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Abstract: To develop an international consensus regarding the appro-
priate conditions for undertaking clinical trials in xenocorneal trans-
plantation, here we review specific ethical, logistical, scientific, and
regulatory issues regarding xenocorneal transplantation, and propose
guidelines for conduct of clinical xenocorneal transplantation trials.
These proposed guidelines are modeled on the published consensus
statement of the International Xenotransplantation Association regard-
ing recommended guidelines for conduct of clinical islet xenotransplan-
tation. It is expected that this initial consensus statement will be revised
over time in response to scientific advances in the field, and changes in
the regulatory framework based on accumulating clinical experience.
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Introduction

Xenocorneal transplantation and corneal regenera-
tive medicine are the most promising current
options being studied to develop a substitute for
human donor cornea [1–5]. The advantages of
xenocorneal transplantation include the normal
tensile structure of the xenocorneal (facilitating
surgical implantation) and optical properties that
are compatible with those of humans, whereas bio-
engineered alternatives, such as corneal equivalents
using stem cells, need to overcome substantial bio-
logical obstacles before any of these options can
expect to create surgically suturable tensile corneal
equivalents. Recent progress in xenocorneal trans-
plantation takes us a step closer to clinical trials
[2,6–8]. This progress requires us to develop regu-
latory guidelines and review the ethical concerns
associated with xenocorneal transplantation.

In 2000, guidelines for clinical heart xenotrans-
plantation were formulated by the Xenotransplan-
tation Advisory Committee of the International
Society for Heart and Lung Transplantation [9]. In
2009, the International Xenotransplantation Asso-
ciation (IXA) drew up a consensus statement on
the conditions for undertaking clinical trials of
porcine islet xenotransplantation in patients with
type 1 diabetes [10–17]. Recently, a report has been
published that proposes ethical and regulatory
guidelines for xenocorneal transplantation [18];
however, this cornea consensus document was

developed by Korean experts only and as such
lacked international consensus. The Korean cor-
nea transplant community has requested interna-
tional scientific consultation prior to embarking on
a clinical trial of cornea xenotransplantation, as
recommended by the World Health Organization
(WHO) and the IXA [19,20].

To establish international consensus, a meeting
on xenocorneal transplantation was held on
November 7, 2013, in Osaka during the 12th con-
gress of the IXA (Figure S1). This present consen-
sus statement has been drafted based on discussion
with an international panel of experts covering all
aspects of the topic. While offering recommenda-
tions on all aspects of corneal xenotransplantation,
the consensus statement is designed primarily to
assist in the development of protocols for clinical
trials of pig corneal transplantation.

Ethical requirements and regulatory framework in xenocorneal
transplantation

The key ethical requirements for xenocorneal
transplantation clinical trials are essentially the
same as those required in other research on human
subjects; The Declaration of Helsinki provides
detailed lists of these ethical principles [21]. The
U.S. Department of Health and Human Services
underlines informed consent as essential, based on
ethical values and legal principles [22]. Guidelines
for xenocorneal transplantation clinical trials
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adhere to basic ethical principles for xenotrans-
plantation clinical trials established by the Ethics
Committee of the IXA and the Changsha Commu-
nique of the WHO [19,20]. Guidelines for xenocor-
neal transplantation clinical trials also follow the
basic principles in a consensus statement on condi-
tions for clinical trials of porcine islet cell products
in type 1 diabetes published by the IXA (Table 1)
[10]. Xenocorneal procedures should be regulated
by a responsible governmental authority in collab-
oration with the WHO and other related interna-
tional groups [11,23].

The risk of zoonotic infection in cellular corneal
xenotransplantation is still present. This consider-
ation justifies our expectation that national over-
sight by the relevant governmental authority will
be required, to minimize the risk of the outbreak
of a novel zoonotic infections. If a potential partic-
ipant in a corneal xenotransplantation trial is will-
ing to accept the measures with a reasonable
expectation of reversal of blindness and is also will-
ing to accept the risk that the xenograft may fail,
and the expected consequences, we conclude that it
is ethically defensible for us to conduct a clinical
trial of xenocorneal transplantation. However, the
trial should maintain full compliance with the
existing ethical principles and should be conducted
under the control of a responsible, competent
governmental authority.

