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Abstract
The first human corneal transplantation was performed in 1905 by Eduard Zirm in the Olomouc Eye Clinic, now Czech 
Republic. However, despite great advancements in microsurgical eye procedures, penetrating keratoplasty in high-risk patients 
(e.g., vascularized or inflamed corneal tissue, consecutive transplants) remains a challenge. The difficulty is mainly due to the 
risk of irreversible allograft rejection, as an ocular immune privilege in these patients is abolished and graft rejection is the 
main cause of corneal graft failure. Therefore, tailored immunosuppressive treatment based on immunological monitoring 
[e.g., donor-specific antibodies (DSA)] is considered one of the best strategies to prevent rejection in transplant recipients. 
Although there is indirect evidence on the mechanisms underlying antibody-mediated rejection, the impact of DSA on cornea 
transplantation remains unknown. Determining the role of pre-existing and/or de novo DSA could advance our understand-
ing of corneal graft rejection mechanisms. This may help stratify the immunological risk of rejection, ultimately leading to 
personalized treatment for this group of transplant recipients.
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Introduction

The cornea is the most frequently transplanted solid tissue. 
In 2020, the Eye Bank Association of America distributed 
66,278 tissues for keratoplasty compared to 33,309 solid 
organ transplants (SOTs) performed in 2020 in the United 
States (Eye Bank Association of America: https://​resto​resig​
ht.​org/​what-​we-​do/​publi​catio​ns/​stati​stical-​report/; U.S. 
Government Information on Organ Donation and Trans-
plantation: https://​optn.​trans​plant.​hrsa.​gov/​news/​annual-​
record-​trend-​conti​nues-​for-​decea​sed-​organ-​donat​ion-​decea​
sed-​donor-​trans​plants). At the same time, 1269 keratoplas-
ties were performed in Poland compared to 1180 SOTs 

(Poltransplant: https://​www.​poltr​anspl​ant.​org.​pl/​staty​styka_​
2020.​html).

Due to the immune-privileged location, corneal trans-
plantation typically has better outcomes than SOT. The 
10-year survival rate of low-risk corneal transplants is 
85–90% (Pramanik et al. 2006; Thompson et al. 2003). Low-
risk patients typically do not require systemic immunosup-
pression (IS) and are successfully treated with corticosteroid 
eye drops (Nguyen et al. 2007) (Figs. 1a and 2). In high-risk 
corneal transplant recipients (e.g., inflamed or consecutive 
transplants) (Fig. 1b, c and Fig. 3), vascularized (Fig. 1d and 
4) allograft rejection occurs in 40–70% cases/year (Fig. 1e–f, 
Table 1). The immune response is the main cause of corneal 
graft failure and loss of its transparency (Kamp et al. 1995; 
Williams et al. 2008), which are treated by variable strate-
gies depending on the transplant center.

In terms of immunobiology, the cornea has unique fea-
tures that differentiate it from other organs. However, the 
immune privilege is compromised in high-risk corneal trans-
plant recipients (Di Zazzo et al. 2020). In these patients, 
the effects of donor-specific anti-human leukocyte antigen 
(HLA) antibodies (donor-specific antibodies: DSA) on short- 
and long-term graft outcomes might be underestimated. Its 
knowledge could change the approach to the prevention and 
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treatment of graft rejection. Since 1969, several studies have 
demonstrated the clinical implications of DSA monitoring in 
SOTs (e.g., Patel and Terasaki 1969; Terasaki et al. 1971). 
The presence of anti-HLA antibodies after kidney, heart, 
or lung transplantation is associated with worse graft sur-
vival (Campbell 2013). Currently, the detection of anti-HLA 
antibodies particularly those directed against the donors’ 
HLA is one of the most important approaches used in organ 
transplant recipients. The major histocompatibility complex 
(MHC) is highly polymorphic, which means that many dif-
ferent allelic products of the genes are possible, so the like-
lihood of finding two HLA identical organisms is very low 
(Klein and Sato 2000). Since HLA antigens are expressed 
on the surface of every nucleated cell, DSA directed against 
them may limit the success of transplantation.

