasts.
Finally, the optimal nozzle diameter produced a structure similar
to the native human corneal stroma with viable keratocytes (153).

Sorkio et al. produced a scaffold containing a stromal layer
and an epithelial layer using laser-assisted bioprinting (154). The
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epithelial layer was created using a bio-ink containing human
recombinant laminin, hyaluronic acid, and human embryonic
stem cells-derived LESCs. The stromal layer was printed with a
bio-ink comprised of collagen type 1, blood plasma, thrombin
and human adipose tissue-derived stem cells. The structure
mimicked the human corneal stroma and supported high cellular
viability, but the scaffold lost its shape after a few days. In
addition, the supporting membrane added to support the stromal
layer led to opacity, rendering the structure non-functional (154).

Finally, Kim et al. bioprinted a scaffold using a gelatin ink in
which human corneal endothelial cells were embedded. These
cells had been genetically modified to express ribonuclease 5
(R5) which increases endothelial cell proliferation (155). The
scaffolds showed transparency and cell viability, and 4 weeks after
transplantation of the 3D structures to rabbit corneas, this group
showed better transparency than the non-printed group (155).
Even though the majority of research focuses on manufacturing a
stromal equivalent, 3D bioprinting does have to potential to form
a full-thickness, multi-layered cornea model in the future.

CONCLUSIONS

Artificial corneas range from KPros with biological interfaces
for treating intractable cases where donor corneas fail, to cell-
free medical devices intended to be a primary replacement
for donor corneas. The focus of this review was the evolution
of KPros and recent developments in corneal substitutes. The
Boston KPro and OOKP have stood the test of time by
adapting to arising complications. In terms of the Boston
KPro, many changes in its design have been implemented to
address certain problems: (i) holes were added to the backplate
for nutritional support which significantly reduced keratolysis,
(ii) titanium sputtering has been introduced to increase
PMMA and corneal tissue adhesion, (iii) pressure sensors
were investigated to prevent de-novo glaucoma, (iv) titanium
backplates and a threadless design have shown potential in
decreasing RPM formation, and (v) electrochemical anodisation
can colour the titanium backplates blue or brown to increase its
aesthetic appeal.

In comparison to the Boston KPro, the OOKP has had limited
modifications since its creation in 1963, but there have still been
several advancements in the surgical procedure involved. Since
alterations to the surgical procedure, introduced by Falcinelli,
the OOKP has provided the best visual outcomes of any KPro.
Some studies have attempted to address the frequent laminar
resorption observed with the OOKP, by using an autoclavable
µ-milling device, bone morphogenetic proteins, bisphosphonate
drugs and/or remedies to maintain mucosal health. The OOKP
serves patients with different indications to the Boston KPro. In
general, the Boston KPro is for patients with wet, blinking eyes
while the OOKP is for patients with dry, non-blinking eyes.

To address the problems of the previous generations of KPros
(namely de-novo glaucoma, endophthalmitis, RPM formation
and extrusion), the AlphaCorTM was developed. This PHEMA-
hydrogel-based KPro significantly reduced these complications;
however, other complications arose, such as the occurrence

of corneal stromal melts and optic deposits, which have
greatly curtailed its use. Some hope comes in the form
of synthetic corneas such as the CorNeat which have the
potential to completely integrate into the native tissue by
joining the conjunctiva, improving both the aesthetic appeal and
incidence rate of complications associated with artificial corneas.
Nevertheless, the CorNeat has only begun clinical trials.

Although these approaches have focused mainly on artificial
corneas made of synthetic materials, much of the interest now
lies in using naturally occurring matrix macromolecules such
as collagen to form scaffolds for tissue reconstruction and/or
delivery of cell-based therapies. These technologies have the
advantage of potentially addressing the much larger group of
low- to medium-risk indications for corneal transplantation,
in contrast to KPros. Decellularised corneas have a potential
although a multi-layered corneal alternative and recellularisation
using the three corneal cell types has yet to be accomplished. In
contrast to biomaterials-based scaffolds, decellularised corneas
mimic the complex corneal fibril architecture. However,
the immune response to these decellularised constructs is
not yet fully understood and initial clinical outcomes have
been suboptimal.

First conceived in 1789, artificial corneas have come a long
way- from a rudimentary quartz crystal implanted in rabbit
eyes to a fully functional, full-thickness KPro implanted in
thousands of eyes. Albeit only specified for those who have,
or will fail, corneal transplantation, artificial corneas have
restored sight to many blind patients. Furthermore, constant
improvements in the design have greatly impacted the rate
of complications such as RPM formation, glaucoma and
endophthalmitis. Soft KPros have demonstrated enormous
clinical potential; however, the use of certain biomaterials
as components in polymer-based synthetic corneas or 3D
printed structures, and the development of decellularised
corneas have still presented with serious complications.
Concentrated efforts towards improving the biointegration
and reducing complications of biofunctionalised soft Kpros
may hopefully lead to a successful artificial cornea in the
near future.

AUTHOR’S NOTE

KPros in general, and particularly the Boston KPro, have
shown very good results for vision rehabilitation in eyes
where penetrating keratoplasties have failed and where the
eye is not severely inflamed. If high levels of inflammation
such as in immune disorders (like MMP or SJS) or severe
chemical burns are present, however, the KPros are likely to
extrude. Drawbacks also include complications such as RPM
formation and glaucoma, and KPros often require multiple
surgical interventions. A human corneal button is also needed
for the implantation, so the KPro does not address the
donor cornea shortage, while the expense of the KPro and
associated procedures render it unaffordable in many countries.
Nonetheless, it should be kept in mind that despite numerous
difficulties and limitations, KPros have restored sight and quality
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of life to thousands of patients worldwide and continue to do
so today.

As KPro outcomes are typically poorer in in inflamed eyes,
there is a clear need to develop devices and/or protocols to better
control the inflammation (e.g., biologics), to prevent extrusion,
and improve the retention rate. Here, technologies for sustained
release of drugs, either integrated within the KPro itself or
implanted within the eye at the time of surgery, could improve
outcomes and reduce post-operative complications. Likewise,
wireless, or remote monitoring of IOP could aid in the post-
operative management of glaucoma.

Although the “classic” KPros will still play an important role
in the immediate future for the treatment of serious ocular
disorders in high-risk eyes, less technically challenging KPros
such as the AlphaCorTM KPro might have an advantage if
biointegration can be improved and extrusion can be prevented.
We feel, however, that advances in materials, coatings, drug
delivery, and 3D (bio)printing could enable a newer generation
of KPros to be developed which overcome current limitations.
Regarding lower risk eyes where donor corneas could be
used if available, several promising approaches exist, although
these are still in the development phase. Decellularisation and
recellularisation of corneal tissue, from human or non-human
sources must still overcome the potential for immunogenicity,
and here immunomodulatory cells such as MSCs could play
a role. Nonetheless, using intact corneal tissue does not
allow for complete control over corneal properties. For this,
technologies such as bioprinting and other forms of laboratory-
made corneas offer the ability to design a cornea from the
“ground up” by choosing the ECM, cell types, and other factors
as well as maintaining control over their spatial organisation.
This flexibility may prove advantageous, particularly for niche
indications. This field, however, is still nascent and very much
in an exploratory research phase.

In the more distant future, induced pluripotent stem
cell (iPSC) technology might it make possible to generate

human eye organoids in vitro, for subsequent transplantation
into diseased eyes. However, it remains to be seen how
these in vitro generated corneal transplants will fare in very
diseased human eyes, although, where feasible, an autologous
source for iPSCs would render the organoids perfectly
immune-compatible. In cases where genetic deficiencies
exist, allogeneic iPSC-derived tissues could be tolerated
by applying Crispr/Cas gene technology to yield MHC-
deficient corneal organoids as a universal source for low-risk
corneal transplants.
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Femtosecond Laser
Emilio Pedrotti 1, Erika Bonacci 1, Adriano Fasolo 1,2*, Arianna De Rossi 1,

Davide Camposampiero 2, Gary L. A. Jones 2, Paolo Bernardi 3, Flavia Merigo 3,

Diego Ponzin 2, Giorgio Marchini 1 and Andrea Sbarbati 3

1Ophthalmology Unit, Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona,

Italy, 2 Research Unit, The Veneto Eye Bank Foundation, Venice, Italy, 3 Anatomy and Histology Section, Department of

Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy

Purpose: To evaluate the efficiency of femtosecond laser (FSL) incision of rehydrated

human donor corneas after air-drying and its effects on corneal structure.

Methods: We compared the rehydrated and fresh-preserved corneas by microscopy

following Victus-Tecnolas FSL treatment for straight-edge anterior lamellar keratoplasty

(ALK). The corneas were dehydrated at room temperature under a laminar-flow hood.

Results: To obtain the horizontal cut in rehydrated corneas, we increased the FSL pulse

energy to 1.2 µJ from 0.80 µJ applied for the fresh corneas and obtained a clear-cut

separation of the lamellar lenticule cap from the corneal bed. Light microscopy showed

regular arrangement of stromal collagen lamellae, with spaces in between the fibers in

the corneal stroma in the fresh and the rehydrated corneas, but the uppermost epithelial

layers in the rehydrated corneas were lost. Transmission electron microscopy (TEM)

revealed no signs of thermal or mechanical damage to the corneal structure. The epithelial

basal membrane and Bowman’s layer maintained their integrity. The epithelial basal layer

and cells were separated by large spaces due to junction alteration in the rehydrated

corneas. There were gaps between the lamellar layers in the stroma, especially in

the rehydrated corneas. Keratocytes displayed normal structure in the fresh corneas

but were devoid of microorganules in the rehydrated corneas. Minor irregularities were

observed in the vertical incision and the horizontal stroma appeared smooth on scanning

electron microscopy.

Conclusion: The corneal stroma of rehydrated corneas maintained morphology and

integrity, while corneal cellular components were generally altered. When corneas are

intended for FSL-assisted ALK, effective stromal bed incision is best achieved at a laser

power higher than that currently adopted for fresh corneas.

Keywords: dehydrated cornea, electron microscopy, femtosecond laser, light microscopy, rehydrated cornea
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INTRODUCTION

Hypothermia and organ culture are the two most important
storage methods employed by the American and European eye
banks for the preservation of human donor corneas for up to 2
and 4 weeks, respectively (1, 2).

Longer storage periods may become necessary when there
is an unexpected rise in supply or a fall in demand of corneal
tissue, as has occurred during the COVID-19 pandemic (3, 4),
during annual recess periods, or in low-income countries where
appropriate healthcare structures and eye-banking frameworks
are sometimes lacking.

The conventional preservation times of whole
corneas and stromal lenticules can be lengthened by
cryopreservation/vitrification (5), dehydration without freezing
(6), glycerolization (7–9), lyophilization (or freeze-drying)
(10–12), and sterilization by gamma irradiation (13).

Such methods, however, can disrupt tissue and cell structures
(14, 15). Non-viable whole corneas or anterior stromal lenticules
can be employed to treat corneal stroma diseases not involving
the endothelial layer or for reconstructive indications, thus
allowing subsequent visual grafting. Whereas the application of
corneas after cryopreservation can result in poor graft quality
(5), lyophilized or silica gel-dehydrated corneal lenticules have
been successfully employed in treating epikeratophakia, corneal
scars, and keratoconus without negative clinical outcome after
keratoplasty (6, 12, 16).

With the introduction of the femtosecond laser (FSL) for
corneal trephination, lamellar techniques have become an easier
and more predictable choice to place lamellar cuts at the desired
plane (17). FSL-assisted anterior lamellar keratoplasty (ALK)
allows for a precise and controlled incision, which is key to the
successful pneumatic dissection and graft-host interface, with
superior visual recovery and/or reduced complications (18).

In this study, we tested the feasibility of air-drying and FSL-
assisted dissection of rehydrated corneas to obtain an anterior
lamellar graft, and analyzed the quality of the stromal surface at
the horizontal and the side cuts by light and electron microscopy.

MATERIALS AND METHODS

Donor Corneas
Human donor corneas were obtained from Fondazione Banca
degli Occhi del Veneto (The Veneto Eye Bank Foundation, FBOV,
Venice, IT). Written consent was obtained from the next kin of
donor for the tissues evaluated as being unsuitable for therapeutic
application, to be used for research purposes (Protocol no.
CRT/19 rev. 02, 24 May 2018). The study adhered to the tenets
of the Declaration of Helsinki.

The study materials were corneas with a clear and
uncompromised stroma and without apparent irregularities,
nonetheless unsuitable for transplantation because of donor
serology or poor endothelial cell density. Four corneas were
dehydrated after preservation in sterile Storage solution (MEM-
Earle with HEPES 25mM, antibiotics, dextran T500) at 31◦C.
Two corneas, used as controls (CTRL), were maintained in

hypothermic storage at 2–6◦C in a sterile Cold solution (MEM-
Earle with HEPES 25mM, antibiotics, dextran T500); conditions
that do not influence the proper physical characteristics of
the corneas, though the cornea swells to about two times its
normal thickness and the number of layers of epithelial cells are
reduced (19).

Dehydration and Rehydration Process
The corneas were dehydrated in the eye bank laboratory by
positioning them on a Teflon base, endothelial side up, and
then air-dried overnight (12–15 h) at room temperature under a
laminar-flow biohazard hood.

The dehydrated corneas were transferred to a 25-mm sterile
plastic Petri dish (Falcon 3001, Becton Dickinson,Waltham,MA,
USA) and placed inside a 60-ml sterile single-use storage plastic
jar (Nalgene, Nalge Nunc International, Rochester, NY, USA).
The Petri dish containing the dehydrated cornea was positioned
over two other 25-mm Petri dishes; the bottom one was empty
and served simply to reduce the space in the jar, the middle one
contained 2–6mm silica gel beads (Chameleon, VWRChemicals,
Leuven, Belgium). The jar was closed with a screw top cap
and stored at 4–6◦C for up to 6 months (Figure 1), following
the European rules for corneal tissues in the presence of silica
gel (20).

On delivery to the surgical center, dehydrated corneas were
transferred into sterile Deswelling-Transport solution (same
composition as the Cold solution) to rehydrate and recover their
physiological thickness for a minimum of 24 h before use.

Sterility Testing
Sterility testing was achieved by sampling the Storage
solution before the dehydration process, 6 days after the
preservation in organ culture, and testing the Deswelling-
Transport solution 24 h after the transfer of the dehydrated
cornea prior to shipment to the surgical center. Microbial
growth was screened in the media by means of two
validated automated systems: Bactec 9240 (Becton-Dickinson,
Franklin Lakes, NJ, USA) and HB&L (Alifax, Padua,
Italy) (21).

Maintenance of sterile conditions during the dehydration
process was assessed by a gelatin membrane filter (Gelatine
Disposables, Sartorius, Gottingen, Germany) next to the Teflon
base to collect airborne microbes that were then cultivated on
blood agar plates for 7 days. In the event of positive results
for microbial contamination of any of the tests, the cornea
is discarded.

FSL Incision
We used a Victus FSL (Technolas, Perfect Vision, Munich,
Germany), which generates 290–550 fs pulses at 1,040 nm
wavelength at 80 kHz repetition rate, to obtain ALK incisions
with a straight-edge configuration. The rehydrated (RHD)
corneas were mounted on an artificial anterior chamber
(Network Medical Products, Coronet House, Ripon, UK)
connected to a bottle of balanced salt solution (Alcon
Laboratories Inc., Fort Worth, TX, USA) positioned at a
height of 50 cm to maintain a pressure of 20 mmHg
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FIGURE 1 | Appearance of the dehydrated and the rehydrated cornea and the preservation system. (A) Dehydration led to an opacification of the stroma and a

yellowing of the cornea, with the scleral ring nearly indistinguishable from the stroma. (B) The rehydrated cornea has a distinctive appearance and thickness in the

Deswelling-Transport solution. (C) Components of the system for maintaining the dehydrated cornea during storage and configuration of the final storage container.

TABLE 1 | FSL straight-edge configuration parameters for anterior lamellar keratoplasty.

Common parameters

Anterior diameter 8.2mm Anterior diameter value

Depth ratio 79% Ratio of cutting depth to pachimetry

Posterior diameter 7.5mm Posterior diameter value

Vertical incision parameters—rim incision

Line spacing 2.0µm Distance between spots of adjacent lines

Spot spacing 4.0µm Distance between adjacent spots on a line

Side cut angle 70◦ Angle between the corneal surface tangent and the rim cut

Top bonus 100µm Extension of the rim cut at the anterior side of the cornea to

ensure exit of laser cut out of the eye

Bottom bonus −10µm Extension of the rim cut inside the cornea to ensure that rim

and bed cut overlap

Pulse energy 1.80 µJ Energy level of each single pulse

Horizontal incision parameters—bed incision

Line spacing 6.0µm Distance between spots of adjacent lines

Spot spacing 6.0µm Distance between adjacent spots on a line

Pulse energy adjusted 0.8–1.8 µJ Energy level of each single pulse

similar to that of the natural eye and sufficient to support
the tissue.

Two lamellar incisions were made, a vertical rim incision

and a horizontal bed incision, to assess the suturing of graft-to-
receiver corneal edges and the quality of the graft-host interface,

respectively. The FSL pulse energy was set at the level currently
implemented to shape donor and receiver corneas for FSL-
assisted ALK (Table 1) (22).

At the end of the procedure, the samples obtained under

the cutting plane (posterior portion of the stroma, Descemet’s
membrane, and endothelium) served as bed samples, while

those obtained from above the incision plane (epithelium,
Bowman’s layer, and anterior portion of the stroma) served as
cap samples. All samples were examined using light microscopy,
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM).
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FIGURE 2 | Surgical microscopy and integrated optical coherence tomography images of the rehydrated cornea following femtosecond laser (FSL) lamellar incision.

(A) Frontal view of the failed incisions at 0.8 µJ. (B) Cut of the internal horizontal layer is largely absent (arrows). (C) Frontal view of the successful incisions. (D)

Anterior, middle, and posterior views of the lamellar cut following straight-edge configuration.

Light Microscopy and TEM
The cornea samples were fixed by immersion in 2%
glutaraldehyde in 0.1M phosphate buffer, pH 7.4, for
2 h at 4◦C. After three 5-min washes with phosphate
buffer, they were post-fixed with 1% OsO4 diluted in
0.2M potassium hexa-cyanoferrate for 1 h and then, after
rinsing in 0.1M phosphate buffer, dehydrated in graded
concentrations of acetone, and embedded in a mixture of
Epon and Araldite (Electron Microscopic Sciences, Fort
Washington, PA, USA). Semi-thin sections of 1µm thick
were stained with toluidine blue and examined under an
Olympus BX51 fluorescence microscope (Olympus, Tokyo,
Japan) equipped with a digital camera (DKY-F58 CCD JVC,
Yokohama, Japan). Digital images were analyzed with Image-
Pro Plus 7.0 software (Media Cybernetics, Silver Spring,
MD, USA).

For ultrastructural examination, ultrathin 70-nm sections
were cut on an Ultracut E Ultramicrotome (Reichert-Jung,
Heidelberg, Germany), contrasted with lead citrate, and observed
on a Philips Morgagni 268 D transmission electron microscope
(FEI Company, Eindhoven, The Netherlands), equipped with a
MegaView 2 camera for the acquisition of digital images.

Scanning Electron Microscopy
The corneal samples were fixed in 2% glutaraldehyde in 0.1M
phosphate for 2 h at 4◦C, post-fixed with 1% OsO4 in the same
buffer for 1 h at 4◦C and dehydrated in graded concentrations
of ethanol. They were then processed by critical point-drying
(CPD 030, Balzers, Vaduz, Liechtenstein), mounted on stubs

with colloidal silver, sputtered with gold by a MED 010
coater (Balzers), and examined with an XL30 scanning electron
microscope (FEI Company).