Specific issues that were considered include (i)
corneal blindness is not a life-threatening disease;
and (ii) the eye is to some extent an immune-privi-
leged organ [24,25]. The risk versus the benefit of
corneal xenotransplantation must be assessed in
light of these points. An unmodified cellular por-
cine cornea is likely to be defined as a xenotrans-
plant medicinal product [26–28], whereas a
decellularized porcine cornea is defined as a medi-
cal device [29]. Therefore, different guidelines are
required for clinical trials using decellularized
porcine grafts and those using cellular porcine cor-
neas. Hence, the focus of this document is on cellu-

lar porcine corneal xenografts and will not cover
the issues associated with decellularized porcine
corneas.

Source pigs

To control the risks of transmission of xenogeneic
infection to recipients and avoid the extension of
the risk to the public, the IXA consensus statement
on pig islet transplantation defined criteria related
to source pigs [12]. In general, these same guidelines
to regulate source pigs must be met in conducting
clinical trials of xenocorneal transplantation. This
guideline concerns the absence of designated
pathogens in source pigs, source pig herds, and
animal facilities, the need for well-defined tests and
check lists for pathogens in pigs, of Standard Oper-
ating Procedures (SOPs), current good manufac-
turing practices (cGMP) of herd husbandry,
continuous monitoring of the designated patho-
gen-free (DPF) environment, and well-controlled
veterinary care [30,31].

1. Designated pathogens to be excluded from
the herd include both pathogens influencing
the health of animals and pathogens able to
transmit cross-species disease from pig to
human. To fulfill DPF status, specified bac-
teria, fungi, protozoa, and viruses should not
be present in the source pig herd. These spe-
cific pathogens to be excluded should follow
comprehensive lists of the specific pathogens
to be excluded, as previously published by
experts [12,32,33]. These pathogen lists are
designed to be globally comprehensive and
applicable worldwide, however, not all of the
designated pathogens are present in all areas.
In addition, other previously unknown
organisms may be identified, or pathogens
not on the current lists may be identified in a
particular source herd. Therefore, investiga-
tors, veterinary experts, and regulatory
authorities in each country that reviews the
clinical trial of xenocorneal transplantation
have a responsibility to determine timely and
country-specific lists of designated pathogens
that must be tested in that jurisdiction and
for a particular trial. It is unnecessary to test
for pathogens that are known not to be pres-
ent in the geographic region. Of separate
consideration are the endogenous viruses,
porcine endogenous retrovirus A and B
(PERV-A, PERV-B), and the recombined
envelope of PERV-C are tropic for human
and pig cells [34]. Regulatory guidance does
not currently exist regarding screening of the
source herd for PERV-A and B.

Table 1. The IXA edited a consensus statement on conditions for

clinical trials of porcine islet cell products in type 1 diabetes

IXA statement on conditions for clinical trials of porcine islet cell products in
type 1 diabetes [10]

• The selection of adequately informed, appropriate recipi-
ents

• Ensured source animal welfare in breeding

• Quality control of source animal

• Safety issues of source animal

• The need for a favorable risk/benefit assessment based on
strongly valid data collected in relevant studies with pri-
mates.

• Procedures of postoperative monitoring
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2. Pigs should be bred from a closed colony
and housed in a well-controlled DPF envi-
ronment with high standards of animal wel-
fare. The herd should be maintained under
appropriate biosecurity conditions, including
those relating to personnel. The operation of
the environment must be in compliance with
cGMP and include a documented history of
activities [35,36]. Source pigs should be certi-
fied for at least two generations and housed
in a closed colony, thus minimizing the risk
of pathogen introduction before being con-
sidered eligible as sources of xenotransplant
products.

3. Corneal procurement adjacent to or inside
the barrier facility has the benefit that any
contamination in sampling tissues for post-
release testing for pathogens can be waived.
The pig will be subjected to necropsy to con-
firm its health and DPF status.

4. Proper recording and archiving of all clinical
steps and of the donor material is mandatory
to assess “unknown pathogens” [30]. The
period of time for which the materials should
be archived varies between countries. Taking
into account the cost and necessity of these
procedures, it is recommended that govern-
mental authorities take a fiduciary responsi-
bility to archive tissue and documentation
and to determine proper storage time.