Immune Privilege

Ocular immune privilege is an evolutionary adaptation based 
on reduction of the immune response to foreign antigens to 
protect vulnerable structures and preserve vision (Medawar 
1948); it prevents damage caused by inflammation. There are 
three barriers that contribute to corneal immune privilege 
(Table 2).

These mechanisms facilitate immune tolerance to donor 
antigens. Moreover, the corneal epithelium, keratocytes, and 
endothelium do not express HLA class II antigens and the 
expression of HLA class I antigens on the surface of these 

cells is restricted (Whitsett and Stulting 1984). Interest-
ingly, studies using mouse and rat models of corneal trans-
plants have revealed that minor HLA-H antigens including 
the male-specific minor histocompatibility antigen H-Y are 
expressed on corneal cells, and some may terminate ocular 
immune privilege and initiate graft rejection (Haskova et al. 
2003; Larkin et al. 1995; Streilein et al. 2003). The expres-
sion of MHC class I and class II antigens changes during 
inflammation, vascularization, and regrafting, when more 
antigen-presenting cells (APCs) are present in all corneal 
layers and are more prone to expressing MHC II and pre-
senting donor antigens to lymphocytes (Hamrah et al. 2003; 
Hamrah and Dana 2007; Knickelbein et al. 2009).

In high-risk corneal transplant recipients, there are three 
main factors that abolish immune privilege: vascularization 
of corneal tissue, ocular inflammation, and previous graft 
rejection disturbing the corneal microenvironment (Fig. 3). 
Pre-graft corneal neovascularization is always accom-
panied by lymphangiogenesis, and lymph vessels are the 
direct path of APCs to the lymph nodes (Figs. 1d and 4). 
In most studies, the cornea with two or more quadrants of 
vascularization is defined as “high-risk”, as there is a cor-
relation between the number of vascularized quadrants and 
the incidence of graft rejection and graft failure (Collabora-
tive Corneal Transplantation Studies 1992; Williams et al. 
2018). The expected 1-year graft survival in patients with 
non-vascularized corneas is reportedly 95%, in contrast to 
78% if vascularization is present in the four quadrants of the 

Fig. 1   High-risk corneal recipients. a Translucent corneal graft (low-
risk corneal recipient). b Loss of graft transparency with central ero-
sion (arrow). c Neovascularization in corneal ulceration (arrow). d 
Scar with corneal neovascularization after herpes keratitis. e Corneal 

graft rejection precipitates (arrow) formed by white blood cells on the 
endothelium (Khodadoust line). f Corneal graft rejection with corneal 
edema and loss of graft translucency
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cornea (p < 0.001). After 8 years of follow-up, the survival 
rates are 73% and 32%, respectively (p < 0.001) (Williams 
et al. 2018). Furthermore, active inflammation and/or steroid 
use at the time of grafting are independent risk factors for 
worse graft survival (Williams et al. 2018).

It is recommended that the surgery in high-risk recipi-
ents was, if possible, elective. Currently more frequently 
performed lamellar procedures are often not possible in 
these cases and full-thickness (penetrating) keratoplasties 
are chosen. The technique of corneal suturing does not affect 
the rejection rate, but it is recommended to hide the knot 
under the surface of the donor’s cornea because if it is in 
the patient's own cornea, it is more likely that irritation will 
stimulate vascular growth (Maguire et al. 1994; Williams 
et al. 2018). It is also recommended for high-risk cases to 
use interrupted suture technique, as there might be a greater 
risk of early suture loosening (and a single loose suture can 
be removed easily without the risk of wound dehiscence) 
(Lee et al. 2012).

According to the Australian corneal graft registry, a 
history of previous graft loss is the indication for corneal 
transplantation in 25% of cases. Moreover, reduced corneal 
graft survival and an increased risk of graft rejection is cor-
related with the number of retransplantations (Collaborative 
Corneal Transplantation Studies Research Group 1992; Wil-
liams et al. 2018).