RESULTS

Before FSL processing, the corneas displayed a normal
physiological thickness. We shaped one rehydrated cornea
by FSL at the pulse energy currently used to obtain a stroma
lamellar cut for anterior keratoplasty, 1.80 and 0.80 µJ for
rim and horizontal incision, respectively. The FSL procedure
proved ineffective and was tricky to separate the lamellar cap
from the posterior corneal bed because thin tissue bridges
were formed in the corneal stroma at the horizontal plane
cut (Figure 2A). To shape the subsequent RHD corneas, we

increased the FSL energy for the horizontal incision to 1.0,
1.20, and 1.80 µJ, aligning rim and bed incision power. In all

three cases, we obtained a clear-cut separation of the incised

lamellar lenticule cap from the donor cornea bed, with the
1.2 µJ cut as good as the 1.8 µJ (Figure 2B), while residual

stromal tissue bridges in the 1.0 µJ cut were recognized by

the surgeon.
We successfully cut the CTRL corneas at 1.80 and 0.80 µJ for

the rim and the bed incision, respectively (Figures 2C,D).
Light microscopy of the toluidine blue-stained sections

showed a well-preserved overall structure, well-defined incision
borders, and distinct corneal layers (Figures 3A–C,F–H).

The stromal collagen lamellae layers displayed a regular

arrangement, with gaps in between lamellae in the corneal
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FIGURE 3 | Serial light microscopy images of toluidine blue stained sections of the CTRL (A–E) and the RHD (F–J) cornea after lamellar incision. ep, denotes

epithelium; st, stroma; and en, endothelium. Scale bar: (A,F) 500µm; (B,G) 50µm; (C,H) 100µm; and (D–J) 50µm.

stroma in the CTRL and the RHD cornea. Compared
with the CTRL cornea, the uppermost superficial epithelial
layers of the RHD cornea were almost fully depleted
(Figures 3D,I, respectively). The endothelium showed its
typical organization, though detached from the Descemet’s
membrane in some areas in the CTRL and the RHD cornea
(Figures 3E,J, respectively).

Ultrastructural TEM revealed no signs of thermal or
mechanical damage to the corneal structure after FSL incision
in either the CTRL or the RHD cornea. The epithelial basal
membrane and Bowman’s layer maintained their integrity in
the CTRL (Figure 4A) and the RHD cornea; however, only the

columnar basal layer of the epithelium and cells separated by
large spaces due to junction alteration were retrieved in the RHD
cornea (Figure 4D). No changes were noted in the organization
of the lamellar layers in the stroma; an alternating light and dark
staining pattern highlighted regular disposition of the collagen
lamellae (Figures 4B,E). Gaps between the lamellar architecture
were detectable throughout the stroma, particularly in the RHD
cornea. Keratocytes were normal in structure and regularly
distinguishable between the stroma lamellae in the CTRL cornea
(Figure 4C), but sparse electron-dense with distinct organelles
and damaged devoid keratocytes were detected in the RHD
cornea (Figure 4F).
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FIGURE 4 | Transmission electron micrographs showing the epithelial surface not involved by laser incision and the deep corneal stroma of the CTRL (A–C) and the

RHD (D–F) cornea. ep denotes epithelium; st, stroma; and k, keratocyte. Scale bar: (A,D) 2µm; (B,E) 1µm; and (C,F) 500 nm.

Comparable results were obtained with SEM, which showed
that the corneal surface not involved by the incision was
covered with a proper multilayered intact epithelium in
the CTRL cornea (Figure 5A), whereas that of the RHD

cornea was devoid of the uppermost superficial epithelial
layers, and large spaces were noted among the residual
basal epithelial columnar cells (Figure 5E). A regular
cutting surface with slightly irregular organization of the
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FIGURE 5 | Scanning electron micrographs showing the epithelial surface not involved by laser incision (A,E) and the stromal surface after vertical and horizontal cuts

in the CTRL (B–D) and the rehydrated (F–H) cornea. No differences were found between 1.2 and 1.8 µJ pulse energy horizontal incisions. Scale bar: (A,E) 20µm;

(B,F) 200µm; (C,G) 50µm; and (D,H) 10µm.
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collagen lamellae was observed in the vertical incision in the
CTRL (Figures 5B,C) and the RHD cornea (Figures 5F,G).
The lamellar arrangement at the stroma appeared regular
and smooth in both the CTRL and the RHD cornea
(Figures 5D,H, respectively).

DISCUSSION

This study showed that air-dried corneas rehydrated in a solution
containing dextran kept their overall corneal architecture, such
as the Bowman’s layer, endothelial basal membranes, and the
organization of the stromal layer. Changes occurred in the
spaces in between the collagen lamellae, without major alteration
in corneal thickness, while some features at the cellular level
appeared lost or altered.

Compared with the fresh cornea, the RHD cornea maintained
epithelial basement membrane and the columnar basal epithelial
cells only; the endothelial cells layer showed depletion in
both fresh and RHD, a condition likely resulting from
the manipulation during mounting of the cornea onto the
artificial anterior chamber for FSL ablation; and the anatomical
structure and vitality of the stromal keratocytes were found to
have deteriorated.

The maintenance of integrity of the epithelial basement
membrane and Bowman’s layer is essential for effective epithelial
renewal after grafting, when the donor epithelium is replaced by
that of the receiver.

Degeneration of keratocytes with necrotic and apoptotic
changes due to the dehydration process is expected. It has been
observed with ultrastructural evaluation in dehydrated corneas
after lyophilization or cryopreservation, with or without the use
of a cryoprotective agent (10, 23). For this reason, it was not
necessary to include a control group to compare air-drying with
other procedures for dehydrating corneal tissue. However, the
absence of vital keratocytes in RHD corneas intended for ALK or
reconstructive keratoplasty is not an issue, as migration of host
keratocytes into the donor stroma with the promotion of gradual
replacement of keratocytes and maintenance of the synthesis of
new collagen is expected (24).

Finally, the vitality of endothelial cells is not an issue as only
the anterior part of the cornea is intended for transplantation.

We observed no negative effects following rehydration with
the Deswelling-Transport solution containing dextran, artifacts
after dehydration, metallization for TEM and SEM observations,
or negative FSL sequelae. What we did find significant for

application in FSL-assisted keratoplasty is that the laser pulse
energy needs to be increased compared with fresh corneas used
as control to obtain the horizontal stromal incision. Irregularities
in the fibril arrangement in the RHD cornea, albeit slight
compared with the CTRL cornea, and focal regions of irregularly
spaced collagen lamellae induced by dehydration-rehydration
may increase Rayleigh scattering resulting in reduced bean
quality and depth of penetration (25).

Since the light scattering mechanism is wavelength-
dependent, increasing the wavelength could improve incision
quality, as our findings show. Clinical systems, such as the
Victus 80KHz FSL use a wavelength of 1,040 nm, which assures
satisfactory incision penetration and prevents unwanted thermal
side effects. The pulse energy can be adjusted, however, and
we improved the horizontal cut by raising it from 0.8 to 1.0
µJ and 1.2 µJ. At the high pulse energies of 1.2 and 1.8 µJ,
we observed a remarkably smooth surface without major
abnormalities, such as melted-like photo-disrupted collagen
fibrils (26); the ultrastructural result ensures optical quality of the
graft performed using corneas after dehydration-rehydration,
and FSL parameters. A smooth surface generated by an effective
FSL-assisted incision provides for an excellent interface and
apposition of donor and recipient surfaces, with a clean
incision border for suturing a graft-to-host edge in precise
apposition. Such broad and close contact between donor and
host parenchyma could further benefit keratocyte repopulation
of the dehydrated tissue.

Our data show that dehydration by air-drying is associated
with minor changes in corneal structure and that following
rehydration corneas are a reliable source of tissues for FSL-
assisted optical or reconstructive ALK.

Compared with other techniques for dehydrating corneal
tissue, air-drying closely resembles the method currently applied
for processing amniotic membrane (27), it is simple, cheap, and
can be easily incorporated into routine eye bank protocols.
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Purpose: Corneal transplantations are the commonest allogenic transplant surgeries

performed worldwide. Transplantable grade donor cornea is a finite resource. There

is thus an impetus for eye banks to optimize the use of each harvested cornea, and

clinicians to minimize the risks of graft rejection and failure. With better survival and

lower rejection rates, anterior lamellar keratoplasty has gained popularity as an alternative

technique to full-thickness penetrating keratoplasty, for the treatment of corneal stromal

diseases. This study evaluated the effects of donor-recipient age- and sex-matching

on the outcomes of eyes that had undergone deep anterior lamellar keratoplasty

(DALK) surgeries.

Design: Observational cross-sectional study (national corneal graft registry data).

Subjects: All DALK surgeries performed in a tertiary ophthalmic hospital over an

11-year period.

Methods: To analyse the effects of donor-recipient sex-matching, transplantations were

classified as “presumed H-Y incompatible” (male donor to female recipient) or “presumed

H-Y compatible” (all other donor-recipient sex combinations). For age-matching,

differences in donor and recipient ages were calculated. Cox proportional hazards

regressions were used to evaluate the influence of donor-recipient sex-matching and

age-matching on graft failure and rejection.

Main Outcome Measures: Rates of graft failure and rejection within each group.

Results: 401 eyes were included. 271 (67.6%) transplants were presumed H-Y

compatible. 29 (7.2%) grafts failed and 9 (2.2%) grafts rejected. There were trends of

lower hazard ratios (HRs) in graft failure and rejection in the presumed H-Y compatible

group [HRs: 0.59 (95% CI 0.20–1.77, p = 0.34) and 0.93 (95% CI 0.22–3.89,

p = 0.926), respectively]. Median difference in age between recipients and donors

was 15.0 years (IQR −2.8–34.3). The HRs of graft failure and rejection were not

influenced by donor-recipient age [HRs per 1-year increase in age difference: 0.995

(95% CI 0.98–1.01, p = 0.483) and 1.01 (95% CI 0.99–1.03, p = 0.394), respectively].
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Conclusion: In eyes that had undergone DALK surgeries, no significant influence of

donor-recipient sex- or age-matching on graft rejection and failure was observed.Without

strong evidence and the limitations of obtaining sample sizes required for an adequately

powered study, the benefits of sex- and age-matching of donors and recipients during

graft allocation for DALK surgeries is currently inconclusive.

Keywords: corneal transplantation, keratoplasty, eye banking, anterior lamellar keratoplasty, HLA compatibility,

graft rejection, graft survival, graft failure

INTRODUCTION

Corneal transplantations are the most common allogenic
transplant surgeries performed worldwide (1, 2). A global report
indicated that in 2012, a total of 283 530 donor corneas were
harvested annually and stored in 742 eye banks worldwide (3).
Of these, 184,576 were used to perform corneal transplantation
surgeries in 116 countries (3). Similarly, the Eye Bank Association
of America reported that in 2018, of the 133,576 donor corneas
procured by 57 eye banks in the United States, 85,441 were
used to perform transplantation surgeries (2). As the cornea
is thought to be immunologically privileged, (4) compared
to other forms of solid organ transplantations, corneal tissue
allografts are associated with comparatively lower risks of
immunological rejection and less requirements for prolonged
systemic immunosuppression (5–11).

Penetrating keratoplasty (PKP) is a full-thickness corneal
transplantation technique where all layers of the corneas are
replaced. Since its introduction in 1905, for more than a
century, PKP has been the predominant procedure for the
treatment of visual loss from corneal diseases. Over the past
two decades however, there has been a paradigm shift in
the surgical treatment of corneal diseases to perform selective
tissue transplantation i.e., anterior lamellar keratoplasty (ALK)
or endothelial keratoplasty (EK), where only diseased layers
of the cornea are replaced (2, 9, 12–14). In ALK, the
anterior diseased layers of the recipient’s cornea are replaced
(15); in EK, a posterior lamellar keratoplasty technique, the
diseased corneal endothelium of the recipient is replaced
(16). These two “lamellar” keratoplasty techniques, have been
shown to achieve lower risks of immunological graft rejection
and improved graft survival rates (9, 17–22). With these
advantages, lamellar keratoplasties have thus gradually been
adopted as preferred corneal transplantation techniques in
various institutions (2, 9, 13). Nevertheless, graft rejection and
failure do occur following all types of corneal transplantations
(23, 24).

With only one in 70 of the global demands of corneal

transplantations being met, there is a shortage of suitable donor

corneas (3). Indeed, transplantable grade donor corneal tissue is
a finite and scarce resource. There is therefore a strong impetus
for eye banks to optimize the use of each harvested donor
corneal tissue, and clinicians to minimize the risks of graft
rejection and failure. Attempts to lower the risks of graft rejection
can begin pre-operatively during donor tissue allocation. In
allogeneic solid organ transplantations, donor-recipient human

major histocompatibility antigens / human leukocyte antigens
(HLA) matching is one of the most important considerations in
donor tissue allocations. This is particularly important for kidney
and bone marrow transplantations (25). On the contrary, HLA
matching is not routinely performed in corneal transplantations,
as existing evidence suggests that this practice does not confer
a significant graft survival benefit (23, 26–29). Some studies
have, however, investigated the effects of donor-recipient age-
or sex-matching in corneal graft allocations (30–34). In age-
matching, recipients are assigned grafts from donors who are of
the same age group. This is commonly practiced in many eye
banks, (30, 35) despite a lack of evidence on whether grafts from
older donors perform as well as grafts from younger donors in
young recipients, and vice versa (30). In sex-matching, donor
corneal tissues are allocated to recipients of the same sex (32,
34, 36). Additionally, a further subtype of sex-matching is H-
Y compatibility. The H-Y antigen, which is HLA-A1 restricted,
is expressed by the Y chromosome and is found in A1-positive
males (36–39). H-Y incompatible grafts refer to grafts from A1-
positive male donors being transplanted into female recipients or
into A1-negative male recipients, whilst H-Y compatible grafts
refer to the other possible donor-recipient combinations (i.e., A1-
positive male donor grafts to A1-positive male recipients, female
donor grafts to female or male recipients).

Published literature on donor-recipient age or sex
compatibility has thus far mainly been focused on the
outcomes of PKP procedures (31, 34, 36, 40–43). Studies
on PKP have reported beneficial effects of sex or H-Y matching
in lowering the risks of graft rejection and improving graft
survival (31, 34, 36). Nevertheless, the current evidence for
donor-recipient sex-matching is still considered equivocal, as
several other studies have failed to show significant benefit
in sex- or H-Y antigen matching (40, 42, 43). Such varying
results have been attributed to differences in study designs,
diversities in ethnic populations, or inadequate sample sizes
(31, 34, 36, 40, 42, 43). With the shift away from performing
PKP procedures, investigators have set out to evaluate the effects
of sex-matching in eyes undergoing lamellar keratoplasties,
in particular, EKs (32, 33). However, the evidence of donor-
recipient sex-matching in EK has also so far been inconsistent,
(32–34) with some studies observing lower rates of graft survival
with male donors (33) but others failing to show similar
associations (32).

Anterior lamellar keratoplasty (ALK), the other selective tissue
transplant procedure, has gained popularity as an alternative to
PKP to treat corneal stromal diseases (15, 17, 44). Examples
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of such diseases include keratoconus, corneal dystrophies, or
stromal scars caused by a variety of insults (e.g., infection,
trauma). In ALK, the recipient’s own Descemet membrane
(DM) and corneal endothelium are retained. As endothelial
graft rejection is the most commonly encountered form of
immunological rejection following corneal transplantations, the
observed rates of graft rejection in ALK are therefore significantly
lower compared to PKP or EK (9, 19, 22, 44). Despite
being less common, immunological rejections, namely epithelial,
subepithelial, or stromal rejections, still do occur following ALK
(22). Stromal rejection rates after ALK have been reported to
be ∼5% but can be as high as 25% within the first 18 months
following transplantation (45–47). Nonetheless, the significance
of donor-recipient age- or sex- matching specifically for ALK
surgery, has yet to be explored. Using data from the Singapore
national transplant registry, we evaluated the effects of donor-
recipient age- and sex- matching on the surgical outcomes of
eyes that had undergone deep anterior lamellar keratoplasty
(DALK) surgeries.

METHODS

Study Population
This was a cross-sectional analysis of consecutive DALK surgeries
performed in the Singapore National Eye Center from 2004 to
2015. Data was obtained from the Singapore Corneal Transplant
Study (SCTS) database. This national transplant registry database
is maintained by the Singapore Eye Bank where the surgical
outcomes of all corneal transplants performed in Singapore
are prospectively collected. The study protocol adhered to
the tenets of the Declaration of Helsinki and is approved by
the SingHealth Centralized Institutional Review Board (CIRB
reference: 2018/2688).

The Singapore National Eye Center is a tertiary referral
center that performs approximately 80% of corneal transplants
in Singapore. The DALK surgeries were performed by a
group of corneal surgeons in our center, including trained
corneal specialists and corneal fellows-in-training. All surgeons
used the same techniques of DALK. DALK surgeries were
performed using either the modified big bubble technique or
a pre-Descemetic manual layer-by-layer dissection technique
(48). Post-operatively, topical steroids (Guttae prednisolone
acetate 1% or Dexamethasone 0.1%) together with topical
fluoroquinolone antibiotics (Guttae levofloxacin 0.5% or
moxifloxacin 0.5%) were administered at 3-hourly intervals
and gradually tapered over 6–8 months. Sutures were removed
between post-operative month 4–18, guided by visual acuities
and corneal astigmatism.

As is standard practice at the Singapore Eye Bank,
donor-recipient ages were matched as closely as possible,
where recipients were allocated corneal tissues from donors
of approximately the same age groups. No donor-recipient
matching for sex was performed in the allocation of corneal grafts
to the recipients. In our study, we only included cases of DALKs
performed for optical indications. As DALKs that are performed
for tectonic or therapeutic reasons tend to have poorer outcomes
compared to grafts performed for optical indications, (49) these

cases were excluded to avoid adding unnecessary heterogeneity
into the data. For eyes that had undergone repeat grafts, the
outcome data of the first (primary) corneal grafting of these eyes
were analyzed.

Data Collected and Primary Outcomes
Pre-operative variables collected included age and sex of both
recipients and donors. Recipient eye characteristics collected
included indications for transplant surgeries, co-existing ocular
diseases, and the presence of risk factors for graft failure or
rejection (such as cornea vascularisation, ocular surface disease,
active ocular inflammation, and glaucoma). High-risk grafts
were defined as cases with at least one of the aforementioned
risk factors for graft failure or rejection. Post-operative data
collected included the presence and recorded date of occurrence
of graft rejection, graft failure, and any other post-operative
complications. From this data, the duration of rejection-free
period and graft survival were extrapolated. Graft rejection
was defined as corneal oedema and the presence of epithelial
or stromal inflammation in a graft that was previously clear
(50). Graft failure was defined as persistent graft oedema
that compromised vision for a minimum of three consecutive
months (50).

Statistical Analysis
All statistical analyses were performed using Stata version 15.0
(StataCorp, College Station, Texas, USA). The unit of analysis
was outcomes for eyes. To account for the cluster effect of
within-patient inter-eye correlations in patients who had DALK
surgeries performed in both eyes, cluster-correlated analysis was
performed. The primary outcomes were graft rejection and graft
failure. To analyse the effects of donor-recipient age-matching
on graft rejection and failure, the donor-recipient age gap was
calculated. Donor age gap = age of recipient – age of donor
in years. To analyse the effects of donor-recipient sex-matching
and presumed H-Y compatibility on graft rejection and failure,
we looked at presumed H-Y incompatible grafts [male donor to
female recipient (M-F)] and compared them to presumed H-Y
compatible grafts [male donor to male recipient (M-M), female
donor to male recipient (F-M), female donor to female recipient
(F-F)]. The term “presumed compatibility” was used as the H-
Y antigen is HLA-A1 restricted; it is only expressed by the Y-
chromosome in A1-positive males (36–39) and the frequencies
of the A1 allele varies amongst different ethnic populations (51).