Quality control of porcine corneal products

The quality control of porcine cellular corneal tis-
sue is bound by the U.S. and European regulatory
framework where these products fall within the
definition of xenotransplants [28,31,37]. To ensure
adequate procurement, processing, preservation,
and storage, the guidelines of the European Eye
Bank Association (EEBA) on the preparation of
human corneal tissue should be followed [38]. The
EEBA guidelines are based on three Directives of
the European Council [39–41].

Standard operating procedures must be followed
in corneal procurement, preservation, and trans-
portation from the site of procurement to the site
of clinical trial. Ocular tissue and the preservation
fluids should be cultured for mycoplasma, Gram-
positive and Gram-negative bacteria, and fungi to
rule out contamination, and should also be
archived for a certain term. All procedures must be
recorded, including method and dates/time of (a)
enucleation-to-preservation time or (b) corneoscl-
eral disk in situ-to-preservation time.

Porcine corneal tissues can be processed by stan-
dard procedures recommended by EEBA guide-

lines for technical preparation of the cornea [38]
(Table 2). Laboratory confirmation is required
whether physico-biological properties of the por-
cine cornea preserved by EEBA guidelines (for
human tissue) would be comparable to those of the
human cornea preserved by EEBA guidelines.

Post-release assessment must include confirma-
tion of sterility and testing for PERV expression in
the final product. Because the outcome of microbi-
ologic testing may be available only retrospec-
tively, a plan of action must be in place for patient
notification and treatment in case the microbiolog-
ic test is positive for contamination.

Preclinical efficacy and safety data that are required to justify
initiating a clinical trial

For clear relevance to clinical xenocorneal trans-
plantation, preclinical data should be obtained in a
pig-to-non-human primate (NHP) model. Success
may be considered as maintenance of graft survival
for 6 months in the absence of significant infec-
tious complications or detrimental side effects
related to immunosuppressive therapy.

In their guidelines for islet xenotransplantation,
the IXA recommended that preclinical should be
determined to be controlled in five of eight consec-
utive NHPs with the consensus criteria [14]. For
the specific case of xenocorneal transplants, the
consensus group debated where to set the thresh-
old for preclinical efficacy sufficient to justify

Table 2. Porcine corneal tissues can be processed by standard pro-

cedures recommended by European Eye Bank Association (EEBA)

guidelines

Standard procedures [38]

Harvest of the

cornea • Excision of the corneoscleral button from
enucleated whole eyes in vitro

• Excision of the corneoscleral button from the
donor eyes in situ

• Lamellar tissue preparation of the corneoscl-
eral button obtained in one of the above men-
tioned ways, using manual or automated
methods or lasers

Storage of the

cornea • Hypothermic storage of the whole eye. Maxi-
mum recommended storage time is 72 hrs for
selected surgeries

• Hypothermic storage of the corneoscleral disk
in a corneal storage solution. Maximum stor-
age time depends on the storage medium used
following instructions of the manufacturer

• Storage of the corneoscleral button by organ/
tissue culture: It is recommended to keep the
storage time as short as possible considering
the quarantine period with a maximum of
5 weeks.
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proceeding to a clinical trial. The consensus group
primarily focused on comparison with the survival
of corneal allotransplantation versus survival of
other organ allotransplantation. The survival of
corneal allotransplantation is quite different
depending on the original corneal disease. For
example, the 5-year survival in keratoconus (low-
risk keratoplasty) is more than 90%, whereas the
5-year survival in keratitis or bullous keratopathy
(high-risk keratoplasty) is about 60–70% without
or with strong systemic immune suppression
[42,43]. Mean 5-year survival of corneal allotrans-
plantation is known to be 70–80% if all diseases are
included [42,44]. Therefore, compared with the
5-year survivals (70–80%) of other organs (kidney,
islet, heart, etc.) [45–47], the survival of corneal allo-
transplantation is not high, except in patients with
keratoconus. The patient with corneal blindness
does not have any option except transplantation.
On the contrary, the patient with type 1 diabetes
has the option of insulin therapy if islet transplan-
tation is not available. Taken together, the consen-
sus group concluded that the same preclinical
efficacy that has been accepted for islet xenotrans-
plantation is reasonable to apply in corneal
xenotransplantation, with the caveat that a patient
who has been diagnosed as keratoconus should be
excluded for xenocorneal transplantation until
transplantation for other conditions to support it.

