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Abstract

Introduction and Objective:

Corneal transplantation is an increasingly common surgical procedure, with lamellar
keratoplasty now favored over penetrating keratoplasty due to its advantages in outcomes and
precision.

Review methods:

A literature review utilizing databases like Scopus, Google Scholar, and PubMed, with
keywords such as "corneal transplantation rejection™ and "high risk of rejection,” underscores
the need for advancements in understanding and managing graft rejection.

Brief knowledge status:

Key insights highlight the importance of deeper exploration into the immunological
mechanisms of rejection to refine therapeutic strategies. The development of bioengineered
materials like acellular porcine corneal stroma (APCS) offers a promising solution to the global

donor shortage, though further validation of their clinical utility is needed. Complementary
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therapies such as amniotic membrane transplantation show promise in mitigating graft failure
and treating corneal surface disorders due to their anti-inflammatory and regenerative
properties. Moreover, comparative studies suggest that advanced keratoplasty techniques, such
as Descemet Membrane Endothelial Keratoplasty (DMEK), may achieve lower rejection rates
compared to alternatives like Descemet Stripping Automated Endothelial Keratoplasty
(DSAEK).

Discussion:

Future priorities include advancing drug delivery systems, ensuring the feasibility and
accessibility of bioengineered materials, and conducting large-scale multicenter trials to
validate novel treatments and surgical methods across diverse populations.

Summary:

Addressing these challenges is particularly crucial for high-risk and pediatric patients, with the
ultimate goal of reducing graft failure rates and the necessity for repeat interventions.
Keywords: corneal transplantion rejection, corneal transplant rejection, corneal graft rejection,

pathophysiology of corneal graft rejection, bioengineered corneal materials

1. Introduction

Corneal transplantation is a surgical procedure that continues to gain popularity. Globally, as
many as 100,000 such operations are performed annually, with 40,000 of them taking place in
the United States alone [1]. In recent years, lamellar keratoplasty has become the preferred
method, largely replacing penetrating keratoplasty in cases where only part of the cornea
requires replacement. This shift has contributed to a reduced risk of graft rejection [2].

Characteristic clinical symptoms of graft rejection include edema and inflammatory cells
circulating in the anterior chamber of the eye [3]. Low-risk transplant recipients have up to a
90% chance of 2-year graft survival [4], whereas the chances for high-risk recipients drop to
50%, even with the maximum doses of immunosuppressive drugs [5]. One of the most

significant factors predisposing to corneal graft rejection is considered to be the degree of



neovascularization in the host's bed. Despite promising results, the primary cause of transplant

failure remains immunological rejection [6].

2. Aim of the study
In our work, we aim to explore the issues related to corneal transplantation and present the latest
information on effective methods to prevent graft rejection. The following article addresses
various aspects of the graft rejection mechanism itself, as well as the challenges faced by
patients at elevated risk of rejection. Additionally, it discusses the future challenges ahead,

providing insights into the current state of the common situation.

3. Materials and methods
For the purpose of this paper, electronic databases such as Scopus, Google Scholar, and
PubMed were searched. A literature review was conducted using the following keywords:
corneal transplantation rejection, corneal transplant rejection, corneal graft failure, corneal
graft rejection, high risk of rejection, children corneal transplantation. The focus was placed
on articles addressing the prevention of corneal graft rejection, presenting cases of high-risk
patients, and outlining the current state in pediatric patients. Original research studies, case
reports, and review articles were utilized. The search was limited to publications in Polish and

English.

