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ABSTRACT

Corneal blindness affects more than 12 million individuals worldwide; however, the availability of
human donor corneas meets only asmall fraction of the demand. Porcine corneal xenotransplantation
represents a promising alternative because of the cornea’s immune privilege and the anatomical
similarities between human and porcine corneas. However, the galactose-a1,3-galactose antigen
expressed on porcine cells induces hyperacute rejection through the activation of human anti-Gal
antibodies, complement pathways, and innate immune cell infiltration. This review summarizes
the mechanisms underlying corneal immune privilege and contrasts them with galactose-a1,3-
galactose-mediated rejection pathways. In addition, it evaluates five major mitigation strategies:
GGTA1-knockout pigs, enzymatic a-galactosidase treatment, RNA interference, decellularization, and
immunosuppressive approaches, including CD40-CD154 blockade and topical tacrolimus. Preclinical
studies have demonstrated that GTKO corneas can maintain transparency for longer than 1 year,
whereas decellularized matrices preserve corneal architecture while exhibiting low antigenicity. These

findings support the future clinical translation of porcine corneal xenotransplantation.

KEYWORDS: Corneal transplantation; Xenotransplantation; Graft rejection; Galactose; Immuno-

suppressive agents.

INTRODUCTION

The cornea is a transparent, avascular tissue responsible for approximately
two-thirds of the eye’s refractive power®. It consists of five layers—the stratified
epithelium, Bowman’s membrane, collagen-rich stroma, Descemet’s membrane,
and a monolayer of nonregenerating endothelial cells—which collectively maintain
transparency, protect intraocular structures, and preserve barrier function®. Loss of
corneal clarity or structural integrity resulting from keratoconus, Fuchs dystrophy,
infectious keratitis, chemical injury, or corneal scarring can lead to severe visual
impairment. In such cases, penetrating or lamellar keratoplasty remains the only
effective treatment option®.

Despite the high survival rates of corneal allografts in ideal avascular host beds, an
estimated 12.7 million people worldwide still lack access to donor corneas®>. Porcine
corneal xenotransplantation may help address this shortage; however, immuno-
logical rejection remains a major challenge, primarily because of the galactose-a1,3-
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galactose (a-Gal) antigen(®?. This review discusses corneal
immune privilege, the biosynthesis and immunogenicity
of a-Gal, the mechanisms underlying graft destruction,
current mitigation strategies—including genetic ablation,
enzymatic removal, decellularization, RNA interference,
and immunosuppression—and future directions involving
gene editing and bioengineering approaches for long-term
graft survival.

Corneal transplantation is the most commonly performed
form of human solid tissue transplantation®. Owing in part
to the immune privilege of the cornea, transplantation
outcomes are generally favorable, with survival rates
reaching 90% at 1 year and 55% at 15 years in avascular,
noninflamed host beds®.

The principal limitation remains the availability of ethically
sourced donor tissue. More than half of all countries (53.3%)
lack eye-banking services, whereas 35.7% can meet only
minimal transplantation demands®). The burden is greatest
in low- and middle-income countries, where approximately
90% of the global visually impaired population resides(.

The a-Gal antigenis an oligosaccharide expressed in most
nonprimate mammals, including pigs and cattle. In humans
and higher primates, this antigen is highly immunogenic
because these species naturally produce anti-Gal antibodies
against the molecule, making a-Gal a central trigger of
xenograft hypersensitivity reactions). Understanding
the role of a-Gal in xenotransplant rejection requires an
understanding of ocular immunology and corneal immune
privilege®.

Immune privilege in the eye was first recognized through
studiesinvolvingcornealtransplantation. Thisphenomenon
is attributed to three major mechanisms: anatomical and
molecular barriers, immune tolerance pathways, and an
immunosuppressive intraocular microenvironment(¢8),
Together, these mechanisms regulate immune activity
and protect ocular tissues from excessive inflammatory
damage. A comprehensive understanding of these processes
is essential for overcoming the challenges associated
with xenotransplantation and for developing strategies
capable of modulating immune responses to improve graft
survival(920),

1. OCULAR IMMUNE PRIVILEGES

Immune privilege in the eye enables specific tissues,
particularly the cornea, to evade immune rejection more
effectively than tissues located at nonprivileged sites. This
feature is essential for vision preservation because excessive
immune responses can damage irreplaceable structures,

Arq Bras Oftalmol. 2026;89(5):e2025-0337

such as the nonregenerating corneal endothelium, through
scarring and inflammation®?. Ocular immune privilege
is based on three principal mechanisms: anatomical and
molecular barriers, immune tolerance pathways, and an
immunosuppressive intraocular microenvironment®®.

