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Abstract

Whole-eye transplantation emerges as a frontier in ophthalmology, promising a
transformative approach to irreversible blindness. Despite advancements,
formidable challenges persist. Preservation of donor eye viability post-enucleation
necessitates meticulous surgical techniques to optimize retinal integrity and
ganglion cell survival. Overcoming the inhibitory milieu of the central nervous
system for successful optic nerve regeneration remains elusive, prompting the
exploration of neurotrophic support and immunomodulatory interventions.
Immunological tolerance, paramount for graft acceptance, confronts the distinc-
tive immunogenicity of ocular tissues, driving research into targeted immunosup-
pression strategies. Ethical and legal considerations underscore the necessity for

June 18,2024 | Volume14 | Issue2 |


https://www.f6publishing.com
https://dx.doi.org/10.5500/wjt.v14.i2.95009
mailto:mark.zeppieri@asufc.sanita.fvg.it

Scarabosio A et al. Challenges in whole-eye transplantation

stringent standards and ethical frameworks. Interdisciplinary collaboration and ongoing research endeavors are
imperative to navigate these complexities. Biomaterials, stem cell therapies, and precision immunomodulation
represent promising avenues in this pursuit. Ultimately, the aim of this review is to critically assess the current
landscape of whole-eye transplantation, elucidating the challenges and advancements while delineating future
directions for research and clinical practice. Through concerted efforts, whole-eye transplantation stands to revolu-
tionize ophthalmic care, offering hope for restored vision and enhanced quality of life for those afflicted with
blindness.
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Core Tip: Whole-eye transplantation remains a theoretical endeavor. Innovative technologies like bioengineered eyes holding
promise for future breakthroughs. The foremost challenge is to restore the functional connectivity between the optic nerve
and the retina. The challenge of reconnecting the optic neural axis is explained by its peculiar anatomical features where the
cell bodies of the sensory neurons are located within the retina itself. Regeneration of axonal populations within the optic
nerve from the occipital cortex towards the retina is physiologically not feasible. Research in cell and animal models may
provide new frontiers to overcome these functional hurdles, with hopes that eye-sight can be restored with eye
transplantation.
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INTRODUCTION

Nowadays, 43 million people are blind, with cataract, diabetic retinopathy, and glaucoma as leading causes[1]. Whole-eye
transplantation holds profound significance due to its potential to revolutionize the treatment of blindness and severe
visual impairments[2]. By offering the possibility of restoring sight in cases where current medical and surgical inter-
ventions fall short, this approach could drastically improve the quality of life, independence, and social integration for
individuals living with vision loss[3]. The significance of whole-eye transplantation extends beyond the individuals
directly impacted by these conditions, touching broader societal and economic factors. Successful whole-eye trans-
plantation could reduce the healthcare and social support costs associated with blindness and visual impairment,
contributing to greater overall productivity, and reducing the economic burden on families and communities.

The quest for whole-eye transplantation is a long-standing endeavor, marked by initial fascination and complex
challenges[4]. Early experiments in the late 19th and early 20th centuries explored the feasibility of such transplants in
animals, focusing on the technical and biological hurdles involved. A major obstacle identified by mid-20"-century
research was the optic nerve's inability to regenerate, crucial for restoring vision in transplanted eyes[5]. This challenge,
coupled with the difficulty of preventing immune rejection, steered scientific efforts towards more achievable goals like
component transplantation and regenerative medicine. Corneal transplants became successful, routine procedures, while
advances in stem cell therapy, gene therapy, and tissue engineering offered new hope for vision restoration without full
eye transplants[6,7].

In parallel, significant advancements have been made in the development of eye prostheses and assistive technologies
[6,9]. Modern ocular prosthetics not only offer aesthetic improvements but also incorporate advanced materials and
designs that enhance wearer comfort and integration with the ocular socket. Beyond traditional prosthetics, cutting-edge
research into electronic visual prostheses, often referred to as "bionic eyes", aims to restore sight through the direct
stimulation of visual pathways in the brain or the remaining parts of the visual system[10]. These devices, which can
include retinal implants and cortical visual prostheses, translate external visual information captured by cameras into
electrical signals that the brain can interpret, offering a form of sight to those with certain types of blindness[11,12].

As of today, whole-eye transplantation remains a partially theoretical endeavor, with research in regenerative medicine
and innovative technologies like bioengineered devices, such as retinal prosthesis and artificial cornea, holding promise
for future breakthroughs[13,14]. Although the first whole-eye transplantation in human was recently performed, no
functional restoration of vision has been achieved, highlighting that aesthetic improvement alone is not sufficient[4]. The
foremost challenge is to restore the functional connectivity between the optic nerve and the retina. The challenge of
reconnecting the optic neural axis is explained by its peculiar anatomical features where the cell bodies of the sensory
neurons (ganglion cell) are located within the retina itself. Thus, regeneration of axonal populations within the optic
nerve from the occipital cortex towards the retina is physiologically not feasible. Making the re-establishment of vision
connections to the brain is of the highest importance for eyesight restoration. Sight is primarily a brain function rather
than a purely ocular one[15,16].
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On the other hand, immune rejection poses another major problem, as the body's defense mechanisms often attack the
transplanted tissue, considering it foreign. Overcoming these obstacles requires breakthroughs in regenerative medicine,
immunology, and surgical techniques, including promoting nerve regeneration and developing effective strategies to
manage or prevent immune responses against the transplanted eye[17-22].

In this review, we assess the current state of art on whole-eye transplantation, addressing both the advancements and
the future challenges, encompassing innovations in immune acceptance and neural regeneration for visual function
restoration following eye transplant.

ADVANCES AND INSIGHTS

Surgical techniques and interdisciplinary insights from animal models in whole-eye transplantation

Whole-eye transplantation, a pioneering endeavor in medical science, frequently intersects with the intricacies of face
transplantation, particularly regarding surgical techniques, tissue integration challenges, and the nuances of immunosup-
pression[23]. This confluence is particularly apparent in the comprehensive approach both fields demand, encompassing
not just the transplantation of the primary organ but also the intricate reconnection of nerves, blood vessels, and
surrounding tissues to reinstate function and achieve aesthetic congruence[3,24-26].

In the realm of surgical advancements, the insights garnered from face transplantation have significantly informed
whole-eye transplantation efforts, especially in mastering the microsurgical techniques essential for successful tissue
integration. The expertise in microvascular anastomosis, cultivated through vascularized composite allograft (VCA)
transplantation, proves invaluable for whole-eye transplantation by ensuring the establishment of a functional blood
supply essential for the transplanted eye's viability[27]. Furthermore, the shared challenges of immunosuppression and
managing tissue rejection highlight the interdisciplinary synergy between these fields. This collaborative framework
enriches the understanding and development of strategies to mitigate rejection and optimize post-transplant recovery[28-
30]. The exploration of whole-eye transplantation has ventured into animal models, providing a tangible basis for
assessing its feasibility and delineating the procedural complexities[31,32] (Figure 1). Notably, research has concentrated
on rodents and swine, selected for their anatomical and physiological similarities in eye structure and immune response,
offering a closer approximation to human applications[26,31].These animal studies have been instrumental in refining
surgical techniques, such as precise optic nerve alignment and reconnection strategies, and advancing our comprehension
of vascularization necessities for the transplanted eye.

These endeavors in animal models have underscored the procedural feasibility of whole-eye transplantation, albeit
with the caveat that restoring vision remains a formidable challenge yet to be surmounted[33]. It has been achieved in
some animals (cold-blooded vertebrates), but not in mammals[34-38]. The learnings from these models are invaluable,
serving as a foundation for future innovations and the eventual translation of whole-eye transplantation into a viable
clinical procedure for humans[39-41]. In 2023, Laspro et al[42] highlighted the feasibility of WET, noting its safety with no
recorded complications for recipients as per existing literature. They emphasized its potential for functional restoration,
supported by evidence of positive retinal survival in live models. However, the capability for optic nerve regeneration
still requires clarification. The surgical expertise necessary to attain our objectives has been attained; attention must now
be directed towards advancing other areas.

Through this meticulous research, the goal of restoring sight to those with severe visual impairments moves closer to
reality, demonstrating the power of interdisciplinary collaboration in pushing the boundaries of medical science.

Immunological background

The eye is unique as it consists of immunologically privileged and avascular structures[20]. The intricate journey towards
achieving successful whole-eye transplantation is significantly influenced by the immunological landscape unique to the
eye, a topic extensively explored in the literature[17,18,20,22]. This body of work sheds light on the nuanced challenges
and considerations inherent in transplanting an organ as complex and immunologically distinct as the eye.