4. Corneal transplant rejection mechanism
Corneal transplantation is among the most successful types of solid organ transplants [7].
Unlike other tissues or organs, the cornea is considered a relatively privileged site for
transplantation in its healthy state, primarily due to the lack of blood and lymphatic vessels
(except for the marginal corneal arcades) and the limited presence of mature antigen-presenting
cells [8]. Despite this, immune rejection remains a significant cause of corneal graft failure [7].
A disruption of corneal immune privilege can trigger the host immune system to react against
antigens in the donor corneal button. This immune response may result in the destruction of
donor tissue, driven by cells and mediators of both innate and adaptive immunity. The host
immune response consists of two components: the afferent arm and the effector arm [9]. T
lymphocytes play a central role in both, significantly influencing the outcome of allografts [7].
In the afferent arm of the immune response, allospecific T cells are activated through two main
pathways: the direct pathway, where T cell receptors interact with intact allogeneic major
histocompatibility complex (MHC) molecules on donor cells, and the indirect pathway, where



donor peptides are presented by self-MHC molecules on recipient antigen-presenting cells
(APCs), such as dendritic cells [9,10]. Following corneal transplantation, the previously
quiescent corneal environment becomes inflammatory. This inflammation induces the
expression of MHC-I1I on central dendritic cells (DCs), upregulates costimulatory molecules
such as CD80, CD86, and CD40 on both central and peripheral DCs, enhances the expression
of adhesion molecules crucial for T cell activation, and promotes the release of cytokines
including IL-1, IL-6, and I1L-12 [9].

The effector arm of graft rejection is predominantly mediated by T cells. Allo-sensitization and
activation of T cells occur in the draining lymph nodes and subsequently migrate to the cornea.
There, they recognize donor MHC antigens, triggering inflammation and tissue destruction. The
primary cellular mediators of graft rejection are CD8+ cytotoxic T lymphocytes (CTLs) and
CD4+ T-helper lymphocytes, which are key drivers of delayed-type hypersensitivity (DTH)
responses [9]. The involvement of both CD4+ and CD8+ T cells in recognizing alloantigens is
critical to the initiation of rejection, with CD4+ T cells playing a particularly central role in
allograft rejection [7].

T-helper cells secrete 1L-2, IFN-gamma, and lymphotoxin, which promote inflammation and
initiate an attack on donor antigens. These cytokines also recruit leukocytes and other immune
cells to the inflamed cornea. Additionally, alloreactive T cells facilitate the formation of
memory T cells, which are responsible for the heightened immune response observed upon re-
exposure to the same antigen, as seen in cases of regraft [9].

The survival of corneal allografts relies on a delicate balance between immune and
inflammatory responses, which help maintain the cornea's relative immune privilege [7].
Understanding the immunopathogenesis of corneal graft rejection is crucial for recognizing the
protective mechanisms and factors contributing to rejection episodes. This knowledge aids in
the early diagnosis and effective management of graft rejection [9].

5. Knowledge status
Among meta-analyses dedicated to corneal graft rejection, several main research directions
stand out, receiving significant scientific attention:
5.1. Identification of High-Risk Patients
The literature describes many high-risk factors, the most well-known being ocular surface
inflammation, retransplantation, corneal neovascularization and neolymphangiogenesis,
glaucoma, and previous ocular surgeries. The role of HLA matching in corneal transplantation

remains controversial and is not used in routine practice. However, some authors suggest that



HLA matching in high-risk corneal transplants could be beneficial[11l, 12].
High-risk patients with corneal neovascularization demonstrate significantly elevated levels of
pro-inflammatory cytokines in tears and aqueous humor. Furthermore, it is known that corneal
transplantation in such patients may trigger reactivation of underlying inflammatory
processes[13, 14].

A deeper understanding of the mechanisms of corneal rejection could help identify warning
signs and establish monitoring indicators for therapy.

Analyzing the pathophysiology of corneal diseases treated with transplantation, the impact of
these diseases on rejection risk, and identifying parameters for asymptomatic or minimally
symptomatic patients who may develop corneal diseases requiring transplantation could benefit
those requiring rapid intervention. Understanding the mechanisms underlying corneal diseases
requiring transplants may help identify at-risk groups, enhance knowledge of connections
between ocular conditions, and improve diagnostics and treatments, thereby reducing corneal
graft rejection rates.