Complement regulatory proteins (CRPs), including
CD46, CD55, and CD59, are expressed by intraocular cells
and are also present in soluble form within the aqueous
and vitreous humor®). These CRPs bind complement
fragments, inhibit the formation of C3 and C5 convertases,
and prevent deposition of the membrane attack complex,
thereby protecting avascular ocular cells from complement-
mediated lysis and preserving tissue integrity®%. Studies of
human aqueous humor have confirmed that CD46, CD55,
and CD59 play key roles in complement regulation, with their
soluble forms contributing substantially to the maintenance
of immune privilege and corneal transparency under both
physiological and inflammatory conditions®.

Together, soluble and membrane-bound CRPs exemplify
theimmunosuppressivemicroenvironmentthatcharacterizes
ocular immune privilege. The following section discusses the
anatomical and molecular barriers that protect the cornea
from antigen exposure®3).

1.1 Anatomical and molecular barriers in the eye

The anatomy of the eye plays a central role in immune
privilege.Undernormalconditions, thecorneaisavascular®=©),
This “angiogenic privilege” preserves corneal transparency
and minimizes antigen exposure®). The development of
blood or lymphatic vessels in the cornea—caused by injury,
infection, or inflammatory disease—increases the risk of
graft rejection after corneal transplantation(+2v.

At the molecular level, ocular tissues produce antian-
giogenic and anti-inflammatory factors, including throm-
bospondin-1, VEGFR-3, endostatin, and pigment epithelium-
derived factor®242829), These molecules inhibit vascular
growth into the corneal stroma, thereby preserving immune
privilege. Bowman’s membrane and the limbal barrier also
help prevent vascular invasion from the conjunctiva. When
these structures are disrupted by trauma or inflammation,
vascular invasion and immune activation increase®.

1.2 Immune tolerance mechanisms

Conjunctiva-associated lymphoid tissue (CALT), which
is part of the mucosa-associated lymphoid system, is a key
component of ocular mucosal immunityG+3?. CALT contains
intraepithelial lymphocytes (CD8, HML-1), M cells involved
in antigen capture, and antimicrobial peptides such as
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defensins®'33), The lacrimal gland and tear film further
contribute to ocular defense through the secretion of IgA,
lysozyme, lactoferrin,and complementproteins, whichinhibit
pathogen adherence and neutralize microorganisms®3).
In addition to protecting the ocular surface, CALT and the
lacrimal mucosal system can also induce immune tolerance
through mechanisms that contribute to the immune-
privileged status of the eyeG%.

Anteriorchamber-associatedimmune deviation (ACAID)is
one of the best-characterized immune tolerance mechanisms
in the eyeG3%. ACAID is essential for preventing immune-
mediated damage and depends on interactions between
ocular antigen-presenting cells (APCs) and regulatory T
cellsG®),

When antigens enter the anterior chamber, they
are captured by APCs, such as dendritic cells, which
subsequently migrate to the spleen®?”. In the spleen,
these APCs induce selective suppression of delayed-type
hypersensitivity and cytotoxic T-cell responses (type Il and
IV hypersensitivity reactions). This process promotes the
expansion of regulatory T cells and the production of non-
complement-fixing antibodies®®. Such systemic immune
tolerance contributes to corneal graft survival and protects
against ocular autoimmunity®9.

1.3 Immunosuppressive intraocular microenvironment

In addition to anatomical barriers and immune tolerance,
the eye maintains an immunosuppressive microenvironment
that actively limits inflammation“®. Soluble factors present
in the aqueous humor—including TGF-B2, a-MSH, VIP, and
CGRP—suppress macrophage and T-cell activity©®®354), These
molecules downregulate inflammatory pathways and help
prevent immune-mediated damage to ocular tissues(),

The corneal endothelium and other ocular tissues also
express PD-L1 and FasL, which induce apoptosis in activated
immune cells®?. Binding of PD-L1 to PD-1receptors on T cells
further suppresses immune-mediated tissue injury®>.

Theselocalimmunosuppressive mechanisms are essential
for maintaining ocular immune privilege and supporting
long-term corneal allograft survival, even when systemic
immunosuppression is limited.