Recognizing the eye as an immune-privileged site elucidates both the advantages and complications these charac-
teristic poses for transplantation[17-19,21]. The privilege, which under normal circumstances safeguards the eye from
inflammatory damage, becomes a double-edged sword in the context of transplantation, necessitating innovative app-
roaches to manage the immune response. The term “immune privilege” was first coined in the first half of the 18"
century, when Medawar and colleagues recognized the extended survival of skin allografts placed in the anterior
chamber of the eye[19,43]. Years later, Streilein and Niederkorn[44,45] demonstrated that immune privilege was in fact
the result of an actively maintained and “deviant” suppressive immune response to ocular antigens, a phenomenon that
was later referred to as anterior chamber-associated immune deviation. This process was mediated by antigen presenting
cells (APCs), CD4+ T cells, and particularly antigen-specific regulatory T cells (Tregs) which orchestrate immune changes
in the setting of autoimmune diseases and graft-rejection[46-48] (Figure 2). As a consequence of this knowledge, corneal
transplantation has become one of the most successfully performed solid organ transplantation, with a more than 90%
rate of success in low-risk condition, while in high-risk setting it lowers to less than 50%[49,50]. Interestingly, the
impressive success rate often witnessed in low-risk corneal grafts, unlike with other solid organ transplants, can be
attained without relying on HLA matching or extensive systemic immune suppression[51,52]. Following transplantation,
inflammation in the eye triggers the upregulation of proinflammatory cytokines like IL-1, IL-6, and TNF-qa, as well as
chemokines such as MIP-1a, MIP-1B, MIP-2, and RANTES[53]. This inflammatory environment also leads to increased
expression of adhesion molecules like ICAM-1 and VLA-1[54,55]. Consequently, both resident and infiltrating host APCs
exhibit elevated levels of MHC class II and costimulatory molecules like CD80 (B7-1), CD86 (B7-2), and CD40[56]. This
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Figure 1 Anatomical illustration of a rodent model for whole-eye transplantation. 'Anastamosis with the recipient. Created with BioRender.com
(Supplementary material).
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Figure 2 Schematic figure of different phases of the rejection process, mediated by antigen-presenting cells and activated effector cells,
following whole-eye transplantation in a representative rodent model. Created with BioRender.com (Supplementary material).

enhances the ability of donor corneal APCs, typically incapable of T cell stimulation, to prime naive T cells into Thl
effectors, which play a crucial role in acute graft rejection[57]. When considering the retina, studies regarding the retinal
pigmented epithelium transplantation demonstrated that, besides the cellular and molecular pathways mentioned before,
there is a strong activation of pro-inflammatory phenotype of microglial cells which lead to an increase of TNFa, IL-1,
IL-6, nitric oxide, and ROS signaling and, ultimately, rejection and neuronal damage[58]. The critical balance between
avoiding graft rejection and preserving the eye's immune privilege underscores the complexity of immunological consid-
erations in whole-eye transplantation. This balance involves a deep understanding of the eye's specific immune responses
and developing strategies that can foster graft acceptance while mitigating adverse reactions.

Addressing the challenges of graft rejection and the maintenance of immune privilege involves a multifaceted strategy,
incorporating advances in immunosuppressive therapies and the exploration of tolerance-inducing techniques. The de-
mand for localized immunosuppression, as opposed to systemic treatments, makes this field a promising area of invest-
igation, potentially offering a more focused approach that minimizes broader immunosuppressive side effects.

Moreover, compatibility between donor and recipient, the exploration of novel immunomodulatory agents, and the
potential role of regenerative medicine and stem cell therapies in promoting graft tolerance. In this realm, mesenchymal
stem cells represent a beacon of hope given their both regenerative and immunoregulatory capacities secreting numerous
substances that can promote immune-regulated environment in the setting of eye transplantation[59]. These consider-
ations are pivotal in devising comprehensive strategies that tackle the immunological barriers to whole-eye trans-
plantation.
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Whole-eye transplantation is commonly performed in hybrid animal models with face transplant. The comprehensive
immunosuppressive regimens developed for face transplant recipients, aimed at preventing the body's rejection of
transplanted tissues, are of significant relevance to whole-eye transplantation. Understanding how to balance these
regimens to minimize side effects while ensuring the survival of the transplanted tissue is a shared challenge that benefits
from interdisciplinary research and clinical experience in both areas.

Optic nerve regeneration

The eye is the only “peripheral” organ that is directly connected to the brain via the optic nerve. Unlike the nerves of the
peripheral nervous system (PNS), the optic nerve do not spontaneously regenerate[60]. This lack of regeneration has been
attributed primarily to differences in the molecular and cytokine environments between the two systems[61-63]. In the
peripheral system, factors that stimulate regeneration are present, whereas, in the central system, inhibitory factors
predominate[64]. Additionally, the reduced clearance of cellular debris in the central nervous system (CNS) further
hampers regeneration efforts[64,65].

One of the distinguished features of the visual neural axis compared to the neural axis in the somatosensory system is
the location of the cell bodies of the corresponding sensory neurons. While in the PNS, the sensory neurons are located in
the dorsal root ganglia (DRG), which receive afferent information from distal targets like cutaneous mechanoreceptors via
afferent axons. When the axonal continuity of the peripheral nerve is disrupted distally to its cell bodies in DRGs, the
afferent axons regenerate anterogradely towards their targets in the periphery[66]. The anatomy of the eye and the visual
neural axis differs from the peripheral somatosensory axis in that the sensory cell bodies, retinal ganglion cells (RGCs),
are migrated topographically more distally and are located within the retina in direct proximity to the photoreceptors.
Thus, continuity disruption of the optic nerve proximally from the retina is analogous to preganglionic brachial plexus
injury in the upper extremity, where the axons fail to regenerate as the sensory neurons and signal pattern generation are
not lost[67]. This underlines the major limitation in optic nerve regeneration, which does not allow for retrograde axonal
growth.

In this context, Aguayo et al's[68] work stands out, demonstrating that CNS nerves may grow long distances when
placed in the appropriate environment, such as within a peripheral nerve. This finding opened new avenues for optic
nerve regeneration research, particularly relevant for RGCs[68]. RGC axons, which course through the optic nerve, are the
sole carriers of visual information to the brain. Following injury, these axons fail to regrow, and RGC cell bodies typically
die, resulting in permanent vision loss. To preserve RGCs and stimulate their axons' regeneration, researchers must
overcome four major hurdles: Increasing RGC survival, navigating the inhibitory environment of the optic nerve,
enhancing the intrinsic axon growth potential of RGCs, and optimizing the reestablishment of RGC connections to their
targets in the brain[69,70]. The death of RGCs in post-optic nerve injury can be traced back to the disruption of axonal
connections to their targets, eliminating the target-derived neurotrophic support[71]. These signals, which are retro-
gradely transported to the cell body, are crucial for neuronal survival. Thus, strategies to promote optic nerve
regeneration must simultaneously address the post-injury death of RGCs, the inhibitory glial environment, changes in
RGCs’ intrinsic axon growth potential, and the guidance of regenerating axons to their correct targets in the brain[33].

Efforts in CNS regeneration research have provided valuable insights that could be applied to optic nerve injuries. By
leveraging a multi-faceted approach that includes enhancing neurotrophic support, modifying the inhibitory
environment, and boosting the intrinsic growth capacity of RGCs, the field moves closer to viable strategies for optic
nerve regeneration[72,73]. These strategies range from molecular and cellular therapies, such as the application of
neurotrophic factors and stem cell transplantation, to innovative technologies like optogenetics and nanotechnology-
based delivery systems[74-76]. Stem cells hold immense promise in the field of ophthalmology for optic nerve
regeneration[77]. These versatile cells possess the capability to differentiate into various cell types, including those crucial
for repairing damaged optic nerves. By harnessing the regenerative potential of stem cells, researchers aim to restore
vision in conditions such as glaucoma and optic nerve injuries[78,79]. Exosomes and extracellular vesicles (EVs) play
pivotal roles in stem cell-based therapies for optic nerve regeneration[80]. These tiny membrane-bound vesicles secreted
by stem cells contain a cargo of bioactive molecules, including proteins, nucleic acids, and growth factors[79]. Exosomes
and EVs act as messengers, facilitating intercellular communication and transferring regenerative signals to target cells
within the optic nerve[81]. Through their ability to modulate cellular processes and promote tissue repair, exosomes and
EVs enhance the therapeutic efficacy of stem cell treatments for optic nerve regeneration. This synergy between stem cells
and their secreted vesicles offers new avenues for developing innovative regenerative therapies to restore vision and
improve the quality of life for individuals with optic nerve disorders. Each approach aims not only to stimulate axon
growth but also to ensure the precise navigation and integration of these axons into their brain targets, a critical step for
restoring vision. As some of these approaches progress into human clinical trials for optic nerve and spinal cord injuries,
the convergence of new technologies and strategies brings us closer to offering tangible hope for those affected by optic
nerve diseases. The complexity of the optic nerve's environment and the need for precise axonal guidance underscore the
challenges ahead. However, the ongoing advances in understanding and manipulating this environment suggest that
overcoming the barriers to optic nerve regeneration may soon be within reach. By continuing to explore and integrate
these diverse strategies, the goal of restoring sight through whole-eye transplantation and optic nerve regeneration
becomes increasingly attainable, marking a potential paradigm shift in the treatment of blindness and visual impairment.

LIMITS TO SUCCESS

Whole-eye transplantation represents a pioneering frontier in the field of regenerative medicine and ophthalmology,
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holding the promise of restoring vision to those with irreversible blindness. However, this ambitious endeavor faces
several formidable challenges, including maintaining: (1) Donor eye viability; (2) achieving regeneration of the neuronal
networks, ensuring; (3) immunological tolerance, and navigating; and (4) ethical and legal considerations. This chapter
delves into the current state of research in these critical areas, underlining both the progress and the obstacles that lie
ahead.

Donor eye viability

Maintaining the viability of the donor eye post-enucleation stands as a paramount challenge in whole-eye trans-
plantation, underpinned by three critical parameters: The recovery of visual function post-transplant, the resilience of the
outer retina to ischemia, and the survival of RGCs[33,82,83]. The journey toward understanding and optimizing these
factors reveals a complex interplay of biological and technical considerations.

The quest for visual function recovery post-transplant has yielded intriguing insights, particularly from studies on
cold-blooded vertebrates[34-38]. These creatures demonstrate a capacity for visual function recovery that, while offering a
glimmer of hope, also underscores a significant barrier due to the vastly different regenerative abilities between these
species and humans. This disparity poses a formidable challenge, emphasizing the need for innovative approaches to
bridge the gap in regenerative potential.

The outer retina's function, highly sensitive to ischemia, varies notably in the crucial hours following enucleation,
typically ranging from 4 to 9 hours. The application of electroretinography has proven instrumental in assessing the
functionality of this layer. Immediate reperfusion, ideally within a 10-min window of ischemia, has been shown to
preserve its function for an extended period, suggesting that the timing and method of reperfusion are critical to
maintaining the retina's viability[33,82].