Kaplan-Meier curves of graft survival time and rejection-free
survival time were generated; the differences between presumed
H-Y compatible and incompatible groups were also assessed with
log-rank tests. Additionally, Cox proportional hazards regression
were used to evaluate the influence of age- and sex-matching
on the hazards of graft rejection and failure. Univariable and
multivariable analyses were also conducted. The multivariable
cox regression model was adjusted for donor age, recipient age,
donor sex, recipient sex, indications of graft, and whether the
graft was considered low or high risk. Using the observed rates of
events and hazard ratios determined in this study, Cox regression
power analyses were used to estimate the sample sizes required to
achieve sufficient power (80%) to show a significant difference if
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any, in rates of graft survival and graft rejection. A p < 0.05 was
considered statistically significant.

RESULTS

A total of 540 DALK surgeries were performed over the 11-
year study period. Of these, 56 surgeries were performed for
tectonic or therapeutic indications and were excluded. Of the
484 surgeries performed for optical indications, 24 were repeat
transplants; no follow-up data were available in 59 cases. Thus,
a total of 401 eyes that underwent DALK surgeries for optical
indications were included in our analyses. The characteristics of
our donor and recipient population is reported in Table 1. The
most common indications for DALKs were keratoconus (n =

167, 41.6%), corneal dystrophies (n = 42, 10.5%), cornea scar
from infective keratitis (n = 50, 12.5%), and cornea scar from
interstitial keratitis (n = 22, 5.5%). The remaining cases were
performed for less common indications such as corneal scar
from chemical injuries or ocular surface diseases. Amongst the
recipients, the median age was 33.3 (IQR: 22.8–53.9) years and
192 (47.9%) were female. Amongst the donors, the median age
was 55.0 (IQR: 40.0–66.0) years and 126 (31.4%) were female.
The median difference in age between recipients and donors was
15.0 years (IQR:−2.8–34.3). With regard to donor-recipient sex-
matching, 130 (32.4%), 145 (36.2%), 64 (15.9%), and 62 (15.5%)
were M-F, M-M, F-M, and F-F, respectively. Ninety-six grafts
(23.9%) were classified as high risk grafts.

Effects of Sex-Matching on Graft Survival
29 (7.2%) of DALK grafts had failed. Of the grafts that failed,
the median time to graft failure was 0.38 years (IQR 0.15–0.84).
Presumed H-Y incompatible grafts (M-F grafts) showed a trend
of worse survival compared to presumed H-Y compatible grafts
(M-M, F-M, F-F), although this was not statistically significant (p
= 0.345) (Figure 1).

Effects of Sex-Matching on Graft Rejection
Rejection episodes were recorded in 9 (2.2%) grafts. Of the grafts
that suffered rejection, the median time to rejection was 1.1 years
(IQR 0.93–3.0). There was no significant difference in rejection-
free duration in presumed H-Y incompatible grafts (M-F grafts)
compared to presumed H-Y compatible grafts (M-M, F-M, F-F)
(p= 0.439) (Figure 2).

Table 2 presents the hazard ratios (HR) of graft failure and
rejection in our analyses of donor-recipient sex-matching. The
HRs of graft failure were lower in presumed H-Y compatible
grafts (M-M, F-M, F-F grafts) compared to presumed H-
Y incompatible grafts (M-F grafts), although this was not
statistically significant in both univariable and multivariable
analyses (p = 0.329 and p = 0.347, respectively). Similarly,
there were trends that the HRs of graft rejection were
lower in presumed H-Y compatible grafts (M-M, F-M, F-F
grafts) compared to presumed H-Y incompatible grafts (M-F
grafts), although this was not statistically significant in both
univariable and multivariable analyses (p = 0.842 and p =

0.926, respectively). Table 3 presents the HR of graft failure and
rejection in our analyses of donor-recipient age-matching. The

donor-recipient differences in age did not have a significant
influence on graft failure or rejection in both univariable and
multivariable analyses.

DISCUSSION

In this study, we evaluated the effects of donor-recipient
sex- and age-matching on the risks of graft failure and
rejection in eyes that had undergone DALK surgeries. In our
cohort of 401 consecutive DALK grafts performed over an
11-year period (2004–2015), there were trends of improved
graft survival in presumed H-Y compatible grafts (Figure 1).
Through univariable and multivariable regression models on
risks of graft rejection and failure, we also showed trends of
a protective effect when presumed H-Y compatible grafts were
used (Table 2). Overall however, our results did not achieve
statistical significance. When we evaluated donor-recipient age-
matching in our series, such trends seen in sex-matching on graft
rejection and survival, were not observed.

A potential graft survival benefit of donor-recipient sex-
matching was first reported by Völker-Dieben et al. (31).
Reporting on the clinical outcomes of 539 PKP procedures, the
authors observed that female donor corneas had significantly
better one-year graft survival in female recipients compared to
male recipients (31). More recently, interest in the concept of
sex-matching for corneal transplantations was renewed after two
studies independently reported lower rates of graft rejection and
failure amongst donor-recipient sex-matched or H-Y antigen
compatible transplantations (34, 36). In a series evaluating
229 HLA-A1 donor positive keratoplasties, Bohringer et al.
showed a significant benefit in rejection-free graft survival in
H-Y compatible transplantations. In a subsequent UK based
study which included 18,171 patients who had undergone
predominantly PKP procedures, Hopkinson et al. showed that
in certain pathologies, such as Fuchs’ endothelial dystrophy and
keratoconus, patients receiving biological sex-mismatched donor
tissues were at greater risk of graft rejection and failure (34).

Not all studies have reported similar beneficial effects of sex-
matching (40, 42, 43). Even in the initial 1982 series by Völker-
Dieben et al. showing graft survival benefits of female to female
transplantations, male donors to male or female recipients did
not influence graft survival (31). Furthermore, when the same
investigators incorporated a larger number of grafts in their
1987 report, sex-matching no longer had a significant association
with graft failure (43). Similarly, a Japanese study of 396 eyes
that had undergone PKP procedures found no additional benefit
in lowering the risks of rejection with sex-matching (42). In
another study based on a Korean population, their presumedH-Y
compatible group was not associated with improved rejection-
free PKP graft survival (40).

The evidence of sex-matching in lamellar keratoplasties, is
evenmuch less clear. In 2017, a Swedish based study investigating
1,789 EK procedures showed that male donor sex was associated
with lower rates of graft survival in a univariate regression
model (33). Although the authors explained their finding
through immunological mechanisms, they believed that other
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TABLE 1 | Descriptive data of both donors and recipients.

Entire study population Presumed HY Incompatible (M-F) Presumed HY compatible (M-M, F-M, F-F)

Number of eyes 401 130 271

Graft failure n (%) 29 (7.2) 11 (8.5) 18 (6.6)

Graft rejection n (%) 9 (2.2) 3 (2.3) 6 (2.2)

Donor demographic characteristics*

Age, years median (IQR) 55 (40–66) 53 (36–63) 56 (42–68)

Female gender, n (%) 126 (31.4) – –

Race, n (%) 389 128 261

Chinese 73 (18.8) 24 (18.8) 49 (18.8)

Malay 7 (1.8) 2(1.6) 5 (1.9)

Indian 46 (11.8) 18 (14) 35 (13.4)

Others 263 (67.6) 84 (65.6) 172 (65.9)

Recipient demographic characteristics†*

Age, years median (IQR) 33.3 (22.8–53.9) 35.6 (23.5–55.7) 32.9 (22.5–53)

Female gender, n (%) 192 (47.9) – –

Race, n (%)

Chinese 148 (36.9) 52 (40) 96 (35.4)

Malay 57 (14.2) 20 (15.4) 37 (13.7)

Indian 73 (18.2) 21 (16.1) 52 (19.2)

Others 123 (30.7) 37 (28.5) 86 (31.7)

Recipient ocular characteristics† Low or high-risk

graft, n (%)

Low risk 305 (76.1) 97 (74.6) 208 (76.8)

High risk 96 (23.9) 33 (25.4) 63 (23.2)

Optical indication for corneal transplant, n (%)

Keratoconus 167 (41.6) 47 (36.2) 120 (44.3)

Corneal dystrophies 42 (10.5) 15 (11.5) 27 (10.0)

Scar from previous infective keratitis 50 (12.5) 22 (16.9) 28 (10.3)

Scar from previous interstitial keratitis 22 (5.5) 7 (5.4) 15 (5.5)

Miscellaneous (e.g., scars from other pathologies) 120 (29.9) 39 (30.0) 81 (29.9)

Donor-recipient matching characteristics†

Donor-recipient sex matching (4 groups), n (%)

Male to Female (M-F) 130 (32.4) 130 (100.0) 0

Male to Male (M-M) 145 (36.1) 0 145 (53.5)

Female to Male (F-M) 64 (16.0) 0 64 (23.6)

Female to Female (F-F) 62 (15.5) 0 62 (22.9)

Difference in donor vs. recipient age 15.0 (−2.8–34.3) 10.8 (−6.9–30.1) 17.3 (0.14–35.5)

*Data are presented as median (interquartile range, IQR) or n (%) as appropriate.
†Eye-specific variables.

undetermined mechanisms may also be involved (33). Studies
have reported that adrenaline can affect corneal endothelial
function (52, 53). Unintentional injuries (which includes trauma
from falls, burns, road traffic accidents etc.) are associated higher
systemic release of adrenaline, and account for more male deaths
(7.6%) (54) compared to female deaths (4.4%) (55); this could
thus potentially explain the lower EK graft survival rates observed
with male donors (33). Nevertheless, when covariate models
were applied in the Swedish study, sex-matching failed to be
predictive of graft failure (33). Furthermore, donor sex was
not associated with risks of graft rejection (33). Similarly, in a
2018 study reporting outcomes of over 2,000 EK procedures,
the investigators failed to show significant effects of reducing
graft rejection and improving graft survival in sex-matched

transplantations (32). Our study, being the first to investigate the
effects on anterior lamellar procedures alone, similarly supports
the other studies on EK, in the notion that in lamellar surgery,
sex-mismatching is less of a concern.

Several factors may explain why the beneficial effects of sex-
matching have been observed in studies involving PKP but not
in studies of lamellar keratoplasties, such as ours. It has been
well-reported that the risks of graft rejection and failure, are
significantly lower in lamellar keratoplasty procedures compared
to full-thickness PKPs (9, 17–22). Depending on the pre-
operative diagnoses for performing PKP, five-year graft survival
rates have been reported to be as low as 21% and graft rejection
rates to be as high as 68% in some series (56, 57). As a result
of higher incidences of graft rejections and failures in PKP
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FIGURE 1 | Kaplan Meier graft survival curve for presumed H-Y incompatible and H-Y compatible grafts.

FIGURE 2 | Kaplan Meier rejection-free survival curve for presumed H-Y incompatible and H-Y compatible grafts.

procedures, the effects of sex-matching are therefore more likely
to be observed. In our study of DALK surgeries, the rates of
graft failure and rejection were low at 7.2 and 2.2%, respectively.
A much larger sample size would thus be required to show a

beneficial effect, if any, of sex-matching in lamellar keratoplasties.
It would indeed be beyond the practicality of most institutions
to obtain the required number of lamellar transplantations to
show statistical significance. To illustrate this, with our current
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TABLE 2 | Associations of donor-recipient sex-matching with graft failure and rejection.

Total Events Univariable model Multivariable modela

N N (%) HR 95% CI P HR 95% CI P

Graft failure

Donor-recipient sex-matching

Presumed HY-incompatible 130 11 (8.5) Reference – – Reference – –

Presumed HY-compatible 271 18 (6.6) 0.59 0.21–1.69 0.329 0.59 0.20–1.77 0.347

Graft rejection

Donor-recipient sex-matching

Presumed HY-incompatible 130 3 (2.3) Reference – – Reference – –

Presumed HY-compatible 271 6 (2.2) 0.87 0.21–3.56 0.842 0.93 0.22–3.89 0.926

HR, hazards ratio; CI, confidence interval.
aMultivariable model adjusts for high risk graft, indications of graft, age of donor, and age of recipient.

TABLE 3 | Associations of donor-recipient age-matching with graft failure and rejection.

Total Events Univariable model Multivariable modela

N N (%) HR 95% CI P HR 95% CI P

Graft failure

Difference in donor vs. recipient age, per 1-year increase 401 29 (7.2) 0.994 0.98–1.01 0.453 0.995 0.98–1.01 0.483

Graft rejection

Difference in donor vs. recipient age, per 1-year increase 401 9 (4.2) 1.01 0.99–1.02 0.302 1.01 0.99–1.03 0.394

HR, hazards ratio; CI, confidence interval.
aMultivariable model adjusts for high risk graft, indications of graft, sex of donor, and sex of recipient.

observed rates of events and hazard ratios (Table 2), using Cox
regression power analyses (α-level = 0.05), the numbers of
DALK surgeries required for the study to have 80% power to
show significant effects of sex-matching (aiming to detect a
50% difference between the groups), if any, on rates of graft
survival and graft rejection are 25,951 and 596,034, respectively
(58). Obtaining such numbers of performed DALK surgeries
would not be possible, even when multicentred graft registry
data are used (7, 34). This limitation was also observed in the
large UK-based study using national registry data reported by
Hopkinson et al. (34). Although authors demonstrated that the
protective effects of H-Y antigen compatibility were significant
for PKPs, they acknowledged that the benefits of donor-recipient
matching in lamellar keratoplasties (ALK and EK surgeries) were
not conclusive due to inadequate numbers (34). From the report
however, the overall numbers of lamellar keratoplasties included
in their study were unclear.

Another factor explaining the disparity of results between
studies evaluating the effects of sex-matched corneal
transplantations relates to H-Y compatibility and the prevalence
of male individuals who are HLA-A1 positive (31, 34, 36).
The H-Y antigen, is expressed by the Y chromosome and is
found in HLA-A1 positive male individuals (36–39). All female
recipients and A1 negative male recipients may thus theoretically
develop an alloimmune response against the H-Y antigens
when they receive grafts from A1 positive male donors (59).
As H-Y antigens are expressed in A1-positive males, donor-
recipient sex-matching has thus been used as a surrogate for H-Y

antigen compatibility, as opposed to expensive tests required
to detect other major and minor histocompatibility antigens.
Indeed, studies have assumed H-Y antigen incompatibility as
“all male donor grafts to female recipients”, with all the other
possible donor-recipient combinations as H-Y compatible
(40, 42). However, this may not be entirely accurate (60).
Racial heterogeneity of a population is a confounder when
comparing between different datasets. Indeed, the frequencies
of the A1 allele varies between different geographical and
ethnic populations (51). For example, in our Singapore cohort
comprising mostly of patients with Chinese, Malay, and Indian
origins, the frequencies of the A1 allele could range between
0.7 and 28.8% (using Singapore-Malaysia allele frequency data),
with the prevalence being lower in individuals of Chinese origins
and higher in those of Indian origins (51). This may explain why
studies investigating donor-recipient sex-matching as a surrogate
for presumed H-Y compatibility have failed to show significant
effects in graft rejection and survival rates (40, 42, 60). This is
especially the case in populations where the frequencies of A1
allele are low (40, 42, 51). Many of the transplants reported in
these studies are therefore in fact H-Y compatible.

In addition to sex- or H-Y matching for DALK grafts, we also
explored the hypothesis that age-matchingmay affect graft failure
or rejection. It is the practice of many cornea eye banks and
surgeons to match donor and recipient grafts for age (24). This
practice originated in the early days of penetrating keratoplasties,
as it was hypothesized that younger donor grafts had better
endothelial cell counts (compared to older donor grafts) and
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hence should be reserved for younger recipients with longer
average life expectancies (61). In our study, we found that older
recipient age and older donor age were in fact both associated
with lower hazards of graft rejections. However, the difference
between donor and recipient age was not associated with the
hazards of graft rejection or failure (Table 3). The Cornea Donor
study has also investigated the effect of donor-recipient age
differences on graft outcomes of penetrating keratoplasty (61).
Similarly, they did not observe any adverse graft outcomes when
donor-recipient ages were not matched (61). In a study on EK,
donor age was also not found to be an independent risk factor for
graft survival (33). Thus, there appears to be a lack of evidence of
donor-recipient age matching in graft allocation.

Our study has its limitations. Firstly, the retrospective nature
of our data limits any inferences of causality, with respect to
age- and sex-matching and risks of graft failure and rejection,
for which a randomized clinical trial would have served best.
Secondly, as mentioned above, because of our low rates of
graft failure and rejection, a larger sample size is required to
have sufficient power to detect significance differences between
matched and unmatched groups. In this study, we used data
obtained from the Singapore national transplant registry, where
the surgical outcomes of all corneal transplantations performed
in Singapore are prospectively collected. This allowed us to obtain
data on the 401 DALKs cases performed for optical indications
over an 11-year period. As the surgical technique of DALK is
challenging and not performed by all corneal surgeons, this large
sample size of DALK cases will not be easily replicated by many
other institutions. Obtaining the required numbers through
other study designs, such as a randomized controlled trial, would
not have been possible. Future work may involve combining data
from different corneal graft registries to increase the sample size
to achieve sufficient statistical power. However, as indicated in

our power analyses, obtaining the required number of cases may
be difficult even when such registry data are combined.

In conclusion, in our large cohort, in eyes that had undergone
DALK surgeries, no significant influence of donor-recipient sex-
or age-matching on graft rejection and failure was observed.
This adds to the current literature which has thus far been
focused on PKP and EK procedures. Without strong evidence
and the limitations of obtaining numbers required for an
adequately powered study, the benefits of sex- and age-matching
of donors and recipients during graft allocation for DALK
surgeries remains inconclusive.
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Sota Nishisako 1, Takefumi Yamaguchi 2, Masatoshi Hirayama 2, Kazunari Higa 1, Dai Aoki 1,

Chiaki Sasaki 1, Hisashi Noma 3 and Jun Shimazaki 1,2*

1Cornea Center and Eye Bank, Tokyo Dental College, Ichikawa General Hospital, Chiba, Japan, 2Department of

Ophthalmology, Tokyo Dental College, Ichikawa General Hospital, Chiba, Japan, 3Department of Data Science, The Institute
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Aims: To identify donor-related risk factors associated with graft endothelial failure

and postoperative endothelial cell density (ECD) reduction after Descemet’s stripping

automated endothelial keratoplasty (DSAEK).

Methods: This was a single-center retrospective study conducted from July

2006-December 2016. We included 584 consecutive eyes (482 patients) that underwent

DSAEK for the treatment of laser iridotomy-related bullous keratopathy (192 eyes),

pseudophakic bullous keratopathy (137 eyes), regraft (96 eyes), Fuchs’ endothelial

corneal dystrophy (FECD; 59 eyes) and others (100 eyes). Twenty-three donor- and

recipient-related risk factors potentially associated with graft failure and ECD reduction

were assessed using Cox hazard models and linear mixed effect models.

Results: The median age of the patients was 73.5 years (male; 35.6%). After DSAEK,

ECD decreased from 2,674 cells/mm2 (95% confidence interval [CI]; 2,646–2,701) to

1,132 (1,076–1,190) at 12months and 904 (845–963) at 24months (P< 0.001). Fifty-five

eyes (9.4%) had graft endothelial failure without rejection. This failure was associated with

donor pseudophakic lens status (hazard ratio [HR]; 2.67, CI; 1.50–4.76, P = 0.001) and

preoperative endothelial folds (HR; 2.82, CI; 1.20–6.62, P = 0.02). The incidence of graft

endothelial failure in non-FECD patients was significantly higher among those receiving

donor grafts with a pseudophakic lens status and preoperative presence of endothelial

folds (P < 0.001). Postoperative ECD loss was significantly greater in eyes with these

risk factors compared to those without (P = 0.007).