Fuchs' Endothelial Corneal Dystrophy (FECD) is one of the most common corneal dystrophies.
In a genomic study conducted by Gorman et al., several new loci associated with the disease
were identified, including LAMAS, LAMB1, COL18A1, SSBP3, THSD7A, RORA, PIDD1,
and HS3ST3B1, alongside the confirmation of previously discovered loci such as TCF4,
KANK4, LAMC1, and ATP1BL1. Furthermore, strong pleiotropic effects of the TCF4 gene were
observed, including elevated levels of bicarbonates and potassium, as well as decreased chloride
levels in the blood[15, 16].

5.2. Examining the Causes of Excessive Immunization Leading to Rejection in Light of
Widespread Vaccination

In recent years, cases of acute graft rejection following vaccination (e.g., for COVID-19 or
influenza) have been reported, particularly among high-risk groups such as multiply
transplanted patients with corneal neovascularization and neolymphangiogenesis. In these
cases, the anterior chamber loses its immune-privileged status [17,18,19].
A thorough understanding of post-vaccination immunization processes could influence
vaccination guidelines for corneal graft recipients.

5.3. New Directions in Immunosuppressive Therapy for Corneal Transplants

The anterior chamber of the eye, being an immunologically privileged site, presents
pharmacodynamic challenges due to limited drug penetration. Current immunosuppressive
therapy often proves ineffective, with up to 20% of corneal transplants resulting in rejection.
Innovative methods for drug delivery are under active development to address these gaps [20].



Given the shortage of donor tissues for treating corneal blindness, bioengineering and
xenotransplantation of the cornea have seen significant advancements. Acellular porcine
corneal stroma (APCS) has been clinically used since 2012 [21]. However, APCS transplants
may not be suitable for peripheral corneal diseases [22]. Graft failure can occur with Acellular
Porcine Corneal Stroma (APCS) transplants, similar to human corneal transplants. In 2019, two
successfully treated cases of graft rejection following APCS transplantation were reported in
patients with fungal corneal ulcers [23]. In this case, for the first time during the COVID-19
pandemic, amniotic membrane transplantation combined with cauterization of
neovascularization was successfully used to treat APCS graft failure. This approach was
unconventional, as the common treatments for APCS graft failure typically involve tacrolimus,
glucocorticoids, antiviral medications, or repeat transplantation [24,25].

5.4. Amniotic Membrane Transplantation as Adjuvant Therapy for Infectious Keratitis
and Other Keratopathies

Amniotic membrane transplantation is used to treat a wide range of ocular surface disorders,
including neurotrophic keratopathy, infectious keratitis, corneal perforations, limbal stem cell
deficiency, chemical injuries, radiation keratopathy, and bullous keratopathy. Its anti-
inflammatory  properties accelerate tissue regeneration and relieve pain [26].
However, there is a lack of data on its use for treating corneal graft rejection [27,28]. Addressing
this knowledge gap could lead to new recommendations and preventative measures against
repeat surgeries.

5.5. Immunosuppression in Corneal Transplantation

Due to the cornea’'s immune-privileged status, low- and medium-risk transplants typically use
only topical corticosteroids. However, for high-risk patients, some authors advocate modifying
treatment regimens to include immunosuppressive drugs such as tacrolimus or cyclosporine,
preferably in topical form to avoid systemic side effects [29,30,31].

5.6. Comparing Keratoplasty Techniques

Megnier et al. compared DMEK (Descemet Membrane Endothelial Keratoplasty) and DSAEK
(Descemet Stripping Automated Endothelial Keratoplasty). DMEK was associated with fewer
graft rejections than DSAEK [32]. Further research is ongoing to compare the safety profiles
of DMEK and ultra-thin DSAEK techniques. Other studies have analyzed the impact of graft
thickness on outcomes, but significant differences have not been observed [33,34,35,36].
Research on risk factors contributing to graft rejection may be essential for improving corneal
transplantation procedures. For instance, Béal et al. compared the outcomes of corneal

transplantation using the DSAEK technique across patient groups with grafts of varying



thickness (<80 um, 80—100 um, 100-130 um). The study found no significant differences in
outcomes between the groups [37].