Furthermore, the survival of RGCs, pivotal for the transmission of visual information from the eye to the brain, hinges
on minimizing ischemic time and optimizing the point of optic nerve transection. Intracranial sections, with transections
made more than 8 mm away, have shown better outcomes, potentially enhanced by the application of neurotrophic
factors. This highlights the intricate balance between surgical technique and biological intervention necessary to support
RGC survival[84,85].

Notably, the understanding of RGC survival has evolved over time. For instance, Scalia et al's[86] study in 1985
provided a quantitative analysis of RGC survival following optic nerve injury and regeneration, revealing that even with
a full recovery of vision, only 29% of RGCs remained after 50 wk[84,86-89]. While other researchers have reported higher
survival rates, these findings collectively underscore that less than 100% RGC survival might still suffice for visual
recovery. This perspective, primarily derived from studies in cold-blooded vertebrates, holds promise for the enhanced
ability to maintain RGC survival in mammalian systems, including humans.

Taken together, these parameters outline a landscape of challenges and opportunities in whole-eye transplantation.
Each factor, from visual function recovery and outer retina resilience to RGC survival, contributes to the intricate puzzle
of maintaining donor eye viability, underscoring the need for continued research and innovation in this pioneering field.

Restoration of the neural pathways

The quest for successful whole-eye transplantation is a journey through uncharted territories in medical science, partic-
ularly due to the complexity of optic nerve regeneration and its integration into the CNS. The optic nerve, comprising
axons of RGCs, forms the critical link between the eye and the brain, making its regeneration essential for the restoration
of vision (Figure 3). However, a fundamental hurdle in this endeavor is the mammalian CNS's inherent inability to
regenerate damaged axons, a trait that starkly contrasts with the regenerative capabilities observed in many other
vertebrates[40,68]. This limitation means that any damage to the RGCs results in irreversible vision loss. Despite these
challenges, the rapid accumulation of knowledge regarding axonal destruction and regeneration signals a beacon of hope,
edging us closer to the possibility of developing effective regenerative therapies for CNS injuries.

The regeneration of the optic nerve stands as a formidable barrier to the success of whole-eye transplantation. Achi-
eving this feat requires not only the regeneration of damaged axons but also their successful integration and functional
connection with the recipient's brain. This dual challenge implicates both regenerative and connective hurdles within the
intricate environment of the CNS.

Several factors, both intrinsic and extrinsic, contribute to the optic nerve's limited regenerative capacity. Firstly, the
CNS environment itself is not conducive to optic nerve regeneration, in stark contrast to the PNS, where regeneration is
more readily facilitated[90,91]. Studies utilizing peripheral nerve grafts have shown promising results in enabling RGC
axon regeneration through the transected rodent optic nerve, highlighting the CNS's inhibitory nature towards
regeneration. Moreover, the myelin proteins within the CNS, which are crucial for insulating axons and facilitating the
rapid conduction of electrical signals, play a paradoxical role in optic nerve regeneration. While myelin is beneficial for
signal transmission, the myelin produced by oligodendrocytes in the CNS has an inhibitory effect on axon regeneration, a
phenomenon not observed with Schwann cells in the PNS[92]. This inhibitory effect underscores the stark differences in
regenerative capacities between the CNS and PNS.

In addition to the environmental and myelin-related challenges, the response to injury, including inflammation and
immune reactions, significantly impacts the regenerative potential of RGCs. The cellular and molecular processes
initiated by optic pathway transection can create barriers to regeneration. Inmunomodulatory therapies may offer a
pathway to mitigate these effects, as the astrocytes, which support synaptic development and plasticity, can form
physical and molecular barriers post-injury that impede axonal regrowth.

Intrinsic factors within the RGCs themselves also play a crucial role in their regenerative capacity. As RGCs mature,
they undergo significant changes in their molecular programming, including the down-regulation of growth-promoting
molecules such as phosphorylated mammalian target of rapamycin (phosphor-mTOR). This down-regulation signi-
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Figure 3 Challenges in neural pathway regeneration for restoring visual function following whole-eye transplantation. RGC: Retinal ganglion
cell. Created with BioRender.com (Supplementary material).

ficantly hampers the axons' ability to regenerate after injury. However, research has demonstrated that targeting these
intrinsic factors, such as by deleting an mTOR inhibitor like phosphatase and tensin homolog (PTEN), can markedly
enhance the axonal regeneration capacity of RGCs following injury[93-95].

The challenges of optic nerve regeneration extend beyond the optic nerve itself, encompassing the need for precise
reconnection of regenerated axons with the appropriate targets in the brain. Achieving such precise reintegration is
crucial for restoring complex visual functions. Studies have shown some success in enhancing RGC axon regeneration
into critical brain structures involved in visual processing, offering a glimpse into the potential for functional recovery.
Nevertheless, the meticulous reconnection of optic nerve fibers to their designated targets in the brain, coupled with the
immunological considerations inherent in transplanting an entire eye, including the optic nerve, presents significant
challenges that must be addressed to ensure the long-term success and viability of whole-eye transplantation[95].

In addressing these multifaceted challenges, the exploration of biomaterials and engineered scaffolds represents a
promising avenue for research. These materials can be designed to release growth factors and present cues that encourage
axonal extension towards their targets, potentially overcoming some of the intrinsic and extrinsic barriers to optic nerve
regeneration. Despite the advancements in understanding and experimental approaches to facilitate optic nerve
regeneration, translating these findings into successful clinical applications remains an arduous task[93,94]. The journey
toward whole-eye transplantation is fraught with obstacles, yet the pursuit of overcoming these barriers continues to
drive forward the frontiers of ophthalmology and regenerative medicine.

Immunological tolerance

In the domain of immunological tolerance, the adaptation of protocols from those employed in face transplantation is
indeed pertinent. However, it's essential to delineate specific therapies utilized for eye transplantation[96]. Current
immunosuppressive regimens for face and eye transplantation typically involve agents such as tacrolimus, myco-
phenolate mofetil, cyclosporine, and corticosteroids[97,98]. Nevertheless, previous studies indicate that every patient who
underwent face transplantation and was followed up postoperatively for one year encountered at least one episode of
immune rejection[99]. A significant effort has been directed towards minimizing immunosuppressive regimens by
employing lower dosages and reducing the number of medications; however, this has been associated with an increased
risk of allograft rejection. Novel immunomodulatory agents, such as anti-T-cell targeting molecules[100], interleukin-2
receptor antibodies[101], and monoclonal antibodies like alemtuzumab and rituximab[102,103], have demonstrated
promising outcomes in this context. The heterogeneity of ocular tissue renders eye transplantation highly immunogenic,
despite its immune-privileged characteristic, and challenging to manage without robust immune suppression, which
inevitably carries its own set of side effects[102,104,105]. One advantage that researchers should consider in future
endeavors is the accessibility of the eye, which allows for localized therapy to be tested. Localized therapy can potentially
minimize the side effects associated with immunosuppressants while simultaneously enhancing the efficacy of
concomitant systemic therapy[106]. This approach capitalizes on the unique anatomical features of the eye, allowing for
targeted delivery of medications to the site of action while reducing systemic exposure and associated adverse effects. By
exploring localized therapies, researchers can strive to optimize the balance between effective immunosuppression and
minimizing systemic side effects, ultimately improving outcomes for patients undergoing eye transplantation. The
pursuit of functional eye transplants prompts a reassessment of whether a standalone eye transplantation approach
might be preferable, prompting a reevaluation of immunosuppression protocols to optimize outcomes. Ensuring
immunological tolerance while minimizing the risk of rejection and adverse effects is a delicate balance that requires
further research.
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Ethical and legal considerations

Ethical and legal considerations form an integral part of the dialogue on whole-eye transplantation. The prospect of
restoring sight through such transplants raises profound ethical questions, from the allocation of donor eyes to the
psychological impact on recipients and donors' families. Furthermore, legal frameworks must evolve to address the

nuances of whole-eye transplantation, ensuring that these procedures are conducted with the highest ethical standards[4,
107].

CHALLENGES AND FUTURE PERSPECTIVES

In the realm of eye transplantation, navigating future challenges is pivotal for advancing the field. Among these
challenges, the neural component stands out as a central focus demanding thorough investigation. Currently, it acts as a
tyrant, dictating the success and viability of transplantation endeavors. Therefore, minimizing neural damage during the
isolation of the donor eye and reducing ischemic times, ideally below 20 min, emerge as paramount objectives. Achieving
these goals necessitates a meticulously organized and finely tuned surgical technique. Efforts to mitigate neural damage
and minimize ischemic times are multifaceted. Emphasizing the importance of preserving retinal cell viability, techniques
leveraging cold preservation and refining surgical methodologies are imperative. By meticulously optimizing surgical
procedures, researchers aim to curtail ischemic durations, safeguarding the integrity of retinal cells crucial for visual
function.

Furthermore, promoting optic nerve regeneration constitutes another critical frontier. Stem cell therapies emerge as
promising avenues in this endeavor, holding potential for stimulating nerve regrowth and facilitating functional re-
covery. These innovative approaches underscore the importance of interdisciplinary collaborations and continued ex-
ploration of regenerative medicine strategies.

In navigating these challenges, finding a delicate balance in immunosuppressive regimens poses another significant
hurdle. The ideal regimen should strike a nuanced equilibrium, minimizing adverse effects while preventing rejection of
the transplanted eye. This necessitates a nuanced understanding of immune responses and the development of tailored
immunosuppressive protocols.