Therefore, NHP data are acceptable to support
a clinical trial if the pig cornea xenograft survived
for more than 6 months in five of eight consecutive
NHPs, and ideally for 12 months in one or two
successful cases (according to the graft survival cri-
teria described below). If the cornea survives in all
of the five operated consecutively, there is no need
for further transplants to be conducted in NHPs.

1. Once transparency has been achieved within
2 weeks to a month after the surgery, trans-
parency of the grafted cornea has been main-
tained throughout a period of follow-up of
at least 6 months. If the transparency is not
achieved initially (within 2 weeks to a
month) after surgery for non-immunological
technical reasons, then the graft is defined as
primary failure and the NHPs can be
excluded from the consecutive series.

2. Graft rejection in NHPs is defined based on
the sum of grades for opacity, edema, and
vascularization, which is adopted from the
previous reports of xenocorneal transplanta-
tion in NHPs [6,48]. Grafts with scores
greater than 6 are considered to be rejected.
The scores are as follows.

a. Graft opacity

• 0 = clear

• 1 = slight haze

• 2 = increased haze but iris structure still
clear

• 3 = advanced haze with difficult view of iris
structure

• 4 = complete opacity without view of pupil.

b. Graft edema

• 0 = no stromal or epithelial edema

• 1 = slight stromal edema

• 2 = diffuse stromal edema

• 3 = diffuse stromal edema with microcystic
edema of epithelium

• 4 = bullous keratopathy.

c. Graft vascularization

• 0 = no vessels

• 1 = vessels appearing in the peripheral cor-
neal bed

• 2 = vessels appearing in the graft periphery

• 3 = vessels appearing in the graft to 2 mm

• 4 = vessels extending to the graft center.

3. At necropsy at 6 months, histological exami-
nation does not show massive infiltration of
inflammatory cells including T or B cells, in
the graft, but includes the presence of corneal
endothelial cells (CECs). Stromal edema
accompanied by increased stromal thickness
and disarrangement of the intrastromal
lamellae are not present.

4. There have not been serious life-threatening
complications associated with the transplant
procedure and immunosuppressive protocol.

In view of the considerable difficulty of main-
taining immunosuppressed NHPs, some flexibility
is considered necessary. It is the investigators’
responsibility to convince prospective participants,
the local institutional review board, and the regula-
tory authorities that their preclinical results
warrant moving toward a clinical trial. In the event
that a NHP suffers complications that do not result
from graft rejection or immunosuppressive therapy
(for example, if a NHP injures the graft by scratch-
ing, punching, or rubbing it) or there is primary
graft failure from non-immunological technical
problems, these NHPs can be considered “non-
informative” and can be excluded from the consec-
utive trial. Documentation should be provided
explaining why a NHP was determined to be non-
informative. Additional NHPs can then be
included in the trial.

Regarding immunosuppressive protocols, it is
important that the therapeutic protocol should be
clinically applicable. Immunosuppressive drugs
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that are approved by a national regulatory author-
ity or currently in clinical use for either organ allo-
transplants or other conditions (e.g., autoimmune
or inflammatory conditions) may be acceptable for
a clinical trial if there are adequate preclinical data
supporting their use. If the regimen is investiga-
tional and is not currently in clinical use, approval
from the national regulatory authority should be
obtained [14].

One index of safety may be obtained by moni-
toring of the viral load for appropriate NHP
viruses that are known to be associated with
disease, for example cytomegalovirus (CMV) or
Epstein–Barr virus (EBV) in immunosuppressed
NHPs [49,50]. Viral reactivation reflects the inten-
sity of immunosuppression and assesses the
impact of the immunosuppressive regimen on the
immune status of the NHP. Monitoring of surro-
gate viruses such as CMV or EBV should be car-
ried out before the transplant and then monthly
in both preclinical studies and in clinical trials
[14,51].