Conclusions: Pseudophakic status and/or presence of preoperative endothelial folds

are the significant donor risk factors for endothelial failure in non-FECD patients.

Keywords: donor-related risk factors, donor pseudophakic lens status, preoperative endothelial folds, Descemet’s

stripping automated endothelial keratoplasty (DSAEK), non-fuchs’ endothelial corneal dystrophy patients
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INTRODUCTION

Corneal endothelial dysfunction is one of the leading
causes of blindness among patients with corneal diseases (1).
Selective replacement of the damaged corneal endothelium
by Descemet’s stripping automated endothelial keratoplasty
(DSAEK) or Descemet’s membrane endothelial keratoplasty
(DMEK) allow rapid visual recovery (2, 3), resistance to trauma,
and minimum astigmatism in comparison with conventional
penetrating keratoplasty (PKP), and were able to improve the
prognosis of corneal transplantation for bullous keratopathy
(BK) eyes (4–6). However, late corneal endothelial failure owing
to chronic loss of corneal endothelial cells remains a clinically
relevant issue that should be addressed to improve the long-term
prognosis of endothelial keratoplasty (7).

Previous clinical studies have shown various risk factors,
including donor and recipient factors, associated with endothelial
cell density (ECD) loss and graft failure (8–13). However,
these results for donor risk factors after DSAEK were obtained
in the United States or Europe, where Fuchs’ endothelial
corneal dystrophy (FECD) is the most common indication in
recipient cohorts. In contrast, the indications for DSAEK in
Asian countries are different: 70% of endothelial keratoplasties
in these countries were performed for treating pseudophakic
bullous keratopathy (PBK) or laser-iridotomy-related bullous
keratopathy (LIBK), and the number of cases involving FECD
accounted for approximately 10% of all transplants (14–16).
Although a thorough assessment of donor-related risk factors to
improve graft survival after DSAEK is essential, the data for cases
involving non-FECD corneal edema disease in Asian countries
have been scarce. Therefore, this study aimed to evaluate donor-
related factors that may be associated with corneal endothelial
failure and reduction in ECD after DSAEK, especially for
recipients with non-FECD.

MATERIALS AND METHODS

This study was conducted according to the tenets of the
Declaration of Helsinki, and it received approval from the
Institutional Ethics Reviewer Board of Tokyo Dental College
Ichikawa General Hospital (Acceptance No. I 18-19). Our
Institutional Review Board waived the requirement for
informed consent for this retrospective study. Patient data
were anonymized before access and/or analysis.

Data Collection and Analysis
From July 2006 through December 2016, 587 eyes of 485 patients
who underwent DSAEK at the Tokyo Dental College Ichikawa
General Hospital were enrolled. All eligible donor corneas met
the medical standards of the Eye Bank Association of America
or Cornea Center and Eye Bank (CCEB, Chiba, Japan). All
domestic corneas were donated to Japanese eye banks and were
transported to Tokyo Dental College Ichikawa General Hospital
via CCEB. Imported corneas were prepared at an eye bank in
the United States of America (Sight-Life, Seattle, WA) and were
shipped internationally by airplane. All donor corneas were
preserved in a viewing storage chamber and kept in cold-storage

TABLE 1 | Demographics of all samples (N = 584).

Donor and donor cornea

characteristics

Donor age, median (IQR),

range, y

66.0 (58, 72), 18–96

Donor sex, male, n (%) 373 (63.9)

Imported graft, n (%) 427 (73.1)

History of diabetes mellitus,

n (%)

140 (24.0)

Cigarettes smoking, n (%) 323 (55.3)

Alcohol consumption, n (%) 206 (35.3)

Drug abuse, n (%) 73 (12.5)

History of LASIK, n (%) 34 (5.8)

Donor lens status, n (%)

Phakic 487 (84.0)

IOL 97(16.6)

Cause of death, n (%)

Cardiac disease 148 (25.3)

Cancer 147 (25.2)

Cerebrovascular accident 86 (14.8)

Respiratory disease 99 (17.0)

Others 104 (17.7)

Refrigerated/on ice, n (%) 343 (58.7)

Time from death to the

preservation, median (IQR),

range, h

8.0 (5.9, 11.9), 1.8–26.9

Time from death to

operation, median (IQR),

range, d

6.9 (6.0, 7.7), 2.0–9.6

Graft ECD, median (IQR),

range, cells/mm2

2,637 (2,415, 2,921),

2,010–3,812

Endothelial folds, n (%)*

None 157 (26.9)

Mild to moderate 427 (73.1)

Recipient and surgical

characteristics

Recipient age at DSAEK,

median (IQR), range, y

73.5 (67, 79), 15–99

Recipient sex, male, n (%) 208 (35.6)

Etiology, n (%)

FECD 59 (10.1)

LIBK 192 (32.9)

PBK 137 (23.5)

Regraft† 96 (16.4)

Others 100 (17.1)

Recipient lens status at

DSAEK, n (%)

Phakic 244 (41.8)

IOL/Aphakic 340 (58.2)

Simultaneous cataract

surgery, n (%)

189 (32.4)

Re-bubbling, n (%) 79 (13.5)

Central graft thickness,

median (IQR), range, µm‡

143 (123, 161), 53–270

(Continued)
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TABLE 1 | Continued

Graft diameter, n (%), mm

6.75–7.75 144 (24.7)

8.0–8.75 440 (75.3)

DSAEK, Descemet’s stripping automated endothelial keratoplasty; ECD, endothelial

cell density; FECD, Fuchs’ endothelial corneal dystrophy; IOL, intraocular lens; IQR,

interquartile range; LASIK, laser-assisted in situ keratomileusis; LIBK, laser-iridotomy-

related bullous keratopathy; PBK, pseudophakic bullous keratopathy.

*Grafts without folds were defined as having “no graft folds,” “mild graft folds” were

defined by the presence of graft folds limited to <25% of the area of the total cornea,

and “moderate graft folds” were defined by the presence of graft folds that occupied

more than 25% of the area of the total cornea.
†Regraft is included in re-DSAEK (56 eyes), post penetrating keratoplasty (36 eyes), post-

deep anterior lamellar keratoplasty (2 eyes) and post-Descemet’s membrane endothelial

keratoplasty (2 eyes).
‡Central graft thickness data was obtained in 503 eyes.

corneal preservation medium (Optisol-GS solution; Bausch and
Lomb Surgical, Rochester, NY, USA) at a temperature of 2◦-8◦C.
In the eye bank, the central corneal ECD of all tissues was
measured using specular microscopy and slit-lamp microscopy
was performed by eye bank technicians or eye doctors to
evaluate transplant suitability (i.e., epithelial/stromal/endothelial
cells/endothelial folds/cutting issue). ECDs of all the grafts
used for DSAEK in this study were more than 2,000 cells/mm2

preoperatively. The DSAEK procedure was performed using
the double-glide technique in a standardized manner (17, 18).
Briefly, Descemet stripping was performed using a reverse-
bent Sinsky hook (ASICO, Westmont, IL), and the recipient’s
endothelium and Descemet’s membrane were carefully removed
with forceps. A precut donor tissue was trephinated, and was
gently inserted into the anterior chamber using the Busin glide
spatula (ASICO). Air was carefully injected into the anterior
chamber to unfold the graft. Ten minutes after the air injection,
half of the air was replaced with a balanced salt solution (Alcon,
Fort Worth, TX). Postoperatively, topical 0.1% betamethasone
(Sanbetazon; Santen, Osaka, Japan) qid was prescribed for
6 months. Six months after DSAEK, 0.1% fluorometholone
(Flumetholone 0.1; Santen) was prescribed three times a day for
up to 12 months after surgery. ECD was measured by blinded
orthoptists at 1, 3, 6, 12, and 24 months after DSAEK using a
specular microscopy system (EM-4000; TOMEY, Nagoya, Japan).
Approximately 50 cells were analyzed for mean ECD (17). In
some patients, direct ECD measurement was difficult due to
corneal edema or interface irregularity. Therefore, ECD in eyes
with irreversible edema due to endothelial decompensation was
defined as 300 cells/mm2 as previously reported (7, 17, 19). To
evaluate the association between postoperative ECD and risk
factors, we analyzed ECD as absolute ECD and percentage of
24-month ECD loss (%ECD loss = [24-month ECD – graft
ECD]/graft ECD× 100) (10). Graft survival periods were defined
as from DSAEK surgery to the date of the clinical visit when
irreversible corneal edema refractory to subsequent topical
steroid use was noted. Graft survival time or time to censor (end
of the study/loss of contact/withdrawal from the study) was
calculated as the number of days between the date of DSAEK

surgery and endothelial failure or censor. Three eyes of three
patients with a follow-up period of < 1 month were excluded.
We treated 13 eyes involving graft rejection episodes, four eyes
with ocular infections, and nine eyes in which the procedure
failed because of ocular surface complications or irregular graft
thickness as censors. A total of 584 eyes of 482 patients were
finally included. We selected the following 15 variables based on
previous studies and our knowledge of donor-related factors (7–
13) that can potentially affect graft survival and reduction in ECD
after DSAEK: donor age, sex, domestic/imported graft, history
of diabetes mellitus, cigarette smoking, alcohol consumption,
drug abuse, history of laser-assisted in situ keratomileusis,
lens status (phakic/intraocular lens [IOL]), cause of death
(cardiac disease/cancer/cerebrovascular accident/respiratory
disease/other diseases), refrigerated body/eyes, time from death
to the preservation, time from death to operation, ECD, and graft
endothelial folds (none/mild/moderate). The graft endothelial
fold severity grade for each patient was determined based on
slit-lamp microscopic examination findings before DSAEK.
Briefly, grafts without folds were defined as having “no graft
folds,” “mild graft folds” were defined by the presence of graft
folds limited to <25% of the area of the total cornea, and
“moderate graft folds” were defined by the presence of graft folds
occupying more than 25% of the area of the total cornea. Among
recipient/surgical factors, we evaluated age, sex, etiologies
of bullous keratopathy, lens status at DSAEK, simultaneous
cataract surgery, re-bubbling, central graft thickness, and graft
diameter. Thus, a total of 23 potential preoperative risk factors
(15 donor-related and eight recipient-related factors) were
evaluated (Table 1).

Statistical Analysis
The required sample size was based on previous studies (5, 7–13)
which estimated that approximately 10% of grafts used DSAEK
develop graft failure postoperatively. Given approximately 30%
of withdrawal from the study, we determined that a sample size
of at least 521 would provide 80% power to detect a difference in
a hazard ratio of 0.60 or greater at an alpha value of 0.05 (two-
sided). The cumulative probability of graft survival at the 2-year
follow-up was calculated using the Kaplan–Meier method. In
survival analysis, the collected categorical data were transformed
into dummy and continuous variables and dichotomized with
the median for use as categorical data. Recipient etiologies were
investigated under non-FECD groups. A log-rank test was used
to assess the association of each baseline factor with endothelial
failure in univariate analysis. Factors with P < 0.05 in univariate
analysis underwent proportional hazard analyses by log-log plot
and Schoenfeld residuals tests and were included in multivariate
Cox proportional hazard regression analysis for estimation of
the independent predictors of endothelial failure in all patients.
The prognostic model was prepared by combining the extracted
risk factors (20, 21). Cumulative probability of graft survival was
compared between the grafts with no risk factors and grafts with
one or two risk factors. The Kaplan–Meier curves were plotted
with non-FECD.

To evaluate the associations between postoperative ECD

changes and risk factors adjusted for the effects of patient
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TABLE 2 | Association between baseline factors and graft endothelial failure.

Log-rank test Multivariate models*

Prognostic factor n 2-year graft survival (95% CI) P HR (95% CI) P

Donor age, y

18–65 281 0.91 (0.86–0.94)
0.04

1 [reference]
0.48

66–96 303 0.85 (0.80–0.89) 1.23 (0.69–2.19)

Donor sex

Male 373 0.90 (0.86–0.93)
0.13

Female 211 0.86 (0.79–0.90)

Imported graft

No 157 0.89 (0.85–0.92)
0.48

Yes 427 0.87 (0.79–0.92)

History of diabetes mellitus

No 444 0.91 (0.87–0.93)
0.007

1 [reference]
0.09

Yes 140 0.81 (0.72–0.87) 1.63 (0.93–2.86)

Cigarettes smoking

No 323 0.87 (0.82–0.91)
0.42

Yes 261 0.90 (0.84–0.93)

Alcohol consumption

No 378 0.87 (0.82–0.90)
0.22

Yes 206 0.91 (0.85–0.94)

Drug abuse

No 511 0.89 (0.85–0.91)
0.55

Yes 73 0.85 (0.72–0.92)

History of LASIK

No 550 0.88 (0.85–0.91)
0.92

Yes 34 0.89 (0.70–0.96)

Donor lens status

Phakic 487 0.91 (0.88–0.94)
<0.001

1 [reference]
0.001

IOL 97 0.73 (0.62–0.81) 2.67 (1.50–4.76)

Cause of death

Cancer 147 0.87 (0.83–0.90)
0.22

Non-cancer 437 0.93 (0.86–0.96)

Refrigerated/on ice

No 241 0.89 (0.84–0.93)
0.68

Yes 343 0.88 (0.83–0.91)

Time from death to the preservation, h

1.8–7.9 287 0.89 (0.84–0.92)
0.49

8.0–26.9 297 0.87 (0.82–0.91)

Time from death to operation, d

1.8–6.8 289 0.88 (0.82–0.91)
0.47

6.9–9.6 295 0.89 (0.84–0.92)

Graft ECD, cells/mm2

2,010–2,636 292 0.85 (0.80–0.89)
0.06

2,637–3,812 292 0.91 (0.87–0.94)

Endothelial folds†

None 157 0.95 (0.89–0.98)
0.003

1 [reference]
0.02

Mild to moderate 427 0.86 (0.81–0.89) 2.82 (1.20–6.62)

(Continued)
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TABLE 2 | Continued

Log-rank test Multivariate models*

Prognostic factor n 2-year graft survival (95% CI) P HR (95% CI) P

Recipient age at DSAEK, y

15–72 259 0.87 (0.82–0.91)
0.56

73–92 325 0.89 (0.84–0.92)

Recipient sex

Male 208 0.85 (0.78–0.90)
0.23

Female 376 0.90 (0.86–0.93)

Etiology

FECD 59 0.98 (0.85–1.00)
0.04

1 [reference]
0.09

Non-FECD 525 0.87 (0.83–0.90) 5.50 (0.76–39.93)

Recipient lens status

Phakic 244 0.90 (0.84–0.93)
0.53

IOL/Aphakic 340 0.88 (0.83–0.91)

Simultaneous CS

No 395 0.87 (0.83–0.90)
0.15

Yes 189 0.92 (0.86–0.95)

Re-bubbling

No 505 0.88 (0.85–0.91)
0.18

Yes 79 0.82 (0.67–0.91)

Central graft thickness, µm‡

53–130 167 0.85 (0.75–0.91)
0.93

131–270 336 0.89 (0.84–0.92)

Graft diameter, mm

6.75–7.75 144 0.89 (0.85–0.91)
0.80

8.00–8.75 440 0.89 (0.81–0.93)

CI, confidence interval; CS, cataract surgery; DSAEK, Descemet’s stripping automated endothelial keratoplasty; ECD, endothelial cell density; FECD, Fuchs’ endothelial corneal dystrophy;

HR, hazard ratio; LASIK, laser-assisted in situ keratomileusis; IOL = intraocular lens.

*Cox proportional hazard regression analysis.
†Grafts without folds were defined as having “no graft folds,” “mild graft folds” were defined by the presence of graft folds limited to <25% of the area of the total cornea, and “moderate

graft folds” were defined by the presence of graft folds occupying more than 25% of the area of the total cornea.

Bold numbers indicate P < 0.05.
‡Central graft thickness data was obtained in 503 eyes.

and surgeon factors, we used linear mixed effect models

with random intercepts for recipient and surgeon effect. In

the univariate model, the interaction of all potential risk

factors and postoperative time were analyzed. Potential risk

factors from univariate models with P < 0.10 were evaluated

in a multivariate model, with %ECD loss after DSAEK. In
the final model, the differences in postoperative ECD were

compared between the grafts with no risk factors and grafts

with one or two risk factors using a linear mixed effect model
adjusted for etiology (fixed effect) and recipient and surgeon

(random effect). Continuous variables were included in all
ECD models in continuous form but were categorized for

display in tables. Missing data were not imputed. Statistical
analyses for graft survival were conducted using STATA/IC

16.0 for Windows (StataCorp LP, College Station, TX) and
R version 4.3.0 for Windows (lme4 package, R Foundation

for Statistical Computing, Vienna, Austria) was used for ECD
analysis. All reported P values were 2-sided, and values < 0.05

were considered statistically significant.

RESULTS

Demographics
In 584 eyes of 482 patients (Table 1), the median follow-up
period was 24months (interquartile range [IQR], 12–24months).
The recipients’ age at DSAEK ranged from 15 to 99 years
(median, 73.5 years), and 208 (35.6%) were male, while 582
were Asian (99.9%). The etiologies of BK included LIBK in
192 eyes (32.9%), PBK in 137 eyes (23.5%), regraft (re-DSAEK,
56 eyes [58.3%]; post-PKP, 36 eyes, [37.5%]; post-deep anterior
lamellar keratoplasty, two eyes, [2.1%] and post-DMEK, two
eyes, [2.1%]) in 96 eyes (16.4%), FECD in 59 eyes (10.1%), and
other conditions (birth injury, chronic uveitis, endotheliitis, etc.)
in 100 eyes (17.1%). The recipients’ lens status at DSAEK was
pseudophakic in 340 eyes (58.2%), and simultaneous DSAEK
and cataract surgery was performed in 189 eyes (32.4%). Median
central graft thickness was 143µm (range, 53–270µm) and
the most common graft diameter was 8.0mm in the current
study. There were 373 (63.9%) male donors aged 18–96 years
(median, 66.0 years). A total of 427 corneas (73.1%) were
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FIGURE 1 | Two-year survival curves stratified patients based on graft-related

risk factors. The risk factors are pseudophakic donor lens status and severe

endothelial folds. Non-FECD eyes, graft survival was significantly better in eyes

without graft-related risk factors compared to those with graft-related risk

factors (P < 0.001; one risk factor: HR, 14.8; 95% CI, 2.03–108; P = 0.008;

two risk factors: HR, 33.1; 95% CI, 4.40–248; P = 0.001). CI, confidence

interval; FECD, Fuchs’ endothelial corneal dystrophy; HR, hazard ratio.

FIGURE 2 | Endothelial cell density after Descemet’s stripping automated

endothelial keratoplasty. After Descemet’s stripping automated endothelial

keratoplasty, mean graft ECD decreased from 2,674 cells/mm2 (95% CI,

2,646–2,701) to 1,447 (95% CI, 1,377–1,516) at 1 month, 1,328 (95% CI,

1,269–1,387) at 3 months, 1,255 (95% CI, 1,198–1,311) at 6 months, 1,132

(95% CI, 1,076–1,190) at 12 months, and 904 (95% CI, 845–963) at 24

months (P < 0.001 at all time-points). The box represents interquartile range;

the cross in each box is the mean; and the midline inside each box represents

the median value. CI, confidence interval; ECD, endothelial cell density.

imported (157 corneas [26.9%] were domestic). A history of
diabetes mellitus was present in 140 (24.0%) grafts, and the
donor lens status was pseudophakic in 97 grafts (16.6%). The
median donor ECD was 2,637 cells/mm2 (range, 2,010–3,812
cells/mm2), 157 grafts (26.9%) had no endothelial folds, while
427 grafts (73.1%) had mild to moderate endothelial folds
before DSAEK.