Future directions in eye transplantation necessitate a comprehensive approach, addressing not only the surgical
intricacies but also the complex interplay between neural regeneration and immune responses. By leveraging advan-
cements in surgical techniques, regenerative therapies, and immunomodulation strategies, researchers endeavor to
overcome these challenges and pave the way for improved outcomes and enhanced quality of life for individuals
undergoing eye transplantation.

CONCLUSION

Whole-eye transplantation stands on the cusp of revolutionizing the treatment of blindness. However, the path forward is
fraught with challenges that span the biological, technical, and ethical domains. Maintaining donor eye viability,
mastering optic nerve regeneration, achieving immunological tolerance, and navigating the ethical landscape are hurdles
that the scientific community must overcome. The journey towards whole-eye transplantation is a testament to the
resilience and innovation inherent in the quest to restore sight, promising a future where vision restoration is within
reach. In summary, the current state of the art is one of cautious optimism, marked by innovative research directions that
address both biological and technical challenges. Continuous advances in molecular biology, regenerative medicine, and
surgical techniques fuel the hope for overcoming the current limitations, potentially paving the way for successful whole-
eye transplantation in the future.

FOOTNOTES

Author contributions: Scarabosio A and Surico PL contributed equally as co-first authors; Scarabosio A, Surico PL, Salati C, Parodi PC,
Leopoldo S and Zeppieri M wrote the outline; Scarabosio A, Surico PL did the research and writing of the manuscript; Salati C, Parodi
PC, Spadea L, Tereshenko V, Singh RB, Caputo G, Winograd ] Zeppieri M assisted in the writing of the paper; Scarabosio A, Surico PL,
Zeppieri M were responsible for the conception and design of the study and Zeppieri M completed the English and scientific editing;
Scarabosio A, Surico PL, Tereshenko V, Singh RB, Salati C, Caputo G, Parodi PC, Spadea S, Gagliano, Winograd ] and Zeppieri M
assisted in the editing and making critical revisions of the manuscript; all authors provided the final approval of the article.

Conflict-of-interest statement: Authors declare no conflict of interests for this article.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the
original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country of origin: Italy

Bienideng> VT | https://www.wjgnet.com 8 June 18,2024 | Volume14 | Issue2 |


https://creativecommons.org/Licenses/by-nc/4.0/

Scarabosio A et al. Challenges in whole-eye transplantation

ORCID number: Carlo Salati 0000-0003-4736-5296; Leopoldo Spadea 0000-0002-1190-3956; Pier Camillo Parodi 0000-0002-4677-8198; Marco
Zeppieri 0000-0003-0999-5545.

S-Editor: Lin C
L-Editor: A
P-Editor: Zheng XM

REFERENCES

1

)

6

26

Stevens GA, White RA, Flaxman SR, Price H, Jonas JB, Keeffe J, Leasher J, Naidoo K, Pesudovs K, Resnikoff S, Taylor H, Bourne RRA;
Vision Loss Expert Group. Global prevalence of vision impairment and blindness: magnitude and temporal trends, 1990-2010. Ophthalmology
2013; 120: 2377-2384 [PMID: 23850093 DOI: 10.1016/j.ophtha.2013.05.025]

Canavero S. Total eye transplantation for the blind: a challenge for the future. Med Hypotheses 1992; 39: 201-211 [PMID: 1474948 DOI:
10.1016/0306-9877(92)90111-0]

Canavero S. HEAVEN: The head anastomosis venture Project outline for the first human head transplantation with spinal linkage (GEMINI).
Surg Neurol Int 2013; 4: S335-S342 [PMID: 24244881 DOI: 10.4103/2152-7806.113444]

Laspro M, Thys E, Chaya B, Rodriguez ED, Kimberly LL. First-in-Human Whole-Eye Transplantation: Ensuring an Ethical Approach to
Surgical Innovation. Am J Bioeth 2024; 24: 59-73 [PMID: 38181210 DOI: 10.1080/15265161.2023.2296407]

Benowitz LI, He Z, Goldberg JL. Reaching the brain: Advances in optic nerve regeneration. Exp Neurol 2017; 287: 365-373 [PMID:
26746987 DOI: 10.1016/j.expneurol.2015.12.015]

Harvey AR, Hu Y, Leaver SG, Mellough CB, Park K, Verhaagen J, Plant GW, Cui Q. Gene therapy and transplantation in CNS repair: the
visual system. Prog Retin Eye Res 2006; 25: 449-489 [PMID: 16963308 DOI: 10.1016/j.preteyeres.2006.07.002]

He H, Tan Y, Duffort S, Perez VL, Tseng SC. In vivo downregulation of innate and adaptive immune responses in corneal allograft rejection
by HC-HA/PTX3 complex purified from amniotic membrane. Invest Ophthalmol Vis Sci 2014; 55: 1647-1656 [PMID: 24519420 DOI:
10.1167/iovs.13-13094]

Rokohl AC, Trester M, Mor JM, Loreck N, Koch KR, Heindl LM. Customizing a Cryolite Glass Prosthetic Eye. J Vis Exp 2019 [PMID:
31736496 DOI: 10.3791/60016]

Nowik K, Langwinska-Wosko E, Skopinski P, Nowik KE, Szaflik JP. Bionic eye review - An update. J Clin Neurosci 2020; 78: 8-19 [PMID:
32571603 DOI: 10.1016/j.jocn.2020.05.041]

Merabet LB. Building the bionic eye: an emerging reality and opportunity. Prog Brain Res 2011; 192: 3-15 [PMID: 21763515 DOI:
10.1016/B978-0-444-53355-5.00001-4]

Luo YH, da Cruz L. A review and update on the current status of retinal prostheses (bionic eye). Br Med Bull 2014; 109: 31-44 [PMID:
24526779 DOI: 10.1093/bmb/1du002]

Parmar UPS, Surico PL, Singh RB, Romano F, Salati C, Spadea L, Musa M, Gagliano C, Mori T, Zeppieri M. Artificial Intelligence (Al) for
Early Diagnosis of Retinal Diseases. Medicina (Kaunas) 2024; 60: 527 [PMID: 38674173 DOI: 10.3390/medicina60040527]

Griffith M, Hakim M, Shimmura S, Watsky MA, Li F, Carlsson D, Doillon CJ, Nakamura M, Suuronen E, Shinozaki N, Nakata K, Sheardown
H. Artificial human corneas: scaffolds for transplantation and host regeneration. Cornea 2002; 21: S54-S61 [PMID: 12484700 DOI:
10.1097/01.ic0.0000263120.68768.18]

Weiland JD, Humayun MS. Retinal prosthesis. [EEE Trans Biomed Eng 2014; 61: 1412-1424 [PMID: 24710817 DOI:
10.1109/TBME.2014.2314733]

Yang SG, Li CP, Peng XQ, Teng ZQ, Liu CM, Zhou FQ. Strategies to Promote Long-Distance Optic Nerve Regeneration. Front Cell Neurosci
2020; 14: 119 [PMID: 32477071 DOI: 10.3389/fncel.2020.00119]

Crair MC, Mason CA. Reconnecting Eye to Brain. J Neurosci 2016; 36: 10707-10722 [PMID: 27798125 DOIL:
10.1523/JINEUROSCI.1711-16.2016]

Keino H, Horie S, Sugita S. Immune Privilege and Eye-Derived T-Regulatory Cells. J Immunol Res 2018; 2018: 1679197 [PMID: 29888291
DOI: 10.1155/2018/1679197]

Stein-Streilein J. Mechanisms of immune privilege in the posterior eye. Int Rev Immunol 2013; 32: 42-56 [PMID: 23360157 DOI:
10.3109/08830185.2012.740535]

Hori J, Kunishige T, Nakano Y. Immune Checkpoints Contribute Corneal Immune Privilege: Implications for Dry Eye Associated with
Checkpoint Inhibitors. Int J Mol Sci 2020; 21 [PMID: 32486493 DOI: 10.3390/ijms21113962]

Kaplan HJ. Anatomy and function of the eye. Chem Immunol Allergy 2007; 92: 4-10 [PMID: 17264478 DOI: 10.1159/000099236]
Niederkorn JY. See no evil, hear no evil, do no evil: the lessons of immune privilege. Nat Immunol 2006; 7: 354-359 [PMID: 16550198 DOI:
10.1038/ni1328]

Zor F, Karagoz H, Kapucu H, Kulahci Y, Janjic JM, Gorantla VS. Immunological considerations and concerns as pertinent to whole eye
transplantation. Curr Opin Organ Transplant 2019; 24: 726-732 [PMID: 31689262 DOI: 10.1097/MOT.0000000000000713]

Davidson EH, Wang EW, Yu JY, Fernandez-Miranda JC, Wang DJ, Li Y, Miller M, Sivak WN, Bourne D, Wang H, Solari MG, Schuman JS,
Washington KM. Clinical Considerations for Vascularized Composite Allotransplantation of the Eye. J Craniofac Surg 2016; 27: 1622-1628
[PMID: 27513765 DOI: 10.1097/SCS.0000000000002985]

Brydges HT, Onuh OC, Chaya BF, Tran DL, Cassidy MF, Dedania VS, Ceradini DJ, Rodriguez ED. Combined Face and Whole Eye
Transplantation: Cadaveric Rehearsals and Feasibility Assessment. Plast Reconstr Surg Glob Open 2023; 11: 5409 [PMID: 38025647 DOI:
10.1097/GOX.0000000000005409]

Bourne D, Li Y, Komatsu C, Miller MR, Davidson EH, He L, Rosner IA, Tang H, Chen W, Solari MG, Schuman JS, Washington KM. Whole-
eye transplantation: a look into the past and vision for the future. Eye (Lond) 2017; 31: 179-184 [PMID: 27983731 DOIL:
10.1038/eye.2016.272]