Immune responses in the eye are also influenced by
neuroimmune interactions, commonly referred to as neu-
roimmune crosstalk®». The aqueous humor contains
neuropeptides such as VIP and CGRP, which exert anti-
inflammatory effects by inhibiting immune cell activity within
the eye“+#), In addition, these neuropeptides contribute
to tissue regeneration and wound healing by promoting a
tightly regulated inflammatory response®®.

2, WHAT IS THE o.-GAL ANTIGEN?

The a-Gal antigen is a carbohydrate epitope found on
glycolipids and glycoproteins. Itis synthesized by the enzyme
a-1,3-galactosyltransferase (GGTA1), which is commonly
expressed in nonprimate mammals such as pigs, cattle, and
other species considered for xenotransplantation®™). The
absence of a1,3GT in humans and higher primates results in
the production of natural anti-a-Gal antibodies because of
continuous immune exposure to gastrointestinal bacteria
expressing a-Gal-like antigens(3474%), These antibodies
trigger strong immune responses when a-Gal-positive
tissues are transplanted, leading to hyperacute rejection
through complement activation®™. a-Gal is abundantly
expressed in the porcine corneal endothelium and stroma,
making these tissues highly immunogenic(49),

2.1 Immunological mechanisms of rejection mediated
by a-Gal

2.1.1 The primary immune reaction

Rejection of a-Gal-positive xenografts is driven by a
rapid immune response. Natural anti-a-Gal antibodies,
which account for approximately 1%-3% of human plasma
immunoglobulins, bind to transplanted tissues and activate
the classical complement pathway(47,

Thiscascadeleadstomembraneattackcomplexformation,
resulting in cellular lysis and rapid graft destruction(.
Hyperacute rejection occurs within hours and remains a
major barrier to successful corneal xenotransplantationt>),

Inadditiontocomplementactivation,xenotransplantation
induces a cytokine storm characterized by increased levels of
TNF-q, IL-2, and IFN-y, which promote severe inflammation at
the graft site(47),

2.1.2 Role of immune cells

In addition to complement activation, innate immune
cells such as macrophages and natural killer (NK) cells
are recruited by chemokines, including MCP-1, thereby
amplifying inflammation and accelerating graft rejection®.
Studies involving porcine corneal xenotransplantation
have demonstrated marked infiltration of macrophages
and NK cells, supporting their important role in acute re-
jection™). Studies using GGTA1-knockout mice have provided
further insight, showing that reduced immune activation is
associated with improved graft survival®.
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3. IMPACT OF o.-GAL ON CORNEAL GRAFT REJECTION

a-Gal epitopes in porcine corneas play a central role in
graft rejection. Quantitative studies have reported up to 10"
epitopes per milligram of stroma, which s sufficient to induce
strong antibody binding and complement activation(49),
Binding of natural anti-a-Gal antibodies to these epitopes
rapidly activates the complement system, followed by
recruitment of neutrophils, macrophages, and NK cells,
ultimately leading to hyperacute rejectiont. Without
immunosuppressive intervention, most porcine corneal
grafts are rejected within 48 h, as demonstrated in several
experimental models(>3).,

4. STRATEGIES TO MITIGATE o.-GAL-MEDIATED
XENOTRANSPLANT REJECTION

4.1 Use of GGTA1-knockout pigs

The most effective and safest method for eliminating
a-Gal is the genetic deletion of GGTA1 in pigs (GTKO)59),
These animals do not express a-Gal on their cells, thereby
preventing human antibody binding and complement
activation®v.

In practice, corneas harvested from GTKO pigs are devoid
of a-Gal, preventing hyperacute rejection without the need
for additional manipulation. Preclinical studies have shown
that GTKO corneas transplanted into rhesus macaques
under immunosuppression with prednisolone, basiliximab,
tacrolimus, intravenous immunoglobulin, and anti-CD20
antibodies remained transparent and functional for >375
days, surpassing outcomes observed with wild-type donors.
Complications were minimal, with no clinically significant
neovascularization or evidence of porcine endogenous
retrovirus transmission(®.

Yoon et al.6” reported that nine rhesus macaques
underwent full-thickness corneal xenotransplantation using
7.5-mm grafts from a1,3-galactosyltransferase-knockout
(GTKO) pigs. Five animals in the control group received
systemic steroids, basiliximab, intravenous immunoglobulin,
and tacrolimus, whereas four animals in the treatment group
additionally received anti-CD20 antibody therapy.