Mechanisms of Corneal Graft Rejection

Corneal graft rejection occurs after immune privilege is 
compromised (Figs. 1e, f, 3, and 4). The evidence on cor-
neal graft rejection is mainly based on animal studies. Graft 
rejection is predominantly cell-mediated, and both indi-
rect and direct pathways may play a role in allorecognition 
(Pleyer and Schlickeiser 2009). The significance of allo-
specific antibodies remains unclear, but there is evidence 
for donor-derived antibody involvement in the cytolysis of 
corneal cells.

Fig. 2   Low-risk corneal recipients/healthy cornea. In healthy corneas 
(and in grafts of low-risk recipients) only HLA I antigens are detected 
on corneal epithelial cells and keratocytes and are not detected on 
endothelial cells (neither HLA I nor HLA II). HLA I and HLA II are 
found only on the vascular endothelium in the corneal limbus (Whit-
sett and Stulting 1984). In the central part of the healthy cornea, there 
are no APCs or other inflammatory cells, as they could cause loss of 
its unique optic properties. There are only small numbers of immature 
APCs in the epithelium and in stroma near the limbus (Knickelbein 

et  al. 2009; Kuffová et  al. 1999). The immunosuppressive environ-
ment of the anterior chamber is based on the anterior chamber-asso-
ciated immune deviation [ACAID], and IL-2 and IL-5 have graft pro-
tective effects (Maier et  al. 2011). FasL is expressed on the corneal 
epithelial and endothelial cell and causes apoptosis of Fas+ limfoid 
cells (Stuart et al. 1997). In lymph nodes, draining the eye in the pres-
ence of IL-10 and transforming growth factor [TGFβ] secreted by 
T regulatory (Treg) cells expressing Foxp3 also has graft protective 
effects (Janyst et al. 2020)
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The Role of Antibodies in Corneal Graft Rejection

Collaborative Corneal Transplantation Studies data have 
shown no benefit of HLA matching in corneal transplan-
tation, but have revealed that ABO blood group matching 
may improve corneal graft survival (Collaborative Corneal 
Transplantation Studies Research Group 1992). However, 
recent studies using modern methods for HLA typing have 
demonstrated that HLA matching may enhance corneal graft 
survival in high-risk patients (Bartels et al. 2003; Khaireddin 
et al. 2003; Völker-Dieben et al. 2000). As in the high-risk 
setting, the APCs of corneal donors express high levels of 
MHC II and costimulatory molecules and the direct pathway 
of allorecognition is activated, MHC matching may be use-
ful (Hamrah et al. 2003). Studies have shown that corneal 
graft rejection is cell-mediated (Larkin et al. 1997; Nieder-
korn 2007; Sonoda et al. 1995). However, the majority of 

these studies used animal models, because corneal buttons 
in humans are usually examined months after the onset of 
rejection as well as after steroid treatment (Larkin et al. 
1997). Finally, as animal and human tissues differ and rejec-
tion proceeds differently, there are problems extrapolating 
animal model data to clinical settings (George and Larkin 
2004).

Some studies have indicated the possible role of circulat-
ing DSA (Hahn et al. 1995; Roy et al. 1992; Sel et al. 2012). 
Roy et al. (1992) showed that pretransplant panel-reactive 
antibodies are not associated with corneal graft rejection, but 
the production of antibodies after surgery (in both HLA-A 
and HLA-B compatible and incompatible recipients) has a 
negative impact on corneal graft survival and increases the 
risk of endothelial rejection (Roy et al. 1992). Hanh et al. 
(1995) showed that the presence of lymphocytotoxic anti-
bodies (particularly directed against donor class I HLA) in 