Bravo MG, Granoff MD, Johnson AR, Lee BT. Development of a New Large-Animal Model for Composite Face and Whole-Eye
Transplantation: A Novel Application for Anatomical Mapping Using Indocyanine Green and Liquid Latex. Plast Reconstr Surg 2020; 145:

Bienideng> VT | https://www.wjgnet.com 9 June 18,2024 | Volume14 | Issue2 |


http://orcid.org/0000-0003-4736-5296
http://orcid.org/0000-0003-4736-5296
http://orcid.org/0000-0002-1190-3956
http://orcid.org/0000-0002-1190-3956
http://orcid.org/0000-0002-4677-8198
http://orcid.org/0000-0002-4677-8198
http://orcid.org/0000-0003-0999-5545
http://orcid.org/0000-0003-0999-5545
http://www.ncbi.nlm.nih.gov/pubmed/23850093
https://dx.doi.org/10.1016/j.ophtha.2013.05.025
http://www.ncbi.nlm.nih.gov/pubmed/1474948
https://dx.doi.org/10.1016/0306-9877(92)90111-O
http://www.ncbi.nlm.nih.gov/pubmed/24244881
https://dx.doi.org/10.4103/2152-7806.113444
http://www.ncbi.nlm.nih.gov/pubmed/38181210
https://dx.doi.org/10.1080/15265161.2023.2296407
http://www.ncbi.nlm.nih.gov/pubmed/26746987
https://dx.doi.org/10.1016/j.expneurol.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/16963308
https://dx.doi.org/10.1016/j.preteyeres.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/24519420
https://dx.doi.org/10.1167/iovs.13-13094
http://www.ncbi.nlm.nih.gov/pubmed/31736496
https://dx.doi.org/10.3791/60016
http://www.ncbi.nlm.nih.gov/pubmed/32571603
https://dx.doi.org/10.1016/j.jocn.2020.05.041
http://www.ncbi.nlm.nih.gov/pubmed/21763515
https://dx.doi.org/10.1016/B978-0-444-53355-5.00001-4
http://www.ncbi.nlm.nih.gov/pubmed/24526779
https://dx.doi.org/10.1093/bmb/ldu002
http://www.ncbi.nlm.nih.gov/pubmed/38674173
https://dx.doi.org/10.3390/medicina60040527
http://www.ncbi.nlm.nih.gov/pubmed/12484700
https://dx.doi.org/10.1097/01.ico.0000263120.68768.f8
http://www.ncbi.nlm.nih.gov/pubmed/24710817
https://dx.doi.org/10.1109/TBME.2014.2314733
http://www.ncbi.nlm.nih.gov/pubmed/32477071
https://dx.doi.org/10.3389/fncel.2020.00119
http://www.ncbi.nlm.nih.gov/pubmed/27798125
https://dx.doi.org/10.1523/JNEUROSCI.1711-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/29888291
https://dx.doi.org/10.1155/2018/1679197
http://www.ncbi.nlm.nih.gov/pubmed/23360157
https://dx.doi.org/10.3109/08830185.2012.740535
http://www.ncbi.nlm.nih.gov/pubmed/32486493
https://dx.doi.org/10.3390/ijms21113962
http://www.ncbi.nlm.nih.gov/pubmed/17264478
https://dx.doi.org/10.1159/000099236
http://www.ncbi.nlm.nih.gov/pubmed/16550198
https://dx.doi.org/10.1038/ni1328
http://www.ncbi.nlm.nih.gov/pubmed/31689262
https://dx.doi.org/10.1097/MOT.0000000000000713
http://www.ncbi.nlm.nih.gov/pubmed/27513765
https://dx.doi.org/10.1097/SCS.0000000000002985
http://www.ncbi.nlm.nih.gov/pubmed/38025647
https://dx.doi.org/10.1097/GOX.0000000000005409
http://www.ncbi.nlm.nih.gov/pubmed/27983731
https://dx.doi.org/10.1038/eye.2016.272

Scarabosio A et al. Challenges in whole-eye transplantation

29

30

(5]
[\

34

w
(%]

(9%}
[o)}

W
-

39
40

41

45

46

47

48

49

67e-75¢ [PMID: 31577655 DOI: 10.1097/PRS.0000000000006322]

Cetrulo CL Jr, Ng ZY, Winograd JM, Eberlin KR. The Advent of Vascularized Composite Allotransplantation. Clin Plast Surg 2017; 44:
425-429 [PMID: 28340673 DOI: 10.1016/j.cps.2016.12.007]

Kaufman CL, Cascalho M, Ozyurekoglu T, Jones CM, Ramirez A, Roberts T, Tien HY, Moreno R, Galvis E, Tsai TM, Palazzo M, Farner S,

Platt JL. The role of B cell immunity in VCA graft rejection and acceptance. Hum Immunol 2019; 80: 385-392 [PMID: 30836129 DOI:
10.1016/j.humimm.2019.03.002]

Kaufman CL, Marvin MR, Chilton PM, Hoying JB, Williams SK, Tien H, Ozyurekoglu T, Ouseph R. Immunobiology in VCA. Transpl Int
2016; 29: 644-654 [PMID: 26924305 DOI: 10.1111/tri.12764]

Etra JW, Raimondi G, Brandacher G. Mechanisms of rejection in vascular composite allotransplantation. Curr Opin Organ Transplant 2018;
23:28-33 [PMID: 29189293 DOI: 10.1097/MOT.0000000000000490]

Zor F, Polat M, Kulahci Y, Sahin H, Aral AM, Erbas VE, Karagoz H, Kurt B, Battal B, Gorantla VS. Demonstration of technical feasibility
and viability of whole eye transplantation in a rodent model. J Plast Reconstr Aesthet Surg 2019; 72: 1640-1650 [PMID: 31377202 DOI:
10.1016/j.bjps.2019.05.042]

Komatsu C, van der Merwe Y, He L, Kasi A, Sims JR, Miller MR, Rosner IA, Khatter NJ, Su AA, Schuman JS, Washington KM, Chan KC.
In vivo MRI evaluation of anterograde manganese transport along the visual pathway following whole eye transplantation. J Neurosci Methods
2022; 372: 109534 [PMID: 35202613 DOI: 10.1016/j.jneumeth.2022.109534]

Ellenberg D, Shi J, Jain S, Chang JH, Ripps H, Brady S, Melhem ER, Lakkis F, Adamis A, Chen DF, Ellis-Behnke R, Langer RS, Strittmatter
SM, Azar DT. Impediments to eye transplantation: ocular viability following optic-nerve transection or enucleation. Br J Ophthalmol 2009; 93:
1134-1140 [PMID: 19286686 DOI: 10.1136/bj0.2008.155267]

Stone LS, Cole CH. Grafted Eyes of Young and Old Adult Salamanders (Amblystoma Punctatum) Showing Return of Vision. Yale J Biol Med
1943; 15: 735-754.2 [PMID: 21434107]

Stone LS. Return of vision in transplanted adult salamander eyes after seven days of refrigeration. Arch Ophthal 1946; 35: 135-144 [PMID:
21018059 DOTI: 10.1001/archopht.1946.00890200140006]

Stone LS. Experiments on return of vision in transplanted eyes of salamanders. Anat Rec 1948; 101: 697 [PMID: 18934069]

Stone LS. Return of vision in transplanted larval eyes of cave salamanders. J Exp Zool 1964; 156: 219-227 [PMID: 14193847 DOI:
10.1002/jez.1401560208]

Stone LS, Ellison FS. Return of vision in eyes exchanged between adult salamanders of different species. J Exp Zool 1945; 100: 217-227
[PMID: 21003384 DOI: 10.1002/jez.1401000205]

Niemeyer G. The function of the retina in the perfused eye. Doc Ophthalmol 1975; 39: 53-116 [PMID: 1104295 DOI: 10.1007/BF00578759]
Niemeyer G. Retinal research using the perfused mammalian eye. Prog Retin Eye Res 2001; 20: 289-318 [PMID: 11286895 DOI:
10.1016/S1350-9462(00)00029-X]

Friedman AH, Marchese AL. The isolated perfused frog eye: a useful preparation for the investigation of drug effects on retinal function. J
Pharmacol Methods 1981; 5: 215-234 [PMID: 6975862 DOI: 10.1016/0160-5402(81)90089-9]

Laspro M, Chaya BF, Brydges HT, Dave N, Thys E, Onuh OC, Tran D, Kimberly LL, Ceradini DJ, Rodriguez ED. Technical Feasibility of
Whole-eye Vascular Composite Allotransplantation: A Systematic Review. Plast Reconstr Surg Glob Open 2023; 11: €4946 [PMID: 37113307
DOI: 10.1097/GOX.0000000000004946]

Taylor AW. Ocular immune privilege. Eye (Lond) 2009; 23: 1885-1889 [PMID: 19136922 DOI: 10.1038/eye.2008.382]

Streilein JW. Ocular immune privilege: therapeutic opportunities from an experiment of nature. Nat Rev Immunol 2003; 3: 879-889 [PMID:
14668804 DOI: 10.1038/nri1224]

Streilein JW, Niederkorn JY. Induction of anterior chamber-associated immune deviation requires an intact, functional spleen. J Exp Med
1981; 153: 1058-1067 [PMID: 6788883 DOI: 10.1084/jem.153.5.1058]

Amouzegar A, Chauhan SK. Effector and Regulatory T Cell Trafficking in Corneal Allograft Rejection. Mediators Inflamm 2017; 2017:
8670280 [PMID: 28539707 DOI: 10.1155/2017/8670280]

Hamrah P, Huq SO, Liu Y, Zhang Q, Dana MR. Corneal immunity is mediated by heterogeneous population of antigen-presenting cells. J
Leukoc Biol 2003; 74: 172-178 [PMID: 12885933 DOI: 10.1189/j1b.1102544]