The addition of anti-CD20 significantly prolonged graft
survival (p=0.008), with treated grafts surviving from >83 to
>375 days compared with 37-165 days in the control group.
Treated grafts maintained corneal transparency, showed
minimal inflammation, exhibited lower B-cell activation,
and demonstrated reduced aqueous humor C3a levels.
However, this strategy depends on continuous systemic
immunosuppression using multiple agents and is limited by
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variable tacrolimus dosing, small cohort size, and restricted
availability of GTKO donor pigs®®.

4.2 Enzymatic removal of a-Gal using recombinant
a-galactosidase

Another experimental strategy involves degradation
of a-Gal epitopes through perfusion with recombinant
a-galactosidase, such as Endo-B-galactosidase C (EndoGalC).
In pig-to-baboon renal xenotransplantation models, this
approach removed >98% of a-Gal epitopes without toxicity
while preserving renal function. However, the effect was
transient, with antigen re-expression occurring within 24 h
and requiring repeated enzyme administration®2.

No studies have evaluated this strategy in corneal grafts.
Hypothetically, immersion treatment could reduce the a-Gal
load before transplantation, but the effects would likely be
temporary because keratocytes and endothelial cells would
resume antigen synthesis. In addition, uniform enzyme
penetration and potential effects on corneal transparency
remain untested.

4.3 Ex vivo silencing of GGTA1

RNA interference (RNAi) has been used to suppress
a-1,3-galactosyltransferase (a-GalT, encoded by GGTA1)
expression in preimplantation porcine embryos cultured
in vitro®. Both cytoplasmic microinjection of dsRNA and
pronuclear injection of siRNA expression vectors produced
sustained reductions in a-GalT expression through the
blastocyst stage, as demonstrated by markedly reduced
binding of Bandeiraea simplicifolia isolectin-B4 and RT-PCR
evidence of decreased GGTA1 mRNA expression.

In addition, somatic cell nuclear transfer using embryonic
fibroblasts stably transfected with siRNA constructs
generated clonedblastocystsinwhich GGTA1transcriptswere
undetectable in 100% of cases, compared with approximately
43% spontaneous suppression in controls. However, these
findings are limited to an in vitro embryonic model and have
not yet been evaluated in multilayered tissues or in terms of
graft viability®3).

4.4 Decellularization process

Decellularization of porcine corneas represents a pro-
mising strategy because it preserves the native extracellular
matrix architecture while removing highly immunogenic
cellular components. Osmotic, enzymatic, and irradiation
techniques can generate acellular scaffolds capable of
supporting host cell adhesion and migration®.
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Lamellar transplantation of a fully decellularized
porcine cornea in a single human patient maintained
corneal transparency for 2 months, with progressive
stromal repopulation by host keratocytes and epithelial
regeneration, as demonstrated by in vivo confocal mi-
croscopy, hematoxylin and eosin staining, and trans-
mission electron microscopy®s. However, interpretation
of these findings is limited by the single-case design, short
follow-up duration, and lack of evaluation of residual a-Gal
antigens or endothelial function®s.

4.5 Isolated potent immunosuppression

The CD40-CD154 interaction provides an essential
costimulatory signal that enables APCs to fully activate CD4*
T cells and promotes B-cell class switching and high-affinity
antibody production. Blockade of CD154 with monoclonal
antibodies interrupts this pathway, thereby suppressing Th1
cytokine release, T-cell proliferation, memory formation,
and alloantibody generation. Consequently, both cellular
and humoral immune responses against porcine corneal
xenografts are reduced, substantially prolonging graft
survival®®,

A study evaluating blockade of the CD40-CD154
costimulatory pathway demonstrated prolonged survival of
wild-type porcine corneal xenografts in rhesus macaques,
with grafts remaining functional for >318 days and
showing no clinical evidence of cellular rejection or marked
inflammation®?).

In Vivo Evidence®?):

e Model: Wild-type porcine corneal grafts under CD4o-
-CD154 blockade in nonhuman primates.

e Results: Graft survival exceeded 318 days with minimal
inflammatory infiltration.

e Limitation: Continuous systemicimmunosuppressive the-
rapy was required, raising concerns regarding long-term
systemic adverse effects.

Because of the limitations associated with prolonged
systemic immunosuppression, alternative approaches using
local immunosuppression have been investigated to reduce
systemic toxicity while preserving graft viability®?.

= Model: Xenogeneic Descemet’s stripping automated
endothelial keratoplasty (xeno-DSAEK) using corneas
from Wuzhishan miniature pigs transplanted into rhesus
monkey eyes under local immunosuppression protocols.