Fig. 3   Inflamed/rejected corneal transplant. In inflamed or rejected 
corneas, HLA antigens are induced on endothelial cells. HLA II anti-
gens are expressed on epithelial cells, stromal cells (keratocytes), and 
endothelial cells (Delbosc et al. 1990). In the stroma, there is a large 
number of activated keratocytes expressing HLA II and mature APCs 
expressing HLA II and lymphocytes (Th1) (Schönberg et al. 2020). In 
the aqueous humor of the anterior chamber, the balance between anti- 
and pro-inflammatory molecules is disrupted and hazardous factors 
are present such as IL-4, interferon γ (IFN γ), C3a, and CD8+/IFNγ+ 
(Maier et  al. 2011; Yoon et  al. 2019). The upregulation of inflam-
matory cytokines (IL-1, IL-6, IL-8, IL-17A, tumor necrosis factor 
[TNF-α]), pro-inflammatory chemokines (macrophage inflammatory 

protein 1 alpha [MIP-1α], MIP-1β; regulated on activation, normal 
T cell expressed and secreted [RANTES]), and adhesion molecules 
(intercellular adhesion molecule 1 [ICAM 1], very late antigen [VLA 
1] attract APCs to the central part of the cornea and promote their 
maturation (expression of MHC II, CD80+, CD86+). Mature APCs 
(HLA I+, HLA II+) present donor antigens to naïve T cells in lymph 
nodes. After their clonal expansion, effector T cells (Th1CD4+/IFNγ) 
produce cytokines IL-2, IFN-γ, and TNF-α. These cells and cytokines 
lead to the apoptosis of endothelial cells. A small number of endothe-
lial cells cause corneal edema and loss of graft translucency (Hong 
et al. 2001; Zhu et al. 1999; Zhu and Dana 1999)
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Fig. 4   Vascularized corneal graft. Higher levels of proinflammatory 
mediators affect the balance between pro- and anti-angiogenic fac-
tors, which leads to neovascularization. New blood and lymphatic 
vessels facilitate the transfer of donor antigens by mature APCs to 
lymph nodes in the draining eyeball. Here, donor antigens can be pre-

sented to naïve T cells (Th0), leading to the clonal expansion of T 
helper type 1 cells (Th1), and Th1 are mediators of graft rejection. 
ANG angiopoietin, FGF basic fibroblast growth factor, PDGF plate-
let-derived growth factor, PEDF pigment epithelium-derived factor, 
sVEGFR soluble vascular endothelial growth factor

Table 1   Characteristics of low- and high-risk keratoplasties

Low risk High risk

Indications for transplantation Keratoconus (noninflammatory 
ectatic corneal disease with 
corneal thinning and its surface 
distortion)

Corneal dystrophies (noninflam-
matory, genetic corneal disorders 
often with accumulation of abnor-
mal material)

Corneal scars and opacities (without 
neovascularization)

Infectious diseases (bacterial, 
fungal, viral)

Inflammatory diseases (use of 
steroids or inflammation at the 
moment of the surgery)

Retransplantations
Corneal neovascularization (due to 

chemical injury, previous infec-
tions)

Collaborative Corneal Transplan-
tation Studies Research Group 
(1992), Maguire et al. (1994), 
Hahn et al. (1995), Hill (1989), 
Williams et al. (2008)

Procedure Lamellar (partial-thickness) or 
penetrating keratoplasty

Penetrating (full-thickness) kerato-
plasty

Sutures Single or double continuous, 
combination of interrupted and 
continuous sutures

Interrupted suture Lee et al. (2012)

Risk of graft rejection  ≤ 10% cases in 5 years 40–70% cases a year (p < 0.05) Kamp et al. (1995), Williams et al. 
(2008), Nguyen et al. (2007), 
Thompson et al. (2003), Pra-
manik et al. (2006)
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patients after high-risk keratoplasties was associated with 
immune-mediated graft failure and thus may be indicative 
of corneal graft rejection. Other investigators have argued 
that the presence of anti-donor antibodies does not have any 
predictive value; for example, Jager et al. (1994) found that 
recipients with keratoconus and graft failure due to non-
immunological mechanisms (e.g., graft decompensation) 
were significantly more often positive for anti-donor anti-
bodies than healthy controls. Hargrave et al. (2003) con-
cluded that although transplanted corneal tissue is capable of 
stimulating the production of allospecific antibodies directed 
against histocompatibility antigens, the production of IgG 
alloantibodies does not appear to correlate with corneal graft 
rejection and can occur in the absence of DSA.