Graft Survival and Cox Proportional
Hazards Analysis
During the 2-year follow-up period, endothelial failure occurred
in 55 eyes (9.4%). The cumulative probability of endothelial
failure after DSEAK in the entire cohort was 0.94 (95%
confidence interval [CI], 0.91–0.96) at 1 year and 0.88 (95% CI,
0.84–0.91) at 2 years (Supplementary Figure 1). Among the 23
variables selected as potential preoperative risk factors and tested
in a univariate analysis using the log-rank test, donor age (P =

0.04), history of diabetes mellitus (P = 0.007), donor lens status
(P < 0.001), endothelial folds (P = 0.003), and etiology (P =

0.04) were found to be statistically significant. These five variables
were added to a multivariate model. Cox proportional hazard
regression analysis revealed that donor lens status (IOL, hazard
ratio [HR], 2.67; 95% CI, 1.50–4.76; P = 0.001) and endothelial
folds (mild to moderate, HR, 2.82; 95% CI, 1.20–6.62; P = 0.02)
were risk factors associated with endothelial failure (Table 2).
Figure 1 shows the influence of pseudophakic donor lens state
and endothelial folds on graft survival in non-FECD eyes. In eyes
with non-FECD, the outcome for grafts with one or two risk
factors was significantly worse than that for those with no risk
factor (one risk factor: HR, 14.8; 95% CI, 2.03–108; P = 0.008;
two risk factors: HR, 33.1; 95% CI, 4.40–248; P = 0.001).

Endothelial Cell Density Analysis
Endothelial images were obtained and analyzable in 332 eyes
(56.8%) at 1 month, 415 eyes (71.1%) at 3 months, 442 eyes
(75.6%) at 6 months, 454 eyes (77.7%) at 12 months, and 383
eyes (65.5%) at 24 months after DSAEK. Mean postoperative
ECD was associated with postoperative time and decreased
from 2,674 cells/mm2 (95% CI, 2,646–2,701) to 1,447 (95%
CI, 1,377–1,516) at 1 month, 1,328 (95% CI, 1,269–1,387) at 3
months, 1,255 (95% CI, 1,198–1,311) at 6 months, 1,132 (95%
CI, 1,076–1,190) at 12 months, and 904 (95% CI, 845–963) at 24
months (P < 0.001 at all timepoints, Figure 2). Factors associated
with postoperative ECD reduction are shown in Table 3 and
Supplementary Table 1. In a univariate model, donor age (P
= 0.08), donor lens status (P = 0.02), graft ECD (P = 0.07),
endothelial folds (P = 0.04), recipient sex (P = 0.05) and
etiology (P = 0.06) had statistically significant association with
postoperative ECD. Multivariable models showed that the risk
factors independently associated with %ECD loss included donor
lens status (P < 0.001), endothelial folds (P= 0.002) and etiology
(P = 0.001). When the patients were stratified based on graft risk
factors (pseudophakic donor lens state and endothelial folds),
ECD after DSAEK was significantly greater in eyes receiving
grafts from phakic eyes and without preoperative endothelial
folds compared to those receiving grafts from pseudophakic eyes
and/or with preoperative endothelial folds, in the mixed effect
model adjusted with etiology (P = 0.007, Table 4).

DISCUSSION

We identified donor lens status and preoperative graft endothelial
folds as risk factors associated with graft endothelial failure and
ECD reduction after DSAEK. Furthermore, we demonstrated
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TABLE 3 | Factors associated with postoperative endothelial cell density.

Univariate models*,† Multivariate models*,‡

Prognostic factor n Mean ECD at 24-month (95% CI) p Mean %ECD loss at 24-month (95% CI) p

Donor age, y

18–59 107 992 (883–1,100)

0.08

63.4 (59.6–67.3)

0.21
60–69 128 981 (870–1,092) 64.1 (60.3–68.0)

70–79 116 767 (672–862) 70.7 (67.1–74.1)

80–95 32 799 (577–1,022) 71.3 (64.0–78.7)

Donor lens status

Phakic 312 967 (900–1,033)
0.02

64.3 (61.9–66.6)
<0.001

IOL 71 628 (522–734) 76.5 (72.7–80.2)

Graft ECD, cells/mm2

2,010–2,499 111 669 (590–747)

0.07

70.8 (67.3–74.2)

0.08
2,500–2,749 123 845 (752–938) 67.4 (63.8–71.0)

2,750–2,999 75 1013 (881–1,145) 64.7 (60.1–69.3)

3,000–3,812 74 1244 (1,073–1,414) 60.5 (54.9–66.0)

Endothelial folds§

None 105 1069 (959–1,179)
0.04

60.2 (56.2–64.3)
0.002

Mild to moderate 278 842 (773–911) 68.9 (66.5–71.3)

Recipient sex

Male 133 828 (729–927)
0.05

69.4 (65.9–72.8)
0.07

Female 250 944 (871–1,018) 65.0 (62.4–67.6)

Etiology

FECD 35 1245 (1,043–1,448)
0.06

54.7 (47.8–61.6)
0.001

Non-FECD 348 867 (808–931) 67.7 (65.6–69.8)

CI, confidence interval; ECD, endothelial cell density; FECD, Fuchs’ endothelial corneal dystrophy; IOL, intraocular lens.

*Adjusted for recipient and surgeon (random effect).
†The interaction of potential risk factors and postoperative time were analyzed.
‡The percentage ECD loss at 24-month is calculated as (24-month ECD – graft ECD)/graft ECD × 100.
§Grafts without folds were defined as having “no graft folds,” “mild graft folds” were defined by the presence of graft folds limited to <25% of the area of the total cornea, and “moderate

graft folds” were defined by the presence of graft folds occupying more than 25% of the area of the total cornea.

Bold numbers indicate P < 0.05.

that these risk factors were clinically relevant especially in non-
FECD and not in FECD, since these were associated with
endothelial failure after DSAEK in non-FECD eyes. Although
the prognosis of endothelial keratoplasty has been reported
to be poor in eyes with PBK (8, 10, 12) especially in BK
eyes after glaucoma surgery, in comparison with FECD (7,
12, 22), grafting is the only solution for such eyes with
graft failure. Our results suggested that selecting better grafts
with no endothelial folds or from phakic eyes for non-
FECD patients may prolong graft survival after DSAEK. Our
results also indicated that differences in imported or domestic
donors did not have an adverse influence on endothelial failure
after DSAEK.

Corneal transplants are performed in 116 countries, and
imported grafts are used in 70 countries (23). The international
organ-sharing program for corneal transplants has successfully
grown because corneal tissue can be preserved for more than
1 week (24). Thus, understanding the donor-related risk factors
from the global/transnational perspective and optimization of
corneal donor tissues is important for both exporting and
importing countries.

Previous studies identified several factors, including lower
graft ECD (10, 12), history of glaucoma surgery (12, 13, 25),
preoperative diagnosis (8, 10, 12), presence of donor diabetes
mellitus (8, 10), preservation time of donor tissues (11), pre-
existing iris damage (7), age (13, 26), race (4), sex (22, 26), graft
size (7, 27), and pre-lamellar dissection corneal thickness (9), as
risk factors for graft failure and/or rapid ECD loss after DSAEK.
In contrast, long-term graft survival is known to be greater
in eyes with relatively healthy peripheral endothelial cells (i.e.,
FECD/keratoconus) than those with BK (28, 29). Endothelial
cells may migrate from the donor to the recipient eyes without
peripheral endothelium (i.e., non-FECD), resulting in lower graft
ECD and earlier graft failure, whereas ECD is greater in the
periphery than in the center and peripheral regions of the cornea
and cell migration from the host to the donor graft have been
documented in corneal transplants (27, 29, 30). In the current
study, we revealed that graft survival in eyes with non-FECD
was significantly greater in eyes from donors with a phakic eye
(HR: 2.67) and no endothelial folds (HR: 2.82). Furthermore,
postoperative ECD decrease was significantly associated with
donor lens status (IOL) and endothelial folds.
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TABLE 4 | Endothelial cell density after Descemet’s stripping automated endothelial keratoplasty by graft-related risk factors.

No risk factor* One risk factor Two risk factors

Postoperative time n Mean (95% CI) n Mean (95% CI) n Mean (95% CI)

Graft 108 2,717 (2,651–2,783) 321 2,677 (2,639–2,714) 155 2,638 (2,586–2,690)

1 month 70 1,639 (1,508–1,770) 180 1,461 (1,366–1,557) 82 1,251 (1107–1,395)

3 months 78 1,552 (1,429–1,674) 225 1,316 (1,237–1,395) 112 1,197 (1078–1,315)

6 months 83 1,507 (1,386–1,628) 238 1,258 (1,183–1,334) 121 1,074 (966–1,183)

12 months 88 1,454 (1,319–1,589) 244 1,114 (1,039–1,188) 122 940 (836–1,044)

24 months 73 1,166 (1,033–1,298) 200 931 (847–1,014) 110 682 (589–776)

p† 0.007

CI, confidence interval.

*The risk factors are pseudophakic donor lens status and severe endothelial folds.
†
Analyzed with a linear mixed-effect model adjusted for etiology (fixed effect) and recipient and surgeon (random effect).

We identified pseudophakic donor lens status as a risk factor
associated with ECD reduction and graft de-compensation after
DSAEK, in contrast, the recipients’ lens status did not show
a statistically significant difference. This may be related to the
relatively short follow-up period of 2 years after DSAEK. The
annual ECD reduction rate in normal eyes is 0.9%, which can
increase up to 2.5% per year after cataract surgery (31). Kawai
et al. reported elevated levels of inflammatory cytokines such as
interleukin-8 and monocyte-chemotactic protein-1 after cataract
surgery (32). Our recent prospective studies have shown that an
aqueous humor (AqH) microenvironment with elevated levels of
inflammatory cytokines is associated with rapid loss of ECD after
PKP and DSAEK (17, 18, 25, 33, 34). Our multi-omics analyses
of human corneal endothelial cells identified stress-induced cell
senescence as an upregulated biological process in BK (35).
Collectively, these results suggest that the pseudophakic donor
corneal endothelium shows deterioration in quality, such as cell
aging or vulnerability to the pathological microenvironment in
the AqH, that potentially leads to rapid ECD loss and endothelial
failure after DSAEK.

In the current study, the preoperative presence of graft
folds was associated with endothelial failure and lower ECD
after DSAEK. Previous studies have reported the existence of
dead cells in donor corneal endothelium preserved in Optisol-
GS and stored at a temperature between 4◦ and 8◦C before
transplantation (36). Corneal folding has been shown to be
significantly correlated with a reduction in corneal endothelial
cells, and various studies using cell staining techniques have
observed a higher concentration of dead/apoptotic endothelial
cells along areas with corneal folds (37, 38). We checked the
ECD before surgeries in all donor grafts, but the area of ECD
measurement is very limited, approximately 0.24× 0.35mm (39),
and ECD cannot be measured in the area with endothelial folds.
A series of these studies suggested the difference between ECD
values obtained by eye bank specular microscopy and the actual
viable endothelial cells on the donor graft. The origin/mechanism
of donor corneal folds has not been closely explored (40). In
our sub-analysis, we found that donor age and time from death
to the preservation were associated with the severity grade of
the graft endothelial folds (Supplementary Table 2). There was

no statistically significant difference between fold severe levels
(mild folds vs.moderate folds) in endothelial failure after DSAEK
(p = 0.91, data not shown). Further studies are necessary to
evaluate the association between the presence of graft folds and
reduction in viable corneal endothelial cells. Other potential
risk factors discussed in previous studies (2, 4, 7–13, 22, 26,
27) were not associated with endothelial failure in this study:
such as donor age (P = 0.48, in graft survival analysis), donor
sex (P = 0.13), history of diabetes mellitus (P = 0.09), graft
ECD (P = 0.06), gender matching (P = 0.12, data not shown),
re-bubbling (P = 0.18), graft thickness (P = 0.93), and graft
diameter (P = 0.80). This may have reflected differences in the
cohort of recipients.

This study had some limitations. First, heterogeneous
etiologies, such as FECD, PBK, LIBK, and regraft, could
potentially have caused bias. We found that pseudophakic
donor lens status/preoperative endothelial folds were risk
factors for poor prognosis of DSAEK in the non-FECD
group. Further analysis that stratified the patients based on
etiology for BK was attempted. DSAEK using a graft from
pseudophakic donor eyes with preoperative endothelial folds
showed a trend of poor prognosis in a non-FECD group, but
there was no statistically significant difference for BK other
than LIBK (Supplementary Figure 2). A larger sample size
and longer follow-up period are needed to further assess risk
factors and donor-recipient matching. Second, almost all the
subjects in this study were Japanese, and future studies will
be needed to substantiate the results in other populations.
Third, we could not identify the exact pathological mechanism
involved in ECD loss and endothelial failure in eyes with
these risk factors. We recently showed that pathological
alterations in the microenvironment of AqH due to iris damage
predisposed to ECD loss via exacerbated stress-induced cell
senescence (35).

In conclusion, grafts from pseudophakic donor eyes with
preoperative endothelial folds are identified as risk factors for
endothelial failure after DSAEK in recipients with non-FECD.
The results of this study suggest that optimization of corneal
donor tissues for patients undergoing endothelial keratoplasty is
important, especially for non-FECD patients.
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Corneal endothelial cells (CEnCs) are a monolayer of hexagonal cells that are responsible

for maintaining the function and transparency of the cornea. Damage or dysfunction of

CEnCs could lead to blindness. Human CEnCs (HCEnCs) have shown limited proliferative

capacity in vivo hence, their maintenance is crucial. Extracellular vesicles (EVs) are

responsible for inter- and intra-cellular communication, proliferation, cell-differentiation,

migration, and many other complex biological processes. Therefore, we investigated

the effect of EVs (derived from human corneal endothelial cell line–HCEC-12) on

corneal endothelial cells. HCEC-12 cells were starved with serum-depleted media for

72 h. The media was ultracentrifuged at 100,000xg to isolate the EVs. EV counting,

characterization, internalization and localization were performed using NanoSight,

flow cytometry, Dil labeling and confocal microscopy respectively. HCEC-12 and

HCEnCs were cultured with media supplemented with EVs. Extracted EVs showed

a homogeneous mixture of exosomes and microvesicles. Cells with EVs decreased

the proliferation rate; increased apoptosis and cell size; showed poor wound healing

response in vitro and on ex vivo human, porcine, and rabbit CECs. Thirteen miRNAs

were found in the EV sample using next generation sequencing. We observed that

increased cellular uptake of EVs by CECs limit the proliferative capacity of HCEnCs.

These preliminary data may help in understanding the pathology of corneal endothelial

dysfunction and provide further insights in the development of future therapeutic

treatment options.

Keywords: cornea, eye, exosomes, extracellular vesicles, corneal endothelial cells

INTRODUCTION

The cornea is the anterior tissue of the eye that refracts incident light to the lens, further converging
it to the retina and optic nerve (1). Corneal clarity is essential for normal visual function. Corneal
transparency is supported by its structural anatomy and physiology, mainly the endothelium.
Human corneal endothelial cells (HCEnCs) line the under surface of the cornea. The cornea is
avascular and receives its hydration and nutrients from the tear film and the aqueous humor
from both sides of the eye. Excess accumulation of fluid, known as corneal oedema, affects
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corneal transparency and results in visual impairment. A
mechanism to maintain corneal deturgescence is therefore
required. This is performed by the corneal endothelium. The
corneal endothelium acts as a barrier to fluid movement with
the corneal endothelial cells actively pumping ions to move
water osmotically from the aqueous humor to the corneal
stroma and vice versa (2, 3). This combination of leaky
barrier and fluid pump function is termed the pump-leak
mechanism (2, 3).

HCEnCs have no mitotic activity in vivo, although they can
be induced to divide in cultured corneal cells (4, 5). Human
corneas at birth are characterized by a considerable endothelial
cell reserve, with HCEnC density being 6,000 cells/mm2 at
birth and declining to approximately 2,600 cells/mm2 or even
low during the eighth decade of life (6, 7). HCEnCs have an
almost perfect hexagonal shape which enables the formation
of a tight cobblestone cell layer. The percentage of HCEnCs
with a hexagonal shape also decreases from 75 to 60% with
age (8). Other than age, there are several pathologies which
result in accelerated HCEnC loss and dysfunction, resulting
in loss of corneal clarity and blindness. These include viral
infections, inflammation, and surgical procedures within the
eye. However, dystrophies [Fuchs’ dystrophy (9), posterior
polymorphous dystrophy (10), congenital hereditary dystrophy
(11)] or other conditions like iridocorneal endothelial syndrome
(12) can also contribute toward partial or total blindness.
Fuchs’ endothelial corneal dystrophy (FECD) remains one of
the common causes of corneal blindness resulting from the
loss of endothelial cells. In FECD, the pump function of the
endothelial cell decreases followed by a reduction in barrier
function (9).

Several pathological processes require the migration and
spreading of viable HCEnCs (13). In doing this, HCEnCs grow
in size and lose their typical hexagonal shape. Endothelial wound
healing is associated with a transient acquisition of fibroblast
morphology, known as endothelial-mesenchymal transformation
(14). In the later stages of endothelial healing, the number of
tight junctions and pump sites return to physiological levels,
corneal thickness as a result of corneal oedema returns to normal,
and corneal transparency and vision is restored. When HCEnC
density decreases below 500 cells/mm2, there is a significant
risk of chronic and irreversible corneal oedema (15). In this
scenario, the only treatment available is the replacement of the
corneal endothelium by corneal transplantation (keratoplasty)
from donor cadavers. Corneal endothelial failure remains one
of the commonest reasons for requiring keratoplasty. Despite
recent advances in surgical techniques, corneal transplantation
has its limitations like transplant rejection and shortage of
global donor cornea supply (16). Hence, HCEnC culture was
introduced as a potential therapeutic option (17–19). However,
HCEnCs are difficult to proliferate in vitro due to multiple factors
like donor variability, cell source, age, preservation time (20),
and tissue supply, which further challenges the conventional
cell-based treatment option indicating the need of a parallel
therapeutic approach.

Interestingly, while HCEnC’s lack of proliferative capacity
in vivo appears to be a feature found in humans, felines,

and primates, many species such as rabbits and pigs have
shown cell proliferation in vivo. Rabbits retain the ability
to proliferate and regenerate in vivo following trauma (21–
24). Pig corneal endothelial cells have also shown a higher
proliferation potential compared to humans (25). Although
pig corneal endothelium appears to have limited proliferative
capacity in vivo compared to rabbits, their proliferative capacity
remains better than HCEnCs (26). Hence, investigating the
reasons for the proliferative capacity of these species and lack
of proliferation in HCEnCs becomes important to develop new
treatment options.

Extracellular vesicle (EV) trafficking is an important
mechanism of intercellular communication in multicellular
organisms (13–27). However, only a small collection of studies
has examined EV function in the eye and the cornea in general
(13, 28). Produced by different mechanisms with different
subcellular origins and size distributions, three types of EVs
have been classified: apoptotic bodies (1 to 5µm in diameter);
microvesicles (up to 1µm in diameter); and exosomes (40 to
150 nm in diameter) (29). Exosomes are intraluminal membrane
vesicles that form from the inward budding of the endosomal
membrane. They contain different constituents of the parent
cell, such as DNA, RNA, mRNA, micro-RNA, transcription
factors, cytokines, lipids, metabolites, cytosolic and cell-surface
proteins, and growth factors. Although the transfer of cargo
between the cells is not completely understood, exosomes may be
crucial in understanding cell trans-differentiation, proliferation,
mechanisms or causes of disease, and to finding potential new
therapies (29).