5.7 Corneal Transplants in Children

Due to anatomical characteristics of children’s eyes, such as low scleral rigidity and high
vitreous pressure, corneal transplantation (especially penetrating keratoplasty) carries a high
rejection risk. Mohebbi et al. emphasize the need for increased research efforts to address the
challenges of diagnosing and treating corneal conditions in pediatric populations. Tailoring
procedures to the unique needs of pediatric patients (e.g., issues with adhering to medical
recommendations, maintaining hygiene, and postoperative positioning) could reduce rejection
rates [38].

6. Discussion

Corneal transplantation remains one of the most successful organ transplant procedures;
however, graft rejection continues to present a significant challenge to long-term survival,
particularly in high-risk groups and pediatric patients. This discussion has synthesized the
insights gained from current research, explored the broader implications of these findings, and
highlighted key areas warranting further investigation.

The trends identified emphasize three critical research priorities. First, a deeper understanding
of the immunological mechanisms underlying graft rejection is essential to facilitate the
development of more precise and targeted therapeutic strategies. Second, advancements in drug
delivery systems and bioengineered materials must not only improve therapeutic efficacy but
also address challenges related to accessibility and feasibility. Finally, large-scale, multicenter
studies are required to validate the safety, efficacy, and applicability of innovative surgical
techniques and novel treatment modalities across diverse patient populations.

Corneal transplantation occupies a pivotal position at the intersection of clinical innovation and
substantial challenges. Bridging the gaps in knowledge regarding rejection mechanisms,
enhancing immunosuppressive strategies, and refining approaches for high-risk and pediatric
patients are essential steps toward achieving sustainable graft success and improving the overall

quality of life for recipients.

7. Conclusions

The identification and characterization of risk factors for corneal graft rejection, including

neovascularization, ocular surface inflammation, and pre-existing ocular conditions, are critical



for improving outcomes. A more comprehensive understanding of the pathophysiology
underlying these conditions and the immunological mechanisms driving rejection may facilitate
the development of tailored therapeutic strategies, enhanced monitoring protocols, and
ultimately, improved transplant success rates.

Emerging evidence underscores a potential association between certain vaccinations, such as
those for COVID-19 and influenza, and acute graft rejection, particularly in high-risk patients.
A deeper investigation into the immunological processes involved in post-vaccination graft
rejection may inform revisions to vaccination guidelines for corneal graft recipients, thereby
mitigating adverse outcomes in this population. Current immunosuppressive regimens for
corneal transplantation, particularly in high-risk cases, are limited by inadequate drug delivery
to the anterior chamber. Innovations in pharmacological delivery systems and the development
of novel immunosuppressive agents offer significant potential to enhance therapeutic efficacy
and reduce the incidence of graft rejection.

The use of bioengineered materials, such as acellular porcine corneal stroma (APCS), presents
a promising alternative to human donor tissues amidst a global shortage. However, the clinical
utility of these materials, particularly in peripheral corneal diseases, requires further
investigation. Additionally, the integration of complementary therapies, such as amniotic
membrane transplantation, has demonstrated potential in addressing graft failure and warrants
further exploration. Amniotic membrane transplantation also has shown efficacy in treating
various corneal surface disorders, leveraging its anti-inflammatory and regenerative properties.
However, its application in the context of graft rejection remains underexplored. Expanding
research in this area could provide valuable insights and augment existing therapeutic options
to prevent the need for reoperation. Comparative studies of keratoplasty techniques suggest that
refined approaches, such as Descemet Membrane Endothelial Keratoplasty (DMEK), may
result in lower rejection rates compared to alternatives like Descemet Stripping Automated
Endothelial Keratoplasty (DSAEK). Further investigations into the safety and efficacy profiles
of these methods are necessary to establish evidence-based recommendations for surgical
practice.

In summary, advancing the understanding of corneal graft rejection through focused research
on immunological mechanisms, innovative therapeutic strategies, and surgical techniques holds
significant promise. Such efforts are particularly critical for improving outcomes in high-risk
populations, addressing pediatric-specific challenges, and optimizing the use of bioengineered

materials, ultimately reducing the burden of graft failure and the need for repeat interventions.
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