Surico PL, Lee S, Singh RB, Naderi A, Bhullar S, Blanco T, Chen Y, Dana R. Local administration of myeloid-derived suppressor cells
prevents progression of immune-mediated dry eye disease. Exp Eye Res 2024; 242: 109871 [PMID: 38527580 DOI:
10.1016/j.exer.2024.109871]

Zhu J, Inomata T, Di Zazzo A, Kitazawa K, Okumura Y, Coassin M, Surico PL, Fujio K, Yanagawa A, Miura M, Akasaki Y, Fujimoto K,
Nagino K, Midorikawa-Inomata A, Hirosawa K, Kuwahara M, Huang T, Shokirova H, Eguchi A, Murakami A. Role of Immune Cell Diversity
and Heterogeneity in Corneal Graft Survival: A Systematic Review and Meta-Analysis. J Clin Med 2021; 10 [PMID: 34682792 DOI:
10.3390/jcm10204667]

Amouzegar A, Chauhan SK, Dana R. Alloimmunity and Tolerance in Corneal Transplantation. J Immunol 2016; 196: 3983-3991 [PMID:
27183635 DOI: 10.4049/jimmunol.1600251]

Sakowska J, Glasner P, Zielinski M, Trzonkowski P, Glasner L. Corneal Allografts: Factors for and against Acceptance. J Immunol Res 2021;
2021: 5372090 [PMID: 34642632 DOI: 10.1155/2021/5372090]

Bartels MC, Doxiadis II, Colen TP, Beekhuis WH. Long-term outcome in high-risk corneal transplantation and the influence of HLA-A and
HLA-B matching. Cornea 2003; 22: 552-556 [PMID: 12883350 DOI: 10.1097/00003226-200308000-00013]

Zhu S, Dekaris I, Duncker G, Dana MR. Early expression of proinflammatory cytokines interleukin-1 and tumor necrosis factor-alpha after
corneal transplantation. J Interferon Cytokine Res 1999; 19: 661-669 [PMID: 10433368 DOI: 10.1089/107999099313811]

Philipp W. Leukocyte adhesion molecules in rejected corneal allografts. Graefes Arch Clin Exp Ophthalmol 1994; 232: 87-95 [PMID:
7512518 DOI: 10.1007/BF00171669]

Zhu SN, Dana MR. Expression of cell adhesion molecules on limbal and neovascular endothelium in corneal inflammatory neovascularization.
Invest Ophthalmol Vis Sci 1999; 40: 1427-1434 [PMID: 10359324]

Hori J, Yamaguchi T, Keino H, Hamrah P, Maruyama K. Immune privilege in corneal transplantation. Prog Retin Eye Res 2019; 72: 100758
[PMID: 31014973 DOI: 10.1016/j.preteyeres.2019.04.002]

Allocco JB, Alegre ML. Exploiting immunometabolism and T cell function for solid organ transplantation. Cell Immunol 2020; 351: 104068
[PMID: 32139072 DOL: 10.1016/j.cellimm.2020.104068]

Bienideng> VT | https://www.wjgnet.com 10 June 18,2024 | Volumel14 | Issue2


http://www.ncbi.nlm.nih.gov/pubmed/31577655
https://dx.doi.org/10.1097/PRS.0000000000006322
http://www.ncbi.nlm.nih.gov/pubmed/28340673
https://dx.doi.org/10.1016/j.cps.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30836129
https://dx.doi.org/10.1016/j.humimm.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26924305
https://dx.doi.org/10.1111/tri.12764
http://www.ncbi.nlm.nih.gov/pubmed/29189293
https://dx.doi.org/10.1097/MOT.0000000000000490
http://www.ncbi.nlm.nih.gov/pubmed/31377202
https://dx.doi.org/10.1016/j.bjps.2019.05.042
http://www.ncbi.nlm.nih.gov/pubmed/35202613
https://dx.doi.org/10.1016/j.jneumeth.2022.109534
http://www.ncbi.nlm.nih.gov/pubmed/19286686
https://dx.doi.org/10.1136/bjo.2008.155267
http://www.ncbi.nlm.nih.gov/pubmed/21434107
http://www.ncbi.nlm.nih.gov/pubmed/21018059
https://dx.doi.org/10.1001/archopht.1946.00890200140006
http://www.ncbi.nlm.nih.gov/pubmed/18934069
http://www.ncbi.nlm.nih.gov/pubmed/14193847
https://dx.doi.org/10.1002/jez.1401560208
http://www.ncbi.nlm.nih.gov/pubmed/21003384
https://dx.doi.org/10.1002/jez.1401000205
http://www.ncbi.nlm.nih.gov/pubmed/1104295
https://dx.doi.org/10.1007/BF00578759
http://www.ncbi.nlm.nih.gov/pubmed/11286895
https://dx.doi.org/10.1016/S1350-9462(00)00029-X
http://www.ncbi.nlm.nih.gov/pubmed/6975862
https://dx.doi.org/10.1016/0160-5402(81)90089-9
http://www.ncbi.nlm.nih.gov/pubmed/37113307
https://dx.doi.org/10.1097/GOX.0000000000004946
http://www.ncbi.nlm.nih.gov/pubmed/19136922
https://dx.doi.org/10.1038/eye.2008.382
http://www.ncbi.nlm.nih.gov/pubmed/14668804
https://dx.doi.org/10.1038/nri1224
http://www.ncbi.nlm.nih.gov/pubmed/6788883
https://dx.doi.org/10.1084/jem.153.5.1058
http://www.ncbi.nlm.nih.gov/pubmed/28539707
https://dx.doi.org/10.1155/2017/8670280
http://www.ncbi.nlm.nih.gov/pubmed/12885933
https://dx.doi.org/10.1189/jlb.1102544
http://www.ncbi.nlm.nih.gov/pubmed/38527580
https://dx.doi.org/10.1016/j.exer.2024.109871
http://www.ncbi.nlm.nih.gov/pubmed/34682792
https://dx.doi.org/10.3390/jcm10204667
http://www.ncbi.nlm.nih.gov/pubmed/27183635
https://dx.doi.org/10.4049/jimmunol.1600251
http://www.ncbi.nlm.nih.gov/pubmed/34642632
https://dx.doi.org/10.1155/2021/5372090
http://www.ncbi.nlm.nih.gov/pubmed/12883350
https://dx.doi.org/10.1097/00003226-200308000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10433368
https://dx.doi.org/10.1089/107999099313811
http://www.ncbi.nlm.nih.gov/pubmed/7512518
https://dx.doi.org/10.1007/BF00171669
http://www.ncbi.nlm.nih.gov/pubmed/10359324
http://www.ncbi.nlm.nih.gov/pubmed/31014973
https://dx.doi.org/10.1016/j.preteyeres.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32139072
https://dx.doi.org/10.1016/j.cellimm.2020.104068

Scarabosio A et al. Challenges in whole-eye transplantation

58 Petrash CC, Palestine AG, Canto-Soler MV. Immunologic Rejection of Transplanted Retinal Pigmented Epithelium: Mechanisms and
Strategies for Prevention. Front Immunol 2021; 12: 621007 [PMID: 34054796 DOI: 10.3389/fimmu.2021.621007]

59 Surico PL, Scarabosio A, Miotti G, Grando M, Salati C, Parodi PC, Spadea L, Zeppieri M. Unlocking the versatile potential: Adipose-derived
mesenchymal stem cells in ocular surface reconstruction and oculoplastics. World J Stem Cells 2024; 16: 89-101 [PMID: 38455097 DOI:
10.4252/wjsc.v16.i2.89]

60 De Groef L, Cordeiro MF. Is the Eye an Extension of the Brain in Central Nervous System Disease? J Ocul Pharmacol Ther 2018; 34: 129-
133 [PMID: 28609158 DOI: 10.1089/jop.2016.0180]

61 Yin Y, De Lima S, Gilbert HY, Hanovice NJ, Peterson SL, Sand RM, Sergeeva EG, Wong KA, Xie L, Benowitz LI. Optic nerve regeneration:
A long view. Restor Neurol Neurosci 2019; 37: 525-544 [PMID: 31609715 DOI: 10.3233/RNN-190960]

62 Gokoffski KK, Lam P, Alas BF, Peng MG, Ansorge HRR. Optic Nerve Regeneration: How Will We Get There? J Neuroophthalmol 2020; 40:
234-242 [PMID: 32282513 DOI: 10.1097/WNO.0000000000000953]

63 Benowitz LI, Yin Y. Optic nerve regeneration. Arch Ophthalmol 2010; 128: 1059-1064 [PMID: 20697009 DOI:
10.1001/archophthalmol.2010.152]

64 Gordon T. Nerve regeneration in the peripheral and central nervous systems. J Physiol 2016; 594: 3517-3520 [PMID: 27365158 DOI:
10.1113/JP270898]

65 Huebner EA, Strittmatter SM. Axon regeneration in the peripheral and central nervous systems. Results Probl Cell Differ 2009; 48: 339-351
[PMID: 19582408 DOI: 10.1007/400 2009 19]

66 Bertleff MJ, Meek MF, Nicolai JP. A prospective clinical evaluation of biodegradable neurolac nerve guides for sensory nerve repair in the
hand. J Hand Surg Am 2005; 30: 513-518 [PMID: 15925161 DOI: 10.1016/j.jhsa.2004.12.009]

67 Thatte MR, Babhulkar S, Hiremath A. Brachial plexus injury in adults: Diagnosis and surgical treatment strategies. Ann Indian Acad Neurol
2013; 16: 26-33 [PMID: 23661959 DOI: 10.4103/0972-2327.107686]