Due to the difficulties and limitations such as the global
shortage of donor corneas, it is important to find alternative
therapeutic strategies for treating corneal endothelial failure in
humans. This requires basic understanding of the mechanisms
that enable corneal endothelial maintenance in health and
disease. As EVs have shown an important role in reprogramming
normal/injured cells, the aim of this study was to investigate the
role of EVs on HCEnCs and in other higher animals and identify
the factors that inhibit the proliferation of these cells in humans
in vivo.

MATERIALS AND METHODS

Ethical Statement
Human donor corneas were shipped from Fondazione Banca
degli Occhi del Veneto (FBOV, Venice, Italy) to UCL Institute of
Ophthalmology (London, UK) with written consent for research
use as the tissues were not suitable for transplantation due
to poor endothelial cell count (<2200 cells/mm2). The tissues
were utilized and discarded as per the Human Tissue Authority
(HTA, UK) guidelines. The experiments were approved by
the UCL ethics committee (10/H0106/57-2011ETR10) and were
performed in accordance with the Declaration of Helsinki.
The porcine and rabbit corneas were obtained from whole
eyes shipped by a local abattoir and did not qualify for
any special animal handling approval / ARVO guidelines for
animal handling.
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HCEC-12 Cell Culture and Extraction of
EVs
HCEC-12 cell lines were cultured on T-175 flasks (Nunc
EasYFlask Delta surface, ThermoFisher Scientific, Waltham,
MA, USA) using cell culture media (CCM-Ham’s F12:Medium
199 (1:1) supplemented with 5% FBS; ThermoFisher Scientific,
Waltham, MA, USA). Upon 95% confluence, the cells were
starved with serum-depleted media (CCM without FBS; 10mL
per T-175 flask) every 24 h up to 72 h at 37◦C, 5% CO2.
Following starving, the conditioned media (CM) was collected
every 24 h and centrifuged at 112 x g for 5min at 4◦C
(centrifuge 5417, Eppendorf, Hamburg, Germany) to remove
the dead cells and large debris. The supernatant was collected
and re-centrifuged at 699xg for 10min at 4◦C to remove any
potential media remnants. The CM was then filtered through
a 0.22µm filter (Merck Millipore, Burlington, Massachusetts,
USA). Approximately 9mL of the final volume from the flask
was obtained. 4.5mL of the filtered media was gently transferred
to each sterile OptiSeal tube (Beckman Coulter, Brea, California,
USA), capped and ultracentrifuged at 100,000xg in a TLA 100.4
fixed angle rotor (Beckman Coulter, Brea, California, USA) in
an Optima Max-E ultracentrifuge machine (Beckman Coulter,
Brea, California, USA) for 2 h at 4◦C. The resulting pellet (volume
dependent on experiment) was re-suspended and washed with
sterile PBS followed by a second round of ultracentrifugation
using the same settings as mentioned above, to obtain a pellet free
of any media remnants. The resulting pellet was re-suspended in
sterile PBS and either used directly for experiments or stored at
−80◦C. The entire procedure was carried out in the laminar flow
hood to maintain sterility. The stored EV suspension was thawed
in water bath at 37◦C before use.

Quantification, Characterization,
Visualization, and Uptake of EVs
Quantification of EVs
From the EV suspension, 1mL of the solution containing EVs
was used for quantification and sizing following manufacturer’s
instructions (NanoSight NS300 instrument, Amesbury, UK). The
temperature was kept constant at 22◦C and the water viscosity
kept at 0.953cP. For analysis, 1,498 frames were used at a rate of
25 frames per second. Sterile PBS was used as controls to ensure
there was no contamination of any small visible molecules.

Characterization of EVs by Flow Cytometry
The EVs-containing suspension was ultra-centrifuged using the
same settings as mentioned earlier and the resulting pellet
was incubated with 10 µL of aldehyde/sulfate latex beads
(ThermoFisher Scientific, Waltham, Massachusetts, USA) for
15min at room temperature (RT). PBS was added to make up
a final volume of 1mL and the entire solution was incubated
at 4◦C overnight on a test tube rotator wheel fixed at 20 rpm
(Stuart R© Equipment, Saffordshire, ST15 OSA, UK). Glycine
(Sigma-Aldrich, Darmstadt, Germany) was added to a final
concentration of 100mM and the resulting solution incubated
at RT for 30min. The solution was then centrifuged (Note:

all centrifugation steps were performed for 3min at 1800 x
g in RT). The supernatant was removed, and the remaining
pellet was washed thrice in 1mL of 0.5% bovine serum
albumin (BSA, Sigma-Aldrich, Darmstadt, Germany) in PBS.
The pellet was re-suspended in 100 µL of primary antibody
(Supplementary Table 1) diluted in 0.5% BSA and incubated in
the dark for 30min at 4◦C. After washing and centrifugation,
the resulting pellet was re-suspended in 100 µL of appropriate
secondary antibody (Supplementary Table 2) diluted in 0.5%
BSA. This suspension was then incubated in the dark for 30min
at 4◦C. After washing and centrifugation steps, the resulting pellet
was re-suspended in 500 µL of 0.5% BSA. This final suspension
was analyzed using Fortessa X-20 (BD Biosciences, San Jose, CA,
USA) flow cytometer (Laser 488 nm, filter 533/30) and the results
were analyzed using BD FACSDiva software.

Cellular Uptake of EVs
The stored suspension of EVs was labeled with 1,1’-
Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate
(DiI) fluorescent dye (V228885, ThermoFisher, Waltham,
Massachusetts, USA). Briefly, the EV solution was gently
mixed with Dil in PBS (1:1000) and incubated for 30min in
the dark at RT followed by a single wash with PBS and ultra-
centrifugation (100,000xg) for 2 h at 4◦C. The Dil-labeled EVs
were diluted in the CCM supplemented with exosome depleted
FBS (ThermoFisher Scientific) and used for qualitative and time
point analysis.

For confocal microscopy, approximately 50,000 cells (HCEC-
12) per well of 4-well lab-Tek II chamber slides (Thermo
Fisher Scientific) and for Imagestream flow cytometry analysis,
approximately 150,000 cells per well of a 12 well plate (Thermo
Fisher Scientific) was cultured for 48 h. HCEC-12 cells were
refreshed with the CM (fetal bovine serum (FBS) replaced with
exosome-free serum) supplemented with 40 µL of EVs (obtained
from 1mL of the EV suspension i.e.,∼5 X 106 particles) with 360
µL of CM (10% EVs). The cells were monitored at different time
points i.e., 3, 6, 12, 24, and 48 h. Themedia was not refreshed after
adding the EVs throughout the entire course of this experiment.
Negative control was cells with standard FBS.

Cellular Uptake and Localization of EVs-Time Point

Analysis Using Confocal Microscope
The cells (control and with EVs) were washed with PBS and
fixed with 4% paraformaldehyde (PFA) at 3, 6, 12, 24, and
48 h following addition of Dil-positive EVs. Hoechst 33342
(ThermoFisher Scientific) (0.5µg/mL) was added on the cells
to stain the nucleus at RT for 30min. After each step, the cells
were washed at least twice with PBS. After detaching the walls of
the Lab-Tek slides, the cells were covered with mounting media
(Vectashield, Vector Laboratories, Burlingame, CA, USA) and
cover slips. The cells with EV uptake were imaged using the
LSM 700 confocal microscope (Carl Zeiss, Cambridge, UK) and
captured using a built-in Zen software. Localization was observed
using 3D view feature of the confocal microscope following
z-stacking of the image.
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Internalization and Cellular Uptake of EVs Using

Imagestream
The cells (control and with EVs) were washed with PBS and
detached from the plate using TrypLE Express (1X), phenol red
(Life Technologies, Monza, Italy) treatment for 5min at 37◦C
to dissociate the clumps into single cells. The collected cells
were centrifuged at 194xg for 5min, washed and fixed with
4% PFA. The fixed cells were labeled with Hoechst 33342 (as
described above) in 1.5mL Eppendorf tubes, washed with PBS,
and re-suspended in 50 µL of PBS. Samples were acquired on an
ImageStreamx MkII (Austin, Texas, USA) at 60x magnification
on low flow rate. The 405, 561, and 785 nm (for scatter) lasers
were switched on and set to 30, 200, and 1.0-1.2mW, respectively.
Laser powers were chosen that maximized resolution while
avoiding pixel saturation. Channels 1 and 9 were reserved for
brightfield images. Using the IDEAS analysis software, single
cells were gated using Area vs. Aspect ratio (a measure of object
roundness). The gradient RMS feature of the brightfield images
was used to gate on focused events. Percentage of Dil+ events
were identified from the different phases after gating on non-
clipped objects using the Raw Centroid X and Hoechst 33342-
positive events. The quantification of internalization, total EV+
population and total internalization score was obtained from
these positive events. The internalization feature is defined as
the ratio of the intensity inside the cell to the intensity of the
entire cell. The higher the score, the greater the concentration of
intensity inside the cell. All pixels were background-subtracted
and an Adaptive Erode (M01, Ch01 BF1, 78) mask was created
to define the inside of the cell for this feature. The Bright
Detail Intensity R3 and Bright Detail Intensity R7 features
computed the intensity of localized bright spots within the
masked area in the image. Bright Detail Intensity R3 and R7
features compute the intensity of bright spots that are 3 pixels
or 7 pixels in radius or less, respectively. In each case, the
local background around the spots was removed before the
intensity computation.

Human Corneal Endothelial Cell Line
(HCEC-12) Culture With EVs
Human corneal endothelial cells from a certified cell line (HCEC-
12) were cultured on 75 cm2 culture flasks (Nunc, Thermo
Fisher Scientific, Rochester, NY, USA) to reach 95% confluence
using CCM as mentioned above. The cells were trypsinised
and cultured on Lab-Tek II chamber slides (8 chambers, 25 x
75mm, 0.7 cm2 culture area, Thermo Fisher Scientific). Upon
confluence, the CCM was removed and the HCEC-12 cells
were washed with sterile PBS. The cells were refreshed with
CCM (as control) and media supplemented with 10% EVs, as
described above (CCM with exo-free serum-as experimental
group). The cells were analyzed for proliferation rate, doubling
time, viability, apoptosis and endothelial cell specific markers at
different time points.

Human Corneal Endothelial Cell Culture
From Old-Aged Donor Tissues With EVs
Endothelial Cell Evaluation
Donor endothelium of all the tissues was stained with trypan blue
(0.25% w/v) to determine the viability of the cells. Approximately
100 µL of trypan blue was applied topically on the endothelial
surface for 20 s and washed with sterile phosphate buffered saline
(PBS). The endothelium was exposed to a hypotonic sucrose
solution (1.8%) to count the number of endothelial cells using a
reticule (10 x 10) fixed to the eyepiece of an inverted microscope
(Nikon Eclipse TS100, Nikon, Surrey, UK). An average of five
different counts was recorded (30).

Cell Culture
The Descemet’s membrane-endothelial complex of the tissues
were stripped in multiple pieces to ensure quick enzymatic
digestion. The excised pieces were digested in 2 mg/mL
collagenase Type 1 (Thermo Fisher Scientific, Rochester, NY,
USA) for 2 h at 37◦C and 5% CO2. The resulting solution was
centrifuged for 5min at 194xg and the pellet was re-suspended
with TrypLE Express (1X), phenol red (Life Technologies,
Monza, Italy) for 5min at 37◦C to further dissociate into single
cells. The supernatant was discarded, and the cells were re-
suspended in 200 µL of the HCEnC culture medium (HCM),
which is a formulation of 1:1 Ham’s F12:M199 (Sigma-Aldrich),
5% FBS, 20µg/ml ascorbic acid (Sigma-Aldrich), 1% Insulin
Transferrin Selenium (Gibco), 10 ng/ml recombinant human
FGF basic (Gibco), 10µM ROCK inhibitor (Y-27632; Miltenyi
Biotech) and 1% PenStrep (Sigma-Aldrich) (18, 31–35). The cells
were counted using haemocytometer. Lab-Tek II chamber slides
(8-well) were coated with 50 µL Fibronectin Collagen (FNC)
coating mix (US Biological Life Sciences, Salem, Massachusetts,
USA) for 30–45min at 37◦C and 5% CO2. The residual coating
was removed before plating cells. 200 µL of the cell suspension
from each cornea was divided into two equal halves and plated
on each chamber a) without EVs and b) with EVs (10%).
The media was topped up to make a final volume of 400 µL.
The HCM (with/without EVs) was replaced, and the cells were
monitored every alternate day until confluence followed by end-
stage characterization.

Proliferation Rate, Cell Doubling Numbers
and Time on HCEC-12 and HCEnCs
The proliferation rate was measured every alternate day using
an in-built reticule (10 x 10) attached to an inverted microscope
(Nikon Eclipse TS100; Nikon). The number of endothelial
cells/mm2 were counted using the same reticule determined by
counting the number of blocks filled by the cells every alternate
day represented as percentage of proliferation rate in the given
area. This also facilitated in calculating the cell doubling time and
doubling numbers.
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Hoechst 33342, Ethidium Homodimer and
Calcein AM (HEC) Staining to Determine
Live/Dead HCEC-12 Cells and HCEnCs
Cells at confluence were washed with PBS after preservation
prior to the assay. 5 µL of Hoechst 33342 (H) (Thermo Fisher
Scientific), 4 µL of Ethidium Homodimer EthD-1 (E) and 2 µL
Calcein AM (C) (Live/Dead viability/cytotoxicity kit, Thermo
Fisher Scientific) was mixed in 1mL of PBS. 100 µL of the final
solution was directly added on the cells and incubated at room
temperature in dark for 45min, followed by a single washing step
with PBS. The walls of the Lab-Tek slides were detached and the
cells were mounted with mounting media (without DAPI). The
Zeiss LSM 700 confocal microscope (Carl Zeiss, Cambridge, UK)
was used to image the cells that were captured using built-in Zen
software. The measurements and data analysis were performed
using ImageJ (FIJI) bundled with 64-bit Java 1.8.0 112. Viability
of cells was measured as the number of Calcein AM-Hoechst-
positive cells (double stained) compared with the number of only
Hoechst-positive cells. The images were split and the Hoechst
positive cells were overlayed with numbers. Calcein AM positive
cells were patched on the overlayed image to calculate the number
of cells with no calcein positivity and converted to percentage for
statistical analysis.

Cell Apoptosis Using Terminal
Deoxynucleotidyl Transferase
Deoxyuridine Triphosphate Nick-End
Labeling Assay on HCEC-12 and HCEnCs
Cell apoptosis was performed as described in the manufacturer’s
protocol for TACS 2 terminal deoxynucleotidyl transferase (TdT)
diaminobenzidine (DAB) in situ apoptosis detection kit (Cat#
4810-30-K; Trevigen, Maryland, USA). One separate positive
sample was induced with apoptosis using TACS nuclease and
all the samples were viewed and imaged using inverted light
microscope (Nikon Eclipse TS100, Nikon, Surrey, UK). The
apoptotic cells were manually counted, and an average was
recorded from five random areas (36).

Immunostaining of Zonula Occludens-1
(ZO-1) and Na+/K+ATPase
Cells at confluence were washed with PBS and fixed in 4%
paraformaldehyde (PFA) at RT for 20min. The cells were
permeabilized with 0.25% Triton X-100 in PBS for 30min.
After blocking with 10% goat serum for 1 h at RT, the cells
were incubated overnight at 4◦C with primary antibody anti-
ZO-1 (ZO-1-1A12, Alexa Fluor 488; Thermo Fisher Scientific,
Rochester, NY, USA) (HCEC-12 and HCEnCs), 1:200 and; anti-
Na/K ATPase (Sodium Potassium ATPase Alpha 1 Antibody
(464.6)–FITC; Novus Biologicals, Centennial, CO) (HCEnCs
only), 1:50. Hoechst 33342 (0.5µg/ml) was diluted in PBS and
100 µL of the solution was added on the cells to stain the
nucleus. After each step, the cells were washed 3 times with
PBS. After detaching the walls of the Lab-Tek slides, the cells
were covered with mounting medium and cover slips. Expression
of these markers were examined using the LSM 700 confocal

microscope (Carl Zeiss) and images were captured using an
in-built Zen software.

For hexagonality, ZO-1-positive images were converted to
overlay masks using pre-determined macroinstructions to define
the parameters of both hexagonality and polymorphism within
a particular area (37). The images were auto-converted and
the total number of cells in the investigated area were counted
using the macros for ZO-1. The hexagonal and polymorphic
cells were counted manually depending on the cellular structure
comprising 6 borders per cell for hexagonal cells and < 4 borders
for severely polymorphic cells in the investigated area. Cell area
(µm2) was measured by marking the borders of the cell using
a free-hand tool followed by the area measurement tool. The
numbers were converted into percentage for statistical analysis.

Effect of EVs on Wound Healing (Scratch
Assay)–in vitro and ex vivo (Human,
Porcine and Rabbit Corneal Tissues)
In vitro Wound Healing of HCEC-12 Cells
HCEC-12 cells were cultured on standard 12 well plates. Upon
confluence, the center of the wells was scratched using a 1mL
pipette tip to create a wound. The well was washed using
sterile PBS and the cells were refreshed with CCM supplemented
with EVs (10% EVs), as described above. The cells in exo-free
serum CCM were considered as control. The wounded area was
monitored every 24 h till the wound healing was complete. The
images were loaded on ImageJ and the total area of the wounded
zone was measured at different time point leading to calculation
of percentage wound closure at each time point.

Ex vivo Wound Healing on Human Donor Cornea
Like the in vitro wound healing assay, a scratch was made at
the center of the tissue using a 1mL pipette tip. The tissue
was washed and placed in HCM supplemented with/without
EVs. The tissues with exo-free HCM were considered as control.
The wound healing was monitored every 24 h and calculated as
mentioned above.

Ex vivo Wound Healing on Porcine and Rabbit

Corneas
Porcine and rabbit eyes were obtained from a local abattoir.
The corneas were excised and preserved in CCM before the
experiments. Using the same technique as described above, the
corneal endothelium was scratched at the center. The tissues
(donor-matched i.e., OD vs. OS) were washed and preserved
in the media supplemented with exo-free CCM and the other
tissues were preserved with 10% HCEC-12 derived EVs. The
wound healing was monitored every 24 h and calculated as
mentioned above.

Cargo Characterization by Next Generation
Sequencing
One µL of total EV-RNA was utilized for measurement of small
RNA concentration by Agilent Bioanalyzer Small RNA Assay
using Bioanalyzer 2100 Expert instrument (Agilent Technologies,
Santa Clara, CA). Next generation sequencing libraries were
generated with the TailorMix Micro RNA Sample Preparation
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version 2 protocol (SeqMatic LLC, Fremont, CA). Briefly, 3’-
adapter was ligated to the RNA sample and excess 3’-adapters
were removed subsequently. 5’-adapter was then ligated to the 3’-
adapter ligated samples, followed by first strand cDNA synthesis.
cDNA library was amplified and barcoded via enrichment
PCR. Final RNA library was size-selected on an 8% TBE
polyacrylamide gel. Sequencing was performed on the Illumina
NextSeq 500 platform at a read length of 1 x 75 bp single-end at
SR50. FASTQ files for each sample were generated using bcl2fastq
software (Illumina Inc., San Diego, CA). FASTQ data were
checked using FastQC tool and Bowtie2 used to map the spike-
in DNA. RNA adapters were trimmed off using FastqMcf and
cutadapt, with PRINSEQ used in the quality filtering step. Bowtie
was used tomap against the human reference genome (GRCh37).
DEseq was used for abundance determination and differential
expression analysis (38–41). The miRNA database was added,
and the pathway analysis was performed using TarBase v7.0 of
KEGG analysis (mirPath v.2, Diana tools). The heatmap was
created after adding all the miRNAs in the KEGG analysis and
selecting pathways union with settings of p-Value threshold at
0.05 using enrichment analysis method of Fisher’s Exact Test
(Hypergeometric Distribution).