Strategies to prevent PERV transmission

The available literature studies have not docu-
mented in vivo PERV transmission from porcine
products into humans [15]. In addition, a recent
paper shows no evidence of PERV genomic mate-
rial in burn patients treated with live porcine skin
grafts on long-term follow-up [52]. As more evi-
dence accumulates the consensus is that the risk of
PERV transmission to humans is low. However,
data in fully immunosuppressed patients are lack-
ing. Therefore, corneal recipients must be moni-
tored closely in order to prevent possible spread of
xenogeneic pathogens to close contacts and/or the
public. Using the guidelines for pig islet xenotrans-
plantation as a template [15], the guidelines in
xenocorneal transplantation are as follows.

1. For donor screening, monitoring for PERV
expression in porcine cells, in vitro tests of
PERV transmission to human-designated
cells, and screening for PERV-C to ensure
reduction in generating PERV-A/C recombi-
nant viruses are mandatory. Governmental
authorities in each country should deal with
PERV-related zoonosis by adopting interna-
tionally accepted in vitro co-culture system
that assess cross-species transmission capa-
bility in porcine corneal products and by
monitoring participants with an internation-
ally recognized method for evidence of
PERV infection [51].

2. For screening of porcine corneal grafts, the
remaining ocular tissues should be tested for

infectious PERV by co-culture of the cells
with indicator cells, such as recipient periph-
eral blood mononucleated cells (PBMC) or
HEK293 cell lines. After this co-culture
period, the cells should be analyzed for the
transfer of PERV from the porcine cells to
the indicator cells by either an optimized
reverse transcriptase assay or by PCR-based
PERV nucleic acid detection. As long as the
same procedures are employed to procure
the product, a one-time co-culture test on
samples taken from at least three separate
pigs in a herd is satisfactory to assess the
expression of PERV in the product. How-
ever, whenever a major manufacturing
change is introduced, for example a new
source herd or method of product procure-
ment, testing should be repeated.

3. There must be a comprehensive plan for
appropriate long-term post-transplant recipi-
ent follow-up. Any adverse event must be
recorded and zoonotic infection excluded. A
stepwise approach to post-transplant PERV
monitoring is recommended as follows:
Molecular assays applied for monitoring of
PERV transmission must be sufficiently
sensitive and differentiate transmission from
chimerism. Detection of PERV mRNA or
anti-PERV antibodies should be comple-
mented by assays that screen for replicating
virus. (i) Serum should be regularly moni-
tored for PERVRNA by RT-PCR, or PBMC
should be additionally checked for PERV
DNA by quantitative PCR using primers to
conserved regions in gag–pol. (ii) If either of
these assays is positive, cells should be evalu-
ated for PERV gene expression by RT-PCR
using specific primers. (iii) Further screening
may be conducted by demonstration of virus-
specific antibodies to more than one PERV
antigen in serum by an assay such as Western
blot analysis, ELISA, or immunoperoxidase
assay. (iv) When anti-PERV antibody or
PERV mRNA is detected, in vitro co-culture
assays of PBMCs from the recipient and
human HEK293 cells are required to indicate
productive PERV infection in the recipient
using PERV-specific PCR assays. Third-
party laboratory testing for PERV may be
beneficial to confirm the infection.

Proper documentation of xenotransplant-associ-
ated infectious episodes and appropriate long-term
post-transplant tracking in accordance with
national regulatory guidelines should be manda-
tory.
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Patient selection for clinical trials

Xenotransplantation increases potential risks of
xenozoonoses, which may be transmissible to soci-
ety at large, although this is considered to be unli-
kely. This issue mandates long-term surveillance of
the participants. Therefore, compliant participants
must be carefully selected after full assessment of
risks and benefits of xenocorneal transplantation.
Three different surgical techniques may be applica-
ble to cellular porcine xenografts: (i) full thickness
penetrating keratoplasty (PKP); (ii) partial thick-
ness lamellar keratoplasty (LKP); and (iii) endo-
thelial keratoplasty (EKP). In light of potential
hazards and expected therapeutic benefit, the fol-
lowing patient selection criteria should be met or
exceptions explicitly justified:

1. The patient must have been diagnosed with
legal blindness, as defined by the American
Medical Association and the United States
Congress as best corrected visual acuity of
20/200 or less in the better eye [53]. More-
over, best corrected vision of the eye that
requires a xenotransplant should be 20/1000
or less. This guideline of visual acuity can be
exempted only in a subject who requires an
emergency operation for actual or impending
corneal perforation.