68 Aguayo AJ, Rasminsky M, Bray GM, Carbonetto S, McKerracher L, Villegas-Pérez MP, Vidal-Sanz M, Carter DA. Degenerative and
regenerative responses of injured neurons in the central nervous system of adult mammals. Philos Trans R Soc Lond B Biol Sci 1991; 331: 337-
343 [PMID: 1677478 DOI: 10.1098/rstb.1991.0025]

69 Silver J, Sidman RL. A mechanism for the guidance and topographic patterning of retinal ganglion cell axons. J Comp Neurol 1980; 189: 101-
111 [PMID: 7351443 DOI: 10.1002/cne.901890106]

70 Yip HK, So KF. Axonal regeneration of retinal ganglion cells: effect of trophic factors. Prog Retin Eye Res 2000; 19: 559-575 [PMID:
10925243 DOI: 10.1016/S1350-9462(00)00009-4]

71 Deckwerth TL, Johnson EM Jr. Neurotrophic factor deprivation-induced death. Ann N Y Acad Sci 1993; 679: 121-131 [PMID: 8512180 DOI:
10.1111/j.1749-6632.1993.tb18293 ]

72 Au NPB, Ma CHE. Neuroinflammation, Microglia and Implications for Retinal Ganglion Cell Survival and Axon Regeneration in Traumatic
Optic Neuropathy. Front Immunol 2022; 13: 860070 [PMID: 35309305 DOI: 10.3389/fimmu.2022.860070]

73 Fischer D, Leibinger M. Promoting optic nerve regeneration. Prog Retin Eye Res 2012; 31: 688-701 [PMID: 22781340 DOI:
10.1016/j.preteyeres.2012.06.005]

74 Wu C, Ivanova E, Zhang Y, Pan ZH. rAAV-mediated subcellular targeting of optogenetic tools in retinal ganglion cells in vivo. PLoS One

2013; 8: 66332 [PMID: 23799092 DOI: 10.1371/journal.pone.0066332]

Johnson TV, Martin KR. Cell transplantation approaches to retinal ganglion cell neuroprotection in glaucoma. Curr Opin Pharmacol 2013; 13:

78-82 [PMID: 22939899 DOI: 10.1016/j.coph.2012.08.003]

76 Wang S, Kahale F, Naderi A, Surico PL, Yin J, Dohlman T, Chen Y, Dana R. Therapeutic Effects of Stimulating the Melanocortin Pathway in
Regulating Ocular Inflammation and Cell Death. Biomolecules 2024; 14 [PMID: 38397406 DOI: 10.3390/biom14020169]

77 Dahlmann-Noor A, Vijay S, Jayaram H, Limb A, Khaw PT. Current approaches and future prospects for stem cell rescue and regeneration of
the retina and optic nerve. Can J Ophthalmol 2010; 45: 333-341 [PMID: 20648090 DOI: 10.3129/110-077]

78 Park M, Kim HM, Shin HA, Lee SH, Hwang DY, Lew H. Human Pluripotent Stem Cell-Derived Neural Progenitor Cells Promote Retinal
Ganglion Cell Survival and Axon Recovery in an Optic Nerve Compression Animal Model. Int J Mol Sci 2021; 22 [PMID: 34830410 DOI:
10.3390/ijms222212529]

79 Yu F, Wang Y, Huang CQ, Lin SJ, Gao RX, Wu RY. Neuroprotective effect of mesenchymal stem cell-derived extracellular vesicles on optic
nerve injury in chronic ocular hypertension. Neural Regen Res 2023; 18: 2301-2306 [PMID: 37056151 DOI: 10.4103/1673-5374.369121]

80 Sanie-Jahromi F, Mahmoudi A, Khalili MR, Nowroozzadeh MH. A Review on the Application of Stem Cell Secretome in the Protection and
Regeneration of Retinal Ganglion Cells; a Clinical Prospect in the Treatment of Optic Neuropathies. Curr Eye Res 2022; 47: 1463-1471
[PMID: 35876610 DOI: 10.1080/02713683.2022.2103153]

81 Sang X, Tang L, Zhao L, Xu N, Liu F, Shen Y, Wei W, Cheng Y, Huang W, Liu Y, Su'Y, Xu C, Li Y, Wang Z, Liu S. Umbilical cord
mesenchymal stem cell-derived exosomes promote axon regeneration during optic nerve injury through microRNA-dependent mTORC1
signalling. Clin Transl Med 2023; 13: 1319 [PMID: 37400961 DOI: 10.1002/ctm2.1319]

82 Zadeh JK, Garcia-Bardon A, Hartmann EK, Pfeiffer N, Omran W, Ludwig M, Patzak A, Xia N, Li H, Gericke A. Short-Time Ocular Ischemia
Induces Vascular Endothelial Dysfunction and Ganglion Cell Loss in the Pig Retina. Int J Mol Sci 2019; 20 [PMID: 31546635 DOL:
10.3390/ijms20194685]

83 Soliman M, Andreeva K, Nasraoui O, Cooper NGF. A causal mediation model of ischemia reperfusion injury in the retina. PLoS One 2017,
12: 0187426 [PMID: 29121052 DOI: 10.1371/journal.pone.0187426]

84 ZhiY, Lu Q, Zhang CW, Yip HK, So KF, Cui Q. Different optic nerve injury sites result in different responses of retinal ganglion cells to
brain-derived neurotrophic factor but not neurotrophin-4/5. Brain Res 2005; 1047: 224-232 [PMID: 15904902 DOI:
10.1016/j.brainres.2005.04.037]

85 Zhang S, Liu B, Zhu H, Jin H, Gong Z, Qiu H, Xu M, Chen M, Nan K, Wu W. A Novel Rat Model with Long Range Optic Nerve Injury to
Study Retinal Ganglion Cells Endogenous Regeneration. Neuroscience 2021; 465: 71-84 [PMID: 33895340 DOI:
10.1016/j.neuroscience.2021.04.014]

~
W

86 Scalia F, Arango V, Singman EL. Loss and displacement of ganglion cells after optic nerve regeneration in adult Rana pipiens. Brain Res
1985; 344: 267-280 [PMID: 3876140 DOI: 10.1016/0006-8993(85)90804-2]

87 Matsumoto DE, Scalia F. Long-term survival of centrally projecting axons in the optic nerve of the frog following destruction of the retina. J
Comp Neurol 1981; 202: 135-155 [PMID: 6974743 DOI: 10.1002/cne.902020112]

88 Singman EL, Scalia F. Further study of the outward displacement of retinal ganglion cells during optic nerve regeneration, with a note on the

uisnidenge VVIT | https://www.wjgnet.com 11 June 18,2024 | Volume14 | Issue2 |


http://www.ncbi.nlm.nih.gov/pubmed/34054796
https://dx.doi.org/10.3389/fimmu.2021.621007
http://www.ncbi.nlm.nih.gov/pubmed/38455097
https://dx.doi.org/10.4252/wjsc.v16.i2.89
http://www.ncbi.nlm.nih.gov/pubmed/28609158
https://dx.doi.org/10.1089/jop.2016.0180
http://www.ncbi.nlm.nih.gov/pubmed/31609715
https://dx.doi.org/10.3233/RNN-190960
http://www.ncbi.nlm.nih.gov/pubmed/32282513
https://dx.doi.org/10.1097/WNO.0000000000000953
http://www.ncbi.nlm.nih.gov/pubmed/20697009
https://dx.doi.org/10.1001/archophthalmol.2010.152
http://www.ncbi.nlm.nih.gov/pubmed/27365158
https://dx.doi.org/10.1113/JP270898
http://www.ncbi.nlm.nih.gov/pubmed/19582408
https://dx.doi.org/10.1007/400_2009_19
http://www.ncbi.nlm.nih.gov/pubmed/15925161
https://dx.doi.org/10.1016/j.jhsa.2004.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23661959
https://dx.doi.org/10.4103/0972-2327.107686
http://www.ncbi.nlm.nih.gov/pubmed/1677478
https://dx.doi.org/10.1098/rstb.1991.0025
http://www.ncbi.nlm.nih.gov/pubmed/7351443
https://dx.doi.org/10.1002/cne.901890106
http://www.ncbi.nlm.nih.gov/pubmed/10925243
https://dx.doi.org/10.1016/S1350-9462(00)00009-4
http://www.ncbi.nlm.nih.gov/pubmed/8512180
https://dx.doi.org/10.1111/j.1749-6632.1993.tb18293.x
http://www.ncbi.nlm.nih.gov/pubmed/35309305
https://dx.doi.org/10.3389/fimmu.2022.860070
http://www.ncbi.nlm.nih.gov/pubmed/22781340
https://dx.doi.org/10.1016/j.preteyeres.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23799092
https://dx.doi.org/10.1371/journal.pone.0066332
http://www.ncbi.nlm.nih.gov/pubmed/22939899
https://dx.doi.org/10.1016/j.coph.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/38397406
https://dx.doi.org/10.3390/biom14020169
http://www.ncbi.nlm.nih.gov/pubmed/20648090
https://dx.doi.org/10.3129/i10-077
http://www.ncbi.nlm.nih.gov/pubmed/34830410
https://dx.doi.org/10.3390/ijms222212529
http://www.ncbi.nlm.nih.gov/pubmed/37056151
https://dx.doi.org/10.4103/1673-5374.369121
http://www.ncbi.nlm.nih.gov/pubmed/35876610
https://dx.doi.org/10.1080/02713683.2022.2103153
http://www.ncbi.nlm.nih.gov/pubmed/37400961
https://dx.doi.org/10.1002/ctm2.1319
http://www.ncbi.nlm.nih.gov/pubmed/31546635
https://dx.doi.org/10.3390/ijms20194685
http://www.ncbi.nlm.nih.gov/pubmed/29121052
https://dx.doi.org/10.1371/journal.pone.0187426
http://www.ncbi.nlm.nih.gov/pubmed/15904902
https://dx.doi.org/10.1016/j.brainres.2005.04.037
http://www.ncbi.nlm.nih.gov/pubmed/33895340
https://dx.doi.org/10.1016/j.neuroscience.2021.04.014
http://www.ncbi.nlm.nih.gov/pubmed/3876140
https://dx.doi.org/10.1016/0006-8993(85)90804-2
http://www.ncbi.nlm.nih.gov/pubmed/6974743
https://dx.doi.org/10.1002/cne.902020112