Statistical Analysis
A two-tailed Wilcoxon signed rank test for paired test and
Mann-Whitney test was used to evaluate the evidence of a

difference between the cells in vitro and ex vivo with and without
EVs. All statistical analyses were conducted using GraphPad
Prism 5.01 software.

RESULTS

Data From Human Donor Corneal
Endothelial Cells (n = 40)
Average age of 62.75 ± 6.22 (mean ± SD) years, endothelial
cell density of 1,800 ± 95.34 cells/mm2, post-mortem interval of
12.48 ± 5.68 h with preservation time of 12.08 ± 4.76 days from
the donor corneas was recorded.

Quantification and Characterization of EVs
From HCEC-12 Cells
NanoSight Analysis (n = 3)
Average concentration of 1.23 x 109 ± 5.63 x 107 particles/mL
were found from approximately 18 million cells using Nanosight
analysis i.e., ∼68 EVs per cell. The particles were distributed
in the size range of exosomes and microvesicles (Figure 1A,
Supplementary Video 1).

Flow Cytometery (n = 3)
Flow cytometry analysis showed that the EV samples were
positive for CD63 and TSG101 and did not express GRP94
(Figure 1B).

FIGURE 1 | Quantification, characterization and, internalization of EVs. (A) Representative Nanosight analysis of the EVs derived from HCEC-12 cell lines. The peak is

in the acceptable exosomal size range however, there are likely other particles such as microvesicles present in the sample. Apoptotic bodies seem unlikely as all the

particles are <400 nm. (B) Flow cytometry analysis showing CD63 and TSG101 positivity and negative expression of GRP94. These markers and expression indicate

that the EV samples have a heterogeneous population including exosomes. (C) Imagestream analysis showing cellular uptake and internalization of Dil labeled EVs at

different time points.
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Quantification and characterization indicated that the
extracted EV solution contained a heterogenous population of
exosomes and microvesicles.

Cellular Uptake and Internalization of EVs
Using Dil Labeling and Imagestream
Analysis on HCEC-12 Cells
Confocal Imaging (n = 3)
Dil labeled the lipid bilayer of the EVs. The 3D image showed
that the EVs were internalized inside the cell either on or
surrounding the nucleus or in the cytoplasmic region within
24 h (Supplementary Figure 1A). The EVs were visible inside the
cells as early as 3 h after addition (Supplementary Figure 1B). A
gradual increase in the uptake of EVs was observed between 3
and 48 h (Supplementary Figure 1B).

Imagestream Analysis (n = 3)
Dil-labeled EVs showed internalization by 3 h. However, Dil
uptake and internalization of EVs was at its peak at 48 h
(Figure 1C, Supplementary Figure 1C). The localization was
not specific to a particular cellular organelle and was distributed
throughout the cell.

Effect of EV Uptake on Proliferation, Cell
Numbers and Doubling Time of HCEC-12
Cells and HCEnCs
HCEC-12 (n = 40)
Proliferation rate of HCEC-12 cells without EVs was significantly
higher compared to the cells with EVs at 12, 24, and 48 h
(Figures 2A,B). The cell numbers significantly increased from
80,000 cells to 145,000 in cells without EVs compared to 115,000
in cells with EVs (Figure 2C). Cell doubling time from the cells
without EVs group was significantly less i.e., <4 days compared
with the EVs group, which was over 6 days (Figure 2D) (Table 1).

HCEnCs (n = 40)
HCEnCs without EVs showed 99% confluency by day 9
compared to 88% confluence observed in cells with EVs
(Figure 2E). Proliferation rate was significantly higher in cells
without EVs compared to the cells with EVs at days 3, 5, 7
and 9 (Figure 2F). The cell numbers significantly increased from
70,000 cells to 200,000 in cells without EVs compared to 160,000
in cells with EVs (Figure 2G). Cell doubling time from the cells
without EVs was significantly less i.e.,<4 days compared with the
EVs group, which was over 4 days (Figure 2H) (Table 1).

FIGURE 2 | Morphology, proliferation rate, cell doubling time and rate on HCEC-12 and HCEnCs. (A) Morphology of cells was found to be normal without much

changes in cellular shape or size. This also helped in checking the confluence rate of cells. (B) Statistically significantly higher proliferation rate was observed in cells

without EVs. (C) Cell numbers significantly increased and (D) cell doubling time significantly decreased in the absence of EVs. (E) morphological difference was

observed in cells with EVs. However, the cells were fully confluent by day 9 without EVs. (F) Statistically significantly higher proliferation rate was observed in cells

without EVs. (G) Cell numbers significantly increased and (H) cell doubling time significantly decreased in the absence of EVs. Scale = 250µm. *p < 0.05; **p < 0.01;

***p < 0.001.
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TABLE 1 | Analysis of parameters such as proliferation rate, doubling time and rate, live/dead and apoptosis, hexagonality and cell area.

HCEC-12 Without EVs With EVs HCEnCs Without EVs With EVs

Proliferation (%) Proliferation (%)

Hour 12 21 ± 2 14 ± 3 Day 1 23 ± 6 14 ± 2

Hour 24 48 ± 4 25 ± 3 Day 3 38 ± 3 24 ± 5

Hour 48 68 ± 3 40 ± 4 Day 5 65 ± 4 44 ± 6

Day 7 84 ± 2 69 ± 2

Cell doubling (no. of cells) Day 9 98 ± 2 87 ± 1

Hour 12 88,400 ± 690 85,333 ± 832

Hour 24 109,180 ± 2,106 95,433 ± 1,322 Cell doubling (no. of cells)

Hour 48 145,760 ± 3,678 115,615 ± 2,196 Day 1 77,250 ± 760 75,800 ± 483

Day 3 91,370 ± 1,655 86,116 ± 1,794

Doubling time (days) 3 ± 1 6 ± 1 Day 5 113010 ± 3214 101,910 ± 2,854

Day 7 149,832 ± 7,238 126,516 ± 4,190

Live (%) 96 ± 1 94 ± 2 Day 9 207,050 ± 11,010 164,616 ± 6,294

Dead (%) 1 ± 1 2 ± 1

Apoptotic (%) 2 ± 1 3 ± 1 Doubling time (days) 3 ± 2 4 ± 1

Hexagonality (%) 72 ± 6 69 ± 7 Live (%) 95 ± 1 92 ± 2

Cell area (%) 407 ± 18 427 ± 16 Apoptotic (%) 4 ± 2 8 ± 3

Hexagonality (%) 72 ± 3 67 ± 5

Cell area (%) 401 ± 25 443 ± 33

Corneal endothelial cells with EVs inhibited the proliferation
of cells and increased the cell doubling time.

Effect of EV Uptake on Viability of Cells
Using HEC Staining
HCEC-12 (n = 6)
HEC staining showed viability (calcein AMpositive cells) in both,
cells without (Figure 3A) and with EVs (Figure 3B). The cells
without EVs showed a higher number of viable cells compared
to the cells with EVs (Figure 3C), although it was found to
be non-significant.

HCEnCs (n = 6)
HEC staining showed viable cells (calcein am positive cells)
in both, cells without (Figure 3D) and with EVs (Figure 3E).
The cells without EVs showed a higher number of viable cells
compared to the cells with EVs (Figure 3F), but not found to be
significantly different.

This indicated that addition of 10% EVs in the cells does not
affect the cell viability (Table 1).

Effect of EVs on Cell Apoptosis Using
TUNEL Assay
HCEC-12 (n = 6)
Cells without EVs (Figure 4A) and with EVs (Figure 4B) showed
apoptotic cells. However, they were not found to be statistically
significantly different (Figure 4C) (Table 1).

HCEnCs (n = 6)
Cells from human donor tissues cultured without EVs
(Figure 4D) showed a significantly lower number of

apoptotic cells compared with the cells containing EVs
(Figures 4E,F).

The data indicated that EVs could contain pro-apoptotic
factors that induce apoptosis in human donor corneal
endothelial cells.

Effect of EVs on Expression of Specific
Proteins-ZO-1 Staining for Tight Junctions
and Analysis of Hexagonality and Cell Area,
and Na+/K+-ATPase for Pump Functions
ZO-1 Staining on HCEC-12 (n = 6)
HCEC-12 cells without EVs (Figure 5A) and with EVs
(Figure 5B) showed the expression of ZO-1. As corneal
endothelial cells are a monolayer of hexagonal cells,
it is important to determine the hexagonality of these
cells, which further indicates whether the cells are
differentiating into other cell types or maintaining their
phenotype after addition of EVs. There was no significant
difference between the cells with and without EVs in
terms of hexagonality (Figure 5C) or cell area (Figure 5D)
(Table 1). ZO-1 expression was lost at multiple sites in
both groups.

ZO-1 Staining on HCEnCs (n = 6)
HCEnCs without EVs (Figure 5E) and with EVs (Figure 5F)
expressed ZO-1. Although there was no significant difference
between the cells with and without EVs in terms of hexagonality
(Figure 5G), the cells without EVs showed significantly smaller
cell area compared to the cells with EVs (Figure 5H) (Table 1).
ZO-1 expression was found to be homogeneously distributed at
the intercellular junctions in the sample without EVs compared
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FIGURE 3 | Live/dead analysis using Hoechst, Ethidium homodimer and Calcein AM staining (HEC) / triple labeling. In HCEC-12 lines (A) higher number of viable cells

were observed in cells without EVs compared with that (B) with EVs. (C) The percentage viability was not found to be significantly different in cells with or without EVs.

In HCEnCs, a similar trend was observed i.e., a higher number of viable cells (D) without EVs compared to (E) with EVs showing no statistical significance in (F)

viability. Ethidium homodimer positive cells were not observed. (Hoechst, nuclear in blue staining and Calcein AM, live cells in green staining). Scale = 100µm.

FIGURE 4 | Cell apoptosis using TUNEL assay. Although a lower number of cells were found to be apoptotic in HCEC-12 (A) without EVs compared (B) with EVs, (C)

a statistical significance was not observed between the two groups. However, HCEnCs showed lower number of apoptotic cells (D) without EVs compared to (E) with

EVs and was found to be (F) significantly different. (Black arrow, Methyl green counterstain; red arrow, apoptotic cells). Scale: (A,B) = 100µm; (D,E) = 50µm. *p

< 0.05.

to loss of ZO-1 expression at multiple sites with EVs indicating
that the EVs may influence the development and maintenance of
tight junctions. However, this must be further investigated as it is
a subjective evaluation.

Na+/K+-ATPase Staining on HCEnCs (n = 6)
As a functional marker, Na+/K+-ATPase was expressed in cells
without EVs (Figure 5I) and with EVs (Figure 5J). However,
it was not expressed throughout the sample in the presence of
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FIGURE 5 | Immunostaining using ZO-1 biomarker for expression and evaluation of hexagonality and cell area and expression of Na+/K+-ATPase biomarker to study

the functionality of the cells. HCEC-12 cells showed expression of ZO-1 marker in both the cells. (A) without EVs and (B) with EVs with no significant difference found

in terms of (C) hexagonality or (D) cell area. Similarly, ZO-1 was expressed in HCEnCs (E) without EVs and (F) with EVs. Although the cells did not show a significant

difference in terms of (G) hexagonality, it was found to be significantly different in terms of (H) cell area. The cells (I) without EVs and (J) with EVs showed the

expression of pump functions in terms of positive expression of Na+/K+-ATPase marker. Scale: (A,B) = 20µm; (E,F) and (I,J) = 50 µm. * p < 0.05.

EVs indicating that EVs may also influence the pump-function
outcomes of HCEnCs. This staining was not performed on cell
lines as it was only used to determine the effect of EVs on the
function of HCEnCs.

Effect of EVs on Corneal Endothelial
Wound Healing
Wound Healing Rate on HCEC-12 Cells (n = 6)
HCEC-12 with EVs slowed down the wound healing response
(Figure 6A) and, it was found to be statistically significantly
different at day 1 (Figure 6B). Wound was completely healed
within 3 days in both the groups (Table 2).

Wound Healing Rate on ex vivo Human Donor

Corneas (n = 6)
Human donor corneas without EVs showed faster wound healing
response compared with the cells with EVs (Figure 6C). A
statistical significance was observed at day 3 and 4 where the cells

without EVs showed faster wound healing compared to the cells
with EVs (Figure 6D) (Table 2).

Wound Healing Response on ex vivo Porcine and

Rabbit Corneas With and Without HCEC-12 Derived

EVs (n = 6 Each)
Porcine corneas with human EVs showed a slow wound healing
response (Figure 7A) that was statistically significant at days
2 and 3 (Figure 7B). Rabbit corneas with human EVs slowed
the wound healing response (Figure 7C) and was found to
be significantly different at day 2 (Figure 7D) (Table 2). This
indicated that human EVs affect themigration of endothelial cells
of other species that have otherwise shown to possess natural
capacity to proliferate in vivo.

Next Generation Sequencing of EVs
Derived From HCEC-12 Cells
Next generation sequencing showed 13 microRNAs (Figure 8A)
from HCEC-12 derived EVs. It was observed that some of these
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FIGURE 6 | Effect of EVs derived from HCEC-12 cells on in vitro cells and ex vivo human donor corneas –scratch assay. (A) wound healing on HCEC-12 cell line

showing slow response in presence of EVs. (B) data showing early slow wound healing response on HCEC-12 cells in presence of EVs. (C) Wound healing response

on ex vivo human donor tissues without and with EVs. (D) data showing statistically significantly slow wound healing response of HCECs on donor tissues in presence

of EVs. *p < 0.05.

TABLE 2 | Percentage wound healing in vitro and on ex vivo human, pig and

rabbit tissues.

Wound

healing (%)

HCEC-12 cells

without EVs

HCEC-12 cells with

EVs

Day 1 70 ± 2 80 ± 2

Day 2 15 ± 1 20 ± 1

Day 3 0 ± 0 0 ± 0

Wound

healing (%)

Human tissues

without EVs

Human tissues with

EVs

Day 1 88 ± 1 90 ± 2

Day 2 57 ± 3 65 ± 3

Day 3 35 ± 1 47 ± 6

Day 4 3 ± 1 13 ± 2

Day 5 0 ± 0 0 ± 0

Wound

healing (%)

Pig tissue without

human EVs

Pig tissue with

human EVs

Day 1 77 ± 5 92 ± 4

Day 2 33 ± 5 78 ± 6

Day 3 2 ± 2 26 ± 1

Day 4 0 ± 0 0 ± 0

Wound

healing (%)

Rabbit tissue without

human EVs

Rabbit tissue with

human EVs

Day 1 81 ± 17 77 ± 12

Day 2 3 ± 2 18 ± 4

Day 3 0 ± 0 3 ± 1

microRNAs were actively involved in cell cycle pathway and
inducing cellular apoptosis (Figure 8B).

DISCUSSION

Exosomes derived from different cell types has been involved
in a wide panoply of therapeutic functions (13). Exosomes
are enriched in major histocompatibility complexes and do
not respond to immunosuppressive molecules thus encouraging
their use as therapeutic agents (42–45). This is mainly due
to their critical role in the transfer of bioactive molecules
within and between tissues. However, the challenge remains
in learning the effect of EVs derived from corneal endothelial
cells. Anatomically, the posterior cornea is placed in an enclosed
environment compared to the ocular surface. EVs therefore have
a higher chance of retention in the anterior chamber than on the
surface as they get washed by continuous tear flow. Therefore, the
release and the effects of the EVs derived from corneal endothelial
cells remain an interesting area of investigation.

In our study, the characterization i.e., size distribution
and, positive expression of CD63 and TSG101 and, negative
expression of GRP94 indicated that the isolated sample had a
heterogeneous mixture of EVs, including exosomes. However,
purifying and enriching exosomes will be crucial if intended
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FIGURE 7 | Effect of EVs derived from HCEC-12 cells on ex vivo porcine and rabbit corneas. (A) slow wound healing response was observed on porcine corneal

endothelial cells when exposed to HCEC-12 derived EVs, (B) which showed statistical significance. Similar trend was observed on, (C) the rabbit tissues when

exposed to EVs with (D) significantly slow wound healing response when exposed to HCEC-12 derived EVs. *p < 0.05; **p < 0.01.

for re-modeling the exosomal cargo for therapeutic purpose.
Dil labeling showed that the cells take up small number of
EVs at 3, 6, and 12 h however, a higher cellular uptake of EVs
was observed at 24 and 48 h. EVs require longer time to be
completely internalized in the cells (Supplementary Figure 1C)
however, the localization appears to be dispersed, as the EVs
were observed both, on the surface, in the cytoplasm and on the
nucleus (Supplementary Figures 1A,B). The EVs did not show
any change in cell proliferation after 48 h (unpublished data)
therefore, to observe the chronic effect, the EVs were added every
alternate day while refreshing the media. This showed that the
EVs have a shorter life span to deliver the cargo inside the cell
and continuous addition of EVs is required to see a long-lasting
detrimental effect. This would be extremely important for the
development of EV therapy. Continuous presence and uptake
of EVs in the cell inhibits proliferation, cell doubling time and
rate, further highlighting that the continuous release and uptake
of EVs may result in reduced proliferative capacity of CECs in
vivo. EVs at 10% concentration did not induce mortality to the
normal functioning cell however, 100% concentration of EVs
showed mortality of cells during the dose response study (data
not shown). In addition, the expression of tight junction or pump
function proteins are not significantly affected although the
expression was not consistent throughout the surface. However,
in an attempt to survive and function, the cells enlarged to
cover the vacant space available due to loss of surrounding
cells thus increasing polymorphism and pleomorphism. These
features are like FECD cells i.e., the cells show polymegathism,

further indicative of increased exosomal activity under stressed
environment. Although EVs are released by the cells routinely,
stress of any form could release excessive EVs from the CECs in
the anterior chamber of the eye. This continuous release of EVs
could result into uptake of more EVs by the cells resulting into
overexpression of certain miRNAs that could possibly inhibit the
proliferation of cells.

FECD which is one of the leading causes of corneal blindness
and transplant has shown to be susceptible to oxidative DNA
damage and oxidative stress-induced apoptosis than normal
corneal endothelial cells. Increased activation of p53 in FECD
has suggested that it mediates cell death in susceptible corneal
endothelial cells. This means that p53 plays a critical role
in complex mechanisms regulating oxidative-stress-induced
apoptosis in FECD (46). Studies have also reported that excessive
apoptosis may be an important mechanism in the pathogenesis
of FECD (47). The cargo analysis in our study using NGS
showed that hsa-miR-196b-5p is involved in p53 pathway. In
addition, it has been observed that EVs influence immune
activation through cell-to-cell communication, while oxidative
stress enhances exosome release from stressed cells. In our
study, we starved the cells to obtain a higher quantity of
EVs for experiments with serum depleted media to enhance
the release of EVs. This means that the cells, when stressed,
release excess EVs (48–50). Our hypothesis here is that
following oxidative stress, normal corneal cells start releasing
excessive EVs, which contain factors that promote apoptosis.
In addition, as endothelial cells are in a closed environment,
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FIGURE 8 | Next generation sequencing data showing the presence of 13 miRNAs and their abundance values derived from HCEC-12 cells. (A) The Pareto chart plot

shows the distribution of the data in descending order of frequency with a cumulative line on a secondary axis as a percentage of the total. (B) Heatmap of all the

miRNAs and their associated pathways.
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continuous release of EVs and cellular uptake of excessive
EVs may result in FECD. Therefore, the next challenge will
be to investigate the specifics of each miRNA and reverse
the inhibiting factor to increase the proliferation rate of
these cells and to understand the pathogenesis of EV derived
FECD.