While there are no routine tests for determining the cel-
lular immune status of the recipient, sensitive methods for 
detecting HLA antibodies have been developed. The intro-
duction of solid-phase immunoassays has enabled the rapid 
identification of both complement- and non-complement-
dependent antibodies by the enzyme-linked immunosorbent 
assay and flow cytometry (Abbes et al. 2017). Thus, HLA 
antibody testing has become the gold standard for the clini-
cal management of SOT recipients.

In the study by Sel et al. (2012), 45 low- and high-risk 
corneal transplant recipients had DSA analyzed before and 
after transplantation, and were followed up for 18 months. 
The authors found that 75% of patients with preformed DSA 
suffered from immunological complications, including com-
plete graft loss in four cases during the first 2 months. In 
contrast, 77% of recipients without preformed DSA had no 
immunological complications during the observation time. 
Even though there are differences between the immunologic 
mechanisms of corneal transplantation and SOT, they might 
be less important than the similarities; thus, more attention 

should be paid to high-risk corneal recipients, especially 
corneal regrafts.

Can Donor‑Specific Anti‑HLA Antibodies Contribute 
to Corneal Graft Rejection?

In 1969 it was demonstrated that antibodies directed against 
MHC antigens are the main cause of rejection in SOT (Patel 
and Terasaki 1969). HLA sensitization to donor antigens 
may occur before or after transplantation (Abbes et al. 2017; 
Jordan et al. 2004; Taylor et al. 2007). The risk factors for 
anti-HLA antibody production are previous transplantation 
(50–76% of patients with HLA seroconversion; p < 0.0001), 
blood transfusion, or pregnancy (Worthington et al. 2003). 
The adaptive immune response is antigen-specific, and the 
different pathways of allorecognition (direct, indirect, semi-
direct) have not yet been described in corneal graft rejection 
(Moreau et al. 2013).

For many years, the T cell response was considered 
predominant in SOT but it is now known that the humoral 
response is the main cause of acute graft loss (Terasaki 
2003). The presence of preexisting DSA is correlated with 
antibody-mediated rejection (AMR) and kidney graft loss 
(Lefaucheur et al. 2010). Similarly, patients who develop de 
novo DSA after surgery, have worse graft outcomes (Cooper 
et al. 2011). Some DSA uses complement fixation as their 
primary mechanism for antibody-mediated SOT damage 
(Yell et al. 2015). In addition, the presence of C1q binding 
de novo DSA is an independent risk factor for AMR and 
kidney graft loss (Yabu et al. 2011).

There are different mechanisms underlying corneal graft 
rejection. Animal studies on B cell-deficient and comple-
ment-deficient mice showed that it can occur in the absence 
of complement-fixing antibodies (Goslings et al. 1999). 

Table 2   Mechanisms of ocular immune privilege

Barrier Mechanism References

Anatomical Lack of blood and lymphatic vessels (healthy cornea is avascular)
Blood-ocular barrier (tight junctions between cells)

Cunha-Vaz et al. (2011)

Cellular Small number of mature APCs Hamrah et al. (2003), Hamrah and Dana (2007), Knickelbein 
et al. (2009)

Molecular Constitutive expression of Fas ligand (FasL; CD 95L) inducing 
apoptosis of cells expressing Fas such as activated T lympho-
cytes

Immunosuppressive cytokines modulating the host immune 
response: TGF-β and melanocyte-stimulating hormone

Complement-regulatory cytokines maintaining low complement 
activity

B7-H1 molecule inducing T cell apoptosis via programmed cell 
death protein 1

Anterior chamber-associated immune deviation downregulating 
antigen-specific delayed type hypersensitivity and promoting 
humoral response with reduction of complement-fixing antibod-
ies

Ferguson and Griffith (2006), Taylor (2009),
Sohn et al. (2000), Hori et al. (2006), Wilbanks and Streilein 