= Methods:

e Group D1: Received subconjunctival injections of 3.5-mg
betamethasone every 10 days for five doses and monthly
thereafter, in addition to topical tobramycin/dexametha-
sone ointment.

e Group D2: Received topical 0.1% tacrolimus (TALYMUS)
combined with Pred Forte (0.1% prednisolone acetate) in
a tapered regimen over 9 months, together with posto-
perative tobramycin/dexamethasone eye drops.

= Results: Graft survival rates of 71.4%-87.5% at 9 months
were observed, with preserved endothelial cell density
(D1: ~2,716/mm? D2: ~2,220/mm?). Rejection occurred in
25%-28.6% of grafts.

= Limitation: No statistically significant difference was
observed between the subconjunctival steroid group
(D1) and the topical tacrolimus plus steroid group (D2).
In addition, some cases developed irreversible rejection
or local complications, including anterior synechiae and
retrocorneal membranes.

Inanonhuman primate model, Choi et al.4” demonstrated
that systemic CD40-CD154 blockade prolonged graft survival
beyond 318 days with minimal inflammatory infiltration;
however, this strategy required continuous high-potency
immunosuppression and was associated with systemic
adverse effects such as weight loss and lymphopenia. In
contrast, Li et al.5” evaluated local immunosuppressive
regimens using either subconjunctival betamethasone
injections or topical tacrolimus combined with prednisolone.
These approaches achieved 9-month graft survival rates of
87.5% and 71.4%, respectively, while preserving endothelial
cell density and reducing systemic toxicity. Nevertheless,
moderate rejection rates (25%-28.6%) and localized compli-
cations, including anterior synechiae, were still observed.

The main strategies investigated to mitigate a-Gal-me-
diated rejection in corneal xenotransplantation, together
with their supporting evidence and principal limitations, are
summarized in table 1.

Comparative summary of strategies to mitigate a-Gal-mediated rejection in corneal xenotransplantation.

Strategy Evidence

Main limitation

GTKO Pigs Graft survival 2 375 days (50)

Recombinant a-Galactosidase >98% a-Gal removal (52)
RNAi / Genetic Editing Suppression in vitro in blastocysts (53)
Decellularization 2-month transparency (55)
CD40-CD154 Blockade Graft survival > 318 days (47)

9-month survival of xeno-DSAEK in
71-87.5% of cases (57)

Local Immunosuppression

Cost and transgenic animal production
Reappearance in <24 h; not validated in the cornea
No ex vivo or in vivo tissue testing
Loss of functional endothelial cells
Dependence on sustained immunosuppression

Moderate rejection or complications; no significant
difference between treatments
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In summary, GTKO pigs remain the most effective
strategy for preventing a-Gal-mediated rejection, whereas
enzymatic, genetic, and decellularization approaches
show promise but still require further validation.
Immunosuppressive regimens can prolong graft survival;
however, systemic toxicity and local rejection continue to
present important challenges.

5. IMMUNOSUPPRESSIVE STRATEGIES AND
PHARMACOLOGICAL APPROACHES

Effective pharmacological control of the immune
response is essential for the success of corneal xeno-
transplantation. The combination of cyclosporine and
mycophenolate mofetil has been shown to reduce
immune responses against a-Gal“?. Cyclosporine inhibits
T-lymphocyte activation, whereas mycophenolate
suppresses lymphocyte proliferation, thereby reducing
the overall adaptive immune response®. Animal studies
involving porcine corneal xenotransplantation have
demonstrated that this combination therapy significantly
prolongs graft survival®9.

6. PERSPECTIVES

Significant advances in corneal xenotransplantation
have been achieved through the development of GTKO
pigs and improvements in decellularization techniques.
Recent studies suggest that combining GTKO grafts with
immunosuppressive therapies can extend graft survival
for up to 6 months in nonhuman primate models(347),
Nevertheless, small residual amounts of a-Gal remain a
challenge(),

In addition to a-Gal, non-Gal antigens—including the
sialic acid N-glycolylneuraminic acid, the SDa blood-group
glycan, and proteins such as GABA type A receptor-asso-
ciated protein-like 1 and cyclooxygenase-2 as well as cross-
reactive swine leukocyte antigen epitopes—have also been
identified as contributors to xenograft rejection®®. Even
in GGTA1-knockout pigs, immune responses against other
xenogeneic antigens persist, indicating that targeting
non-Gal epitopes may also be necessary to fully prevent
xenograft rejection(>347),
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