CECs have shown specific properties with regards to
wound healing. Primarily, the endothelium heals by cell
migration followed by increased cell spreading. This process
may be followed by endothelial-mesenchymal transformation.
Cell proliferation, however, plays a secondary role (51). This
could be a reason of the larger cell area induced by EVs.
Moreover, the cells reached confluence with lower cell count
which again highlights that the cells expanded in size but not
in numbers. In terms of migration and wound healing response,
cells supplemented with EVs showed reduced cell migration
or wound closure compared to the cells without EVs, in vitro.
These results were translated to ex vivo human corneas as well.
It has been shown that porcine and rabbit corneal endothelial
cells have a greater proliferative capacity than humans (23,
24, 26, 52). This baseline difference leads to earlier wound
closure of these species compared to the humans. Both, porcine
and rabbit endothelial cells treated with human EVs slowed
the wound healing response. This further indicated that there
are factors in the exosomal cargo of HCEC-12 derived EVs
that reduce the proliferative and migration capability of the
known proliferative cells of different species. Slow wound healing
could be a result of stress induced by human EVs changing
the microenvironment of the CECs in animal tissues and not
necessarily the exosomal cargo itself per se. However, the EV
crosstalk mechanism between human and porcine/rabbit needs
to be further investigated.

EVs transfer the cargo from the originating cell to the
receiving cell and influence various biological processes such
as differentiation, migration, proliferation etc. The cargo, that
includes DNA, RNA, mRNA, miRNA, proteins, and lipids, can
modulate the cellular fate (53). miRNA have been found to
be in abundance and responsible for the functions of multiple
EV populations. It has been demonstrated that miRNAs act
toward biological characteristics including proliferation, cellular
apoptosis, migration, and tumorigenesis. In our study, we
reported 13 miRNAs with their abundance values (Figure 8).
Some of which were found to have key roles in cell cycle (hsa-
miR-205-5p; hsa-miR-196b-5p; hsa-miR-122-5p), adherence
junction (hsa-miR-196b-5p; hsa-miR-497-5p; hsa-miR-3065-3p;
hsa-miR-148b-5p) and p53 signaling pathway (hsa-miR-301a-
3p; hsa-miR-196b-5p; hsa-miR-497-5p). hsa-miR-196b-5p was
found in all three biological functions however, its role is
mainly known in the progression of cancer cells (54–57). It
has not been studied in the ocular research thus needing
extensive research.

The therapeutic efficacy of corneal endothelial cell derived
EVs have not been studied and their secretions to restore
tissue homeostasis enhancing tissue recovery, reparation, and
regeneration needs attention. While many functions of EVs

have been identified, investigations about EV functions in
many specialized tissues of the eye are just at the preliminary
stage. However, as we observed that the EVs inhibit the
growth of HCEnCs, as an alternative, reprogramming the
EVs to induce growth and proliferation of cells could be
a potential future therapeutic approach. Enriching exosomes
from EVs and utilizing them as a carrier for a desired
therapeutic molecule/miRNA would further supplement the
future development for the corneal endothelial treatment.
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Supplementary Video 1 | Nanosight analysis showing the presence of EVs

derived from HCEC-12 cells.
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Purpose: To analyze the impact of COVID-19 on Italian corneal transplantation from

March-2020 to February 2021 compared to the same timeframe of the 2 previous years,

in order to identify potential consequences of a global pandemic on corneal procurement

and transplantation services during this time.

Methods: This national, multicentric, retrospective cohort study evaluated data

collected from 12 (100%) Italian eye banks from March 2020 to February 2021 (Group

A). The number of tissues collected, distributed and discarded were compared with the

same time-frame of the 2 previous years: 2019 and 2018 (group B and C, respectively).

The different type of transplants performed were reported. Data were analyzed using a

non-parametric Friedman test.

Results: Corneal procurement and the percentage of distributed tissues reduced in

2020 by more than 30 and 15%, respectively, compared to the 2 previous years. During

the pandemic corneal transplant surgery showed only a modest drop: the number

of the penetrating keratoplasties (PKs) and the anterior lamellar keratoplasties (ALKs)

decreased by about 30 and 20% in comparison with groups B and C, respectively;

between the Endothelial Keratoplasties (EKs), the Descemet membrane endothelial

keratoplasty (DMEK) increased slightly from March 2020 to February 2021.

Conclusions: Italy was one of the first countries most affected by the outbreak

of COVID-19, and the Italian government adopted severe measures to limit viral

transmission. The pandemic generated several implications in corneal transplant activity

during the first lockdown. Then an efficacious reaction with constant, vigorous work led

to a resumption of transplant surgery to a near-normal standard. The increase of EKs,

despite the pandemic, is a sign that the advance in corneal transplantation has gone

ahead and it continues to evolve.

Keywords: SARS-CoV-2, eye bank guidelines, corneal transplant, eye donor screening, endokeratoplasty
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INTRODUCTION

The difficult scenario, experienced during the first COVID-
19 pandemic wave, and that negatively impacted the National
Health System by diverting resources to contain this infection,
influenced the “second wave” which started around 1st October
2020. The lessons learned from the first wave led to a less
confused and more organized access path to intensive care
units (1).

COVID-19 has become a constant threat for solid organ
transplantation; as a result, the pandemic has generated
significant challenges to Italian procurement and transplantation
programs. It has been recorded a substantial decrease during the
most critical weeks of the early COVID-19 spread, with a 25%
reduction in total donations at a national level, partly due to the
unknown relationship between the virus and tissues (2).

In Italy, after an initial period of uncertainty relating to
the risk of transmission, corneal transplantation activity has
been encouraged by the national regulatory authorities and
Italian corneal scientific societies, in order to avoid tissue
waste. A previous retrospective study comparing the Italian
Eye Bank activity during the lockdown period with the same
timeframe of 2018 and 2019 has shown a dramatic reduction
in corneal transplant activity, resulting in a significant waste of
resources (3).

In this study, we analyzed the impact of COVID-19 on Italian
corneal transplantation in the whole year “annus horribilis”
from March 2020 to February 2021. We therefore compared
the aforementioned period with the same timeframe of the
two previous years (2018 and 2019), in order to describe the
effects of a global pandemic on Italian corneal procurement and
transplantation services during this time.

Our study aimed to analyze the clinical relevance and the
potential consequences of the COVID-19 pandemic on corneal
transplant activity.

MATERIALS AND METHODS

In this national multicentric, retrospective cohort study, we
analyzed data from 12 (100%) Italian eye banks, collected by the
Italian Eye Bank Society “Societa‘ Italiana Banche degli Occhi”
(SIBO), in order to report the eye bank activity between March
2020 and February 2021, comparing it with two previous years.
To simplify data reporting we classified the three main different
time-frames into 3 groups as follows: Group A: fromMarch 2020
to February 2021; Group B: from March 2019 to February 2020;
Group C: fromMarch 2018 to February 2019.

We compared the number of corneas collected and distributed
by the eye banks after the completion of the screening tissue
process. The decrease in the number of corneas procured and
distributed was calculated as a percentage of the average. We
also reported the number of wasted corneas (returned back
and expired).

Finally, we measured the impact of the COVID-19 pandemic
on corneal transplant surgery in Italy, comparing the type
of transplants performed: penetrating keratoplasty (PK),
anterior lamellar keratoplasty (ALK), Descemet stripping

TABLE 1 | Data summary from Italian Eye Bank Associations.

Group C Group B Group A

N◦ of collected tissues 17,099 17,930 11,241

N◦ of distributed tissues 7,074 7,266 5,928

N◦ PK 3,403 3,198 2,294

N◦ DALK 675 778 587

N◦ DSAEK 2,437 2,619 2,431

N◦ DMEK 559 671 616

N◦ EP 315 338 424

N◦ of discarded tissues 857 847 940

N◦ of COVID-19 + tissues 0 15 151

N◦ of canceled procedures 127 145 208

N◦ of expired tissues 623 591 436

N◦ of requested albeit not transplanted corneas 107 96 42

PK, Penetrating keratoplasty; ALK, anterior lamellar keratoplasty; DSAEK, Descemet

stripping automated endothelial keratoplasty; DMEK, Descemet membrane endothelial

keratoplasty; EP, Emergency procedures.

Group A: March 2020–February 2021.

Group B: March 2019–February 2020.

Group C: March 2018–February 2019.

automated endothelial keratoplasty (DSAEK), Descemet
membrane endothelial keratoplasty (DMEK) and emergency
procedures (EP).

STATISTICAL ANALYSIS

Data were recorded and analyzed using Microsoft Excel (2021).
The mean number of corneas collected, and those discarded,
from March 2020 to February 2021 was compared with the
previous 2 years using a non-parametric Friedman test (Stata/IC
16, StataCorp, USA). Statistical significance was defined as a p <

0.05. Data are resumed in Table 1.

RESULTS

Italian Eye Bank Procurement and
Distribution Activity
From the 1stMarch 2020 to the 28th February 2021, 11,241 donor
corneas were collected and harvested. Compared to the previous
2 years the number of corneas in Group A appears significantly
reduced (Group A: 11,241; Group B: 17,930, (−37.3%); Group C:
17099, (−34.4%); p = 0.0009) (Figure 1).

Moreover, we noticed a substantial reduction in the number
of distributed tissues when comparing Group A data with the
previous 2 years (Group B: −16.2%; Group C: −18.4%) (p =

0.0009) (Figure 2).

Discarded Tissues
The number of total discarded corneas declined from 857 in
Group C to 847 in Group B (−1.17%) and to 837 in Group A
(−2.33%%) (p= 0.008) (Figure 3).

Among the discharged tissues in Group A, 151 (18%)
were dismissed because considered at risk for SARS-CoV-2
contamination. Nonetheless, the percentage of discarded tissues
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FIGURE 1 | Corneal procurement trend of Italian Association of Eye Banks. Group A, March 2020–February 2021; Group B, March 2019–February 2020; Group C,

March 2018–February 2019.

FIGURE 2 | Corneal distribution trend of Italian Association of Eye Banks. Group A, March 2020–February 2021; Group B, March 2019–February 2020; Group C,

March 2018–February 2019.

due to a suspicion of SARS-CoV-2 contamination, over the total
number of retrieved corneas in Group A, accounted for 1.34%.

Notably, in Group A, 208 surgical procedures were canceled
resulting in a 63.8% and 43.5% increase of canceled procedure
compared to Group C and Group B, respectively (p = 0.003).
Nonetheless, the number of expired tissues decreased from 623
in Group C to 591 in Group B and 436 in Group A (−5.1 and
−30% respectively) (p = 0.001) probably due to a lower number
of procured tissues. Similarly, the number of corneas requested,
albeit not used by surgeons, declined from 107 to 96 (−10.28%)

and to 42 (−60.75%), in Group C, Group B and Group A,
respectively (p= 0.002).

Pandemic Impact on Corneal Transplant
Surgery
We observed different trends when analyzing the different
subtypes of corneal grafts. In particular, the number of PKs
significantly decreased from 3,403 in Group C and 3,198 in
Group B to 2,294 in Group A (p= 0.0006).

Frontiers in Medicine | www.frontiersin.org 3 March 2022 | Volume 9 | Article 84460197

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Mencucci et al. COVID-19 Impact on Corneal Transplant Activity

FIGURE 3 | Discarded corneal tissue trend of Italian Association of Eye Banks. Group A, March 2020–February 2021; Group B, March 2019–February 2020; Group

C, March 2018–February 2019.

Similarly, the ALK numbers changed from 675 and 778 to 587
in Group C, Group B and Group A, respectively (p = 0.001).
Interestingly, the endothelial keratoplasties were only partially
affected, with 2,437 procedures performed in Group C, 2,619
in Group B and 2,431 in Group A. Nonetheless, the number of
DMEKs increased during the study period, from 559 in Group C
to 671 (+20%) and 616 (+10.2%) in Group B and A, respectively
(p= 0.006) (Figure 4).

Among all the surgeries, 424 (7.6%) were performed as
emergency procedures in Group A, whose number significantly
increased from 315 in Group C (+34.6%) and 338 in Group
B (+25.4%).

DISCUSSION

Early in the outbreak period of 2020, organ and tissue
procurement and transplantation were dramatically affected by
the COVID-19 pandemic in the United States and Europe.
This was due to the lack of information on the risk of SARS-
CoV-2 transmission from donor tissue to recipient. Indeed,
no information was available on the effects of the COVID-19
infection on transplanted patients. After the initial deferral of
elective surgical activity, the transplant rate began to increase,
encouraged by local governments and in agreement with the
national transplant Societies (4). At the beginning of the
pandemic, an European multinational survey involving 64 eye
banks showed a significant reduction in the number of corneas
procured and distributed per month from March to May 2020,
compared with the two previous years. Despite a wide variation
in the international stringency of recommendations for corneal
donor screening, negative correlation between the decrease in
procurement and stringency were found (5).

Due to COVID-19, eye banks have globally developed
different guidelines and criteria for evaluating the viability of
donor corneas (6). The European Eye Bank Association (EEBA)
has developed its own guidelines: first PCR test is required; if the
PCR test is positive 14 days prior to death, the donor is ineligible;
in addition, a nasopharyngeal swab postmortem is performed.
However, individual risk assessment is necessary to assess the
eligibility of the donor (7). The level of precautions adopted in the
various countries ranged from automatic exclusion to retrieval if
nasopharyngeal swab was negative in three categories of patients:
(1) suspected to have COVID-19 but died from another cause; (2)
recovered from COVID-19 and died later on from another cause;
(3) asymptomatic at risk (5). For suspected donors, in European
countries with the least stringent recommendations on retrieval
tissues, the guidelines imposed a 14-day quarantine interval
between recovery and death or between last symptom and death.
The Countries with the most stringent donor guidelines, such
as Austria, Belgium, France, Spain, imposed a prolonged period
of up to 28 days free interval between recovery and death or
between last symptom and death. No country made serology
testing mandatory, but Italy recommended to be performed for
epidemiologic reasons (5).

In Italy, one of the nations with the highest cornea
procurement, the selection criteria released by the competent
health Authority and therefore adopted by SIBO for donor
screening, are summarized in Table 2.

For all the corneas collected by the eye banks, the use
of 5% povidone-iodine (PVP–I) disinfection protocol was
recommended during their retrieval. This has been shown to be
effective at inactivating SARS-CoV-2 (as well as other viruses) (8).

The findings of this study confirmed that the COVID-19
pandemic partially reduced the number of cornea donations in
comparison with the two previous years. From our data, which
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FIGURE 4 | Corneal transplant activity. PK, Penetrating keratoplasty; ALK, Anterior Lamellar Keratoplasty; DSAEK, Descemet Stripping Automated Endothelial

Keratoplasty; DMEK, Descemet Membrane Endothelial Keratoplasty. Group A, March 2020–February 202; Group B, March 2019–February 2020; Group C, March

2018–February 2019.

TABLE 2 | Italian screening criteria COVID-19 donor screening.

Donor status Recommendations for donor

screening

History of COVID-19/symptoms

compatible with COVID-19 but

swab not performed, or

negative, or serological antibody

to SARS-COVID- 2

Tissues should be collected 14 days

after a documented virological

recovery (resolution of symptoms

and/or negative swab), and following

a nasopharyngeal (genetic) swab for

SARS-CoV-2 performed within 24 h

of death*

History of close contact with

COVID-19 patients (absence of

clinical symptoms or with

negative nasopharyngeal swab)

Tissues could be collected 14 days

after the last close contact and

following a nasopharyngeal (genetic)

swab performed within 24 h of death,

with negative results available before

tissue distribution*.

Vaccinated No contraindication

* or, where present, a nasopharyngeal swab performed within 48 h prior to collection.

also analyzed the months following the lockdown, a reduction
of 38 and 20% of corneal procurement and distributed tissues
respectively emerged, compared to the 2019 and 2018.

The number of procured corneas represent, in our opinion,
one of the main indexes of Eye Bank activity throughout
each country. In this context, the apparent reduction in the
number of retrieved corneas (more than 30%) during the
last 12 months, compared to the previous 2 years, poses a
number of considerations. In fact, this proportion appeared
substantially contracted when compared to the one reported by
the SIBO group, which presented a nearly 60% reduction in

the number of retrieved corneas during the Italian lockdown
period (3). Nonetheless, a nearly 30% reduction in a 1-year
estimate of working activity might simply be related to the first
3-month of lockdown period, due to a dramatic reduction of
surgical activity.

Early in the pandemic, before the introduction of Italian
donor screening guidelines to exclude tissues potentially infected
by SARS-CoV-2, an increase in discarded corneas considered
at risk of contamination was reported (3). Current evidence
indicates that SARS-CoV-2 transmission via corneal transplants
from an infected donor to a healthy recipient host is a very rare
event (9). Though, many studies speculate that the eye may be
a possible entry route for SARS-Cov2, due to co-expression of
SARS-CoV-2 entry receptors (ACE2 and TMPRSS2); the risk
of transmission associated with cornea transplantation is very
low. Therefore, the benefit of decedent testing would appear to
be negligible (10, 11). In our opinion, the stringent screening
and the proper manipulation of corneal tissues according to
the guidelines provided by the competent health regulatory
Authorities appear to be sufficient to prevent the transmission of
SARS-CoV-2 to cornea transplant recipients.

During the pandemic a substantial reduction in overall eye
surgical procedures were reported in the first 2 months of
pandemic corresponding to the Italian national lockdown (10
March−9 May 2020). The reduction included predominantly
elective surgeries. However, urgent procedures and intravitreal
injections were also heavily affected (12). The deferral of elective
surgery resulted in a significant increase in expired tissues
to be used for corneal transplants compared to the previous
2 years. Against a relative reduction in the procurement and
the distribution, the percentage of the transplants carried out
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during the “annus horribilis” was not dramatically affected.
During the first 3 months of the COVID-19 lockdown period,
the number of performed transplants both PK and EK were
reduced by more than 50% compared to the same months
of the previous 2 years (3). In our report, the number of
PKs decreased of 29 and 33% compared to 2019 and 2018
respectively. The ALKs reduced of 25 and 14% compared to
group B and C, respectively. Instead, between the EKs, the
DMEK increased slightly compared to previous years. The
reduction in the number of PKs in Group A compared to the
previous 2 years may have been only partially affected by the
COVID-19 pandemic; on one hand, the introduction of lamellar
keratoplasty techniques has led to a general decrease in the
percentage of PKs in recent years (13); on the other hand, the
concomitant reduction of ALKs, although less than the PKs,
could be justified by the suspension or deferral of elective surgical
activity and by the delay in the treatment of pathologies that
during the lockdown have been underestimated as reported
for the rhegmatogenous retinal detachment (12). The relative
increase of EKs, even during the pandemic, confirms the trend of
recent years, with a progressive increase in endothelial selective
corneal transplants and can be explained by the higher likelihood
of this procedure being performed under local anesthesia and not
requiring access to anesthetic facilities (14, 15). A recent report
from India confirms that there was a gradual and incremental
increase in all types of keratoplasties in the unlock phase, which
exceeded the preceding years’ monthly numbers in February and
March 2021 (16).

Despite the difficult period, in relative terms, transplant
activities have not suffered a profound negative impact. The
possible explanation for this positive report may depend
both on the guidelines adopted by eye bank that helped to
improve screening by avoiding a loss of tissue, and on the
competent authorities that encouraged transplantation activity.
Therefore, the whole system from eye banks to surgery has

held up well, and the advance in corneal transplantation has
gone ahead.

CONCLUSIONS

In conclusion, while the lockdown-related restrictions caused
tremendous impact on eye banking/corneal transplant
organization, our data support the hypothesis of an efficacious
reaction with a constant and vigorous working activity
resumption. Moreover, the increase in endothelial keratoplasty
surgery, despite the pandemic, is a sign that corneal transplant
surgery continues to evolve.
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