(1991), Skelsey et al. (2003)
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Accordingly, some researchers concluded that DSA play 
minor or no role in corneal graft rejection. However, it is 
currently known that alloantibodies can also cause seri-
ous injury to the corneal button. Endothelial cells are most 
important in maintaining corneal transparency but are also 
the most vulnerable to complement-dependent and com-
plement-independent lysis by cytotoxic antibodies in vitro 
(Hargrave et al. 2003). Keratocytes localized in the corneal 
stroma and epithelial cells are also prone to antibody-medi-
ated destruction (Hargrave et al. 2003). Interestingly, animal 
studies have shown that the passive transfer of serum con-
taining cytotoxic antibodies against graft donor antigens sig-
nificantly accelerates the onset of corneal transplant rejec-
tion and shortens graft survival (Holáň et al. 2005).

In summary, allospecific antibodies are not always the 
cause of corneal graft decompensation but indeed can cause 
serious graft damage in a complement-dependent or comple-
ment-independent manner. Furthermore, there are four types 
of corneal graft rejection: acute or chronic, each of which 
can be cellular- or antibody-mediated. Of course, overlap-
ping types are also possible. Specific approaches should be 
applied depending on the type of rejection.

Impact of DSA Detection on Treatment Strategies

DSA monitoring has become a mainstay of AMR risk 
stratification in SOT recipients; however, it is not routinely 
performed after keratoplasties. Establishing a link between 
pre-transplant sensitization or development of antibodies 
de novo, and individualized decision making in this patient 
population requires large, prospective randomized clinical 
trials with the use of modern DSA detection methods. At 
present, it seems reasonable to stratify the immunological 
risk for graft rejection in cornea recipients based on pre-
existing DSA. Further adjustments of IS could follow such 
stratification.

Systemic IS in patients after high-risk keratoplasty seems 
to improve graft survival but rejection episodes still occur in 
up to 40% of grafts after 5 years (Chow et al. 2015). Corti-
costeroids have been used in ophthalmology since the 1950s, 
and remain the cornerstone of IS therapy for corneal graft 
rejection prevention and treatment (Crawford et al. 2013). In 
the 1980’s, systemic cyclosporine A (CsA) was introduced 
in high-risk corneal transplant recipients. It is used to treat 
graft rejection rather than function as a prophylaxis (Hill 
1989; Shimazaki et al. 2011). Reis et al. (1999) and Szaflik 
et al. (2016) confirmed that mycophenolate mofetil can be 
an effective alternative to CsA for the prevention of cor-
neal graft rejection. Systemic tacrolimus is not wildly used 
in ophthalmology. The treatment regimens used in latter 
studies were based on experience in SOTs, despite the fact 
that corneal transplant immunobiology significantly differs 
from vascularized organs or bone marrow transplantations. 

Therefore, the question arises of whether such treatment reg-
imens are physiologically and immunologically justified. It 
seems reasonable to validate DSA utility assessments, both 
pre-transplant as well as de novo formation after transplanta-
tion for several reasons. First, corneal graft rejection mecha-
nisms differ from those in SOT. Second, at least four types of 
corneal graft rejection that may require different therapeutic 
approaches should be distinguished. If the role of antibodies 
in corneal graft rejection is confirmed clinically, their evalu-
ation will help define diagnostic and therapeutic options for 
corneal transplantation. For example, patients with posi-
tive DSA at higher risk of rejection before second or third 
transplantations could receive personalized therapy. Such 
desensitization strategies based on plasma exchange, intra-
venous immunoglobulin infusion, anti-CD20 or anti CD38 
monoclonal antibodies, proteasome inhibitors, complement 
inhibitors, or interleukin-6 blockers are used in SOT (Schin-
stock et al. 2021). Additionally, DSA may be the cause of 
rapid graft decompensation and the relatively poor response 
to treatment in many cases.

Conclusion

The impact of DSA on corneal graft rejection still remains 
unknown but determining the role of pre-existing and/or de 
novo DSA could advance our understanding of corneal graft 
rejection mechanisms. This may help stratify the immuno-
logical risk of rejection and lead to personalized treatment 
for this group of transplant recipients.
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