Scarabosio A et al. Challenges in whole-eye transplantation

89

90

91

98

99

100

101

104

105

106

107

normal cells of Dogiel in the adult frog. J Comp Neurol 1990; 301: 80-92 [PMID: 2077052 DOI: 10.1002/cne.903010108]

Singman EL, Scalia F. Quantitative study of the tectally projecting retinal ganglion cells in the adult frog. II. Cell survival and functional
recovery after optic nerve transection. J Comp Neurol 1991; 307: 351-369 [PMID: 1856327 DOI: 10.1002/cne.903070302]

Anderson MA, Burda JE, Ren Y, Ao Y, O'Shea TM, Kawaguchi R, Coppola G, Khakh BS, Deming TJ, Sofroniew MV. Astrocyte scar
formation aids central nervous system axon regeneration. Nature 2016; 532: 195-200 [PMID: 27027288 DOI: 10.1038/nature17623]

Curcio M, Bradke F. Axon Regeneration in the Central Nervous System: Facing the Challenges from the Inside. Annu Rev Cell Dev Biol 2018;
34: 495-521 [PMID: 30044649 DOI: 10.1146/annurev-cellbio-100617-062508]

Silver J, Schwab ME, Popovich PG. Central nervous system regenerative failure: role of oligodendrocytes, astrocytes, and microglia. Cold
Spring Harb Perspect Biol 2014; 7: 020602 [PMID: 25475091 DOI: 10.1101/cshperspect.a020602]

Tian F, Cheng Y, Zhou S, Wang Q, Monavarfeshani A, Gao K, Jiang W, Kawaguchi R, Tang M, Donahue R, Meng H, Zhang Y, Jacobi A,
Yan W, Yin J, Cai X, Yang Z, Hegarty S, Stanicka J, Dmitriev P, Taub D, Zhu J, Woolf CJ, Sanes JR, Geschwind DH, He Z. Core
transcription programs controlling injury-induced neurodegeneration of retinal ganglion cells. Neuron 2022; 110: 2607-2624.e8 [PMID:
35767995 DOI: 10.1016/j.neuron.2022.06.003]

Harvey AR, Ooi JW, Rodger J. Neurotrophic factors and the regeneration of adult retinal ganglion cell axons. /nt Rev Neurobiol 2012; 106: 1-
33 [PMID: 23211458 DOI: 10.1016/B978-0-12-407178-0.00002-8]

Laha B, Stafford BK, Huberman AD. Regenerating optic pathways from the eye to the brain. Science 2017; 356: 1031-1034 [PMID: 28596336
DOI: 10.1126/science.aal5060]

Tasigiorgos S, Kollar B, Krezdorn N, Bueno EM, Tullius SG, Pomahac B. Face transplantation-current status and future developments.
Transpl Int 2018; 31: 677-688 [PMID: 29421860 DOI: 10.1111/tri.13130]

Ustiiner ET, Zdichavsky M, Ren X, Edelstein J, Maldonado C, Ray M, Jevans AW, Breidenbach WC, Gruber SA, Barker JH, Jones JW.
Long-term composite tissue allograft survival in a porcine model with cyclosporine/mycophenolate mofetil therapy. Transplantation 1998; 66:
1581-1587 [PMID: 9884243 DOI: 10.1097/00007890-199812270-00003]

Yang JH, Johnson AC, Colakoglu S, Huang CA, Mathes DW. Clinical and preclinical tolerance protocols for vascularized composite allograft
transplantation. Arch Plast Surg 2021; 48: 703-713 [PMID: 34818720 DOI: 10.5999/aps.2021.00927]

Siemionow M, Ozturk C. Face transplantation: outcomes, concerns, controversies, and future directions. J Craniofac Surg 2012; 23: 254-259
[PMID: 22337420 DOI: 10.1097/SCS.0b013e318241b920]

Rossi AP, Alloway RR, Hildeman D, Woodle ES. Plasma cell biology: Foundations for targeted therapeutic development in transplantation.
Immunol Rev 2021; 303: 168-186 [PMID: 34254320 DOIL: 10.1111/imr.13011]

Murakami N, Borges TJ, Win TS, Abarzua P, Tasigiorgos S, Kollar B, Barrera V, Ho Sui S, Teague JE, Bueno E, Clark RA, Lian CG,
Murphy GF, Pomahac B, Riella LV. Low-dose interleukin-2 promotes immune regulation in face transplantation: A pilot study. Am J
Transplant 2023; 23: 549-558 [PMID: 36740193 DOI: 10.1016/j.2jt.2023.01.016]

Montgomery RA, Cozzi E, West LJ, Warren DS. Humoral immunity and antibody-mediated rejection in solid organ transplantation. Semin
Immunol 2011; 23: 224-234 [PMID: 21958960 DOI: 10.1016/j.smim.2011.08.021]

Chandraker A, Arscott R, Murphy G, Lian C, Bueno E, Marty F, Rennke H, Milford E, Tullius S, Pomahac B. Face Transplantation in a
Highly Sensitized Recipient. Mil Med 2016; 181: 221-226 [PMID: 27168576 DOI: 10.7205/MILMED-D-15-00136]

Parlakpinar H, Gunata M. Transplantation and immunosuppression: a review of novel transplant-related immunosuppressant drugs.
Immunopharmacol Immunotoxicol 2021; 43: 651-665 [PMID: 34415233 DOI: 10.1080/08923973.2021.1966033]

Streilein JW. Immunoregulatory mechanisms of the eye. Prog Retin Eye Res 1999; 18: 357-370 [PMID: 10192517 DOI:
10.1016/S1350-9462(98)00022-6]

Chang EL, Sobrin L. Local versus Systemic Therapy for Noninfectious Uveitis (NIU). Semin Ophthalmol 2023; 38: 15-23 [PMID: 36471661
DOI: 10.1080/08820538.2022.2152707]

Sivak WN, Davidson EH, Komatsu C, Li Y, Miller MR, Schuman JS, Solari MG, Magill G, Washington KM. Ethical Considerations of
Whole-Eye Transplantation. J Clin Ethics 2016; 27: 64-67 [PMID: 27045309 DOI: 10.1086/JCE2016271064]

Bienideng> VT | https://www.wjgnet.com 12 June 18,2024 | Volume14 | Issue2 |


http://www.ncbi.nlm.nih.gov/pubmed/2077052
https://dx.doi.org/10.1002/cne.903010108
http://www.ncbi.nlm.nih.gov/pubmed/1856327
https://dx.doi.org/10.1002/cne.903070302
http://www.ncbi.nlm.nih.gov/pubmed/27027288
https://dx.doi.org/10.1038/nature17623
http://www.ncbi.nlm.nih.gov/pubmed/30044649
https://dx.doi.org/10.1146/annurev-cellbio-100617-062508
http://www.ncbi.nlm.nih.gov/pubmed/25475091
https://dx.doi.org/10.1101/cshperspect.a020602
http://www.ncbi.nlm.nih.gov/pubmed/35767995
https://dx.doi.org/10.1016/j.neuron.2022.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23211458
https://dx.doi.org/10.1016/B978-0-12-407178-0.00002-8
http://www.ncbi.nlm.nih.gov/pubmed/28596336
https://dx.doi.org/10.1126/science.aal5060
http://www.ncbi.nlm.nih.gov/pubmed/29421860
https://dx.doi.org/10.1111/tri.13130
http://www.ncbi.nlm.nih.gov/pubmed/9884243
https://dx.doi.org/10.1097/00007890-199812270-00003
http://www.ncbi.nlm.nih.gov/pubmed/34818720
https://dx.doi.org/10.5999/aps.2021.00927
http://www.ncbi.nlm.nih.gov/pubmed/22337420
https://dx.doi.org/10.1097/SCS.0b013e318241b920
http://www.ncbi.nlm.nih.gov/pubmed/34254320
https://dx.doi.org/10.1111/imr.13011
http://www.ncbi.nlm.nih.gov/pubmed/36740193
https://dx.doi.org/10.1016/j.ajt.2023.01.016
http://www.ncbi.nlm.nih.gov/pubmed/21958960
https://dx.doi.org/10.1016/j.smim.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/27168576
https://dx.doi.org/10.7205/MILMED-D-15-00136
http://www.ncbi.nlm.nih.gov/pubmed/34415233
https://dx.doi.org/10.1080/08923973.2021.1966033
http://www.ncbi.nlm.nih.gov/pubmed/10192517
https://dx.doi.org/10.1016/S1350-9462(98)00022-6
http://www.ncbi.nlm.nih.gov/pubmed/36471661
https://dx.doi.org/10.1080/08820538.2022.2152707
http://www.ncbi.nlm.nih.gov/pubmed/27045309
https://dx.doi.org/10.1086/JCE2016271064

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: office(@baishideng.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2024 Baishideng Publishing Group Inc. All rights reserved.


mailto:office@baishideng.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

	Abstract
	INTRODUCTION
	ADVANCES AND INSIGHTS
	Surgical techniques and interdisciplinary insights from animal models in whole-eye transplantation
	Immunological background
	Optic nerve regeneration

	LIMITS TO SUCCESS
	Donor eye viability
	Restoration of the neural pathways
	Immunological tolerance
	Ethical and legal considerations

	CHALLENGES AND FUTURE PERSPECTIVES
	CONCLUSION
	FOOTNOTES
	REFERENCES