2. The patient must have been diagnosed with a
corneal impairment that cannot be cured with
any other method except corneal transplanta-
tion. A keratoconus patient must be excluded
because of the high graft survival expected
after corneal allotransplantation.

3. The patient does not have timely access to a
corneal allotransplantation. As corneal blind-
ness is not a life-threatening situation, “timely
access” is different in the subject with corneal
blindness compared with “timely access” in
the subject with life-threatening disease. The
consensus group made the point that “timely
access” is limited (i) when an emergent cir-
cumstance, for example corneal perforation
or impending corneal perforation, occurs
when an allograft is not immediately avail-
able; or (ii) when the patient is eager to
undergo corneal transplantation to restore
vision quickly in the case of no available allo-
graft. The former condition of “timely access”
is decided by a doctor, whereas the latter con-
dition of “timely access” depends on the
patient’s decision.

4. Preclinical studies indicate that the proposed
clinical corneal xenograft protocol is likely
to provide a significant medical benefit to the
patient.

5. The patient is over the legal age of majority
in effect in that country.

6. Pregnant women, women who wish to fall
pregnant in the future, and the women who
are breastfeeding a baby should be excluded.

7. The patients should be highly compliant. A
mentally ill incapacitated patient or a patient
who has shown non-compliance to follow-up
and treatment protocols should be excluded.

The implication of lifelong monitoring is
completely different for participants in their 20s
compared with those in their 50s or 60s. The inves-
tigators should carefully consider that blindness is
not a life-threatening condition, and take into
account the severity of the eye disease and the
patient’s desire to restore vision.

Informed consent

The Secretary’s Advisory Committee on Xeno-
transplantation (SACX) of the United States.
Department of Health and Human Services pub-
lished a draft document on informed consent,
which included an exemplary consent document
for clinical xenotransplantation [22], part of which
was adopted for use in clinical islet cell xenotrans-
plantation [17]. SACX addressed the point that
xenotransplantation raises special challenges per-
taining to informed consent, as follows: (i) poten-
tial public health risks, such as the transmission of
infectious agents and how these potential risks
should be monitored and managed, including the
need for a precise compliance of enrolled patients
for these procedures; and (ii) the need to inform
intimate contacts of research participants and
healthcare professionals about the potential public
risks. The draft of the SACX [22] included an out-
line of the information that should be conveyed in
the informed consent process. When the regulatory
authority of a specific country provides customized
guidelines, then the informed consent process must
meet these guidelines. The following information
needs to be communicated:

1. Background information relevant to the
trial, including any previous related trials
and relevant results from animal studies.

2. The purpose of the research.
3. Conventional treatment or alternatives

available to the participant.
4. Participation information regarding inclu-

sion or exclusion criteria to determine who
is eligible to enroll, and duration of involve-
ment in the trial.

5. The procedures, including identification of
those considered experimental, the necessity
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for assessment and tests, and follow-up
schedule.

6. The potential risks including (a) rejection/
failure rates, (b) the immunosuppressive ther-
apy-associated risks, (c) potential xenogeneic
infections, (d) possible discomfort, acknowl-
edging that limited information is available
concerning the effects of a xenotransplant on
quality of life, (e) the possibility of being
quarantined if he/she acquires any infectious
disease that poses an immediate threat to
others, (f) the possibility of loss of confidenti-
ality due to request for lifelong monitoring
and for disclosure of the medical informa-
tion, and (g) the possibility that the trial could
be discontinued early, requiring that the par-
ticipant would be responsible for the health-
care costs arising from the research project.

7. The participant should consent to commit
to the responsibilities, with a clear indica-
tion that they cannot unilaterally withdraw
from these responsibilities. They include (a)
attendance for regular examination, (b)
informing researchers of changes of address
and telephone number, (c) timely reporting
of all unexplained illnesses, (d) adherence to
practices that limit the exchange of body
fluids with intimate personal contacts, (e)
no future donations of blood, sperm, or tis-
sues, (f) autopsy at death, (g) education of
family members about infectious disease
risks, (h) disclosure to future healthcare
providers about the individual’s receipt of a
pig xenotransplant, (i) willingness to accept
possible quarantine, if necessary, for public
health reasons, and (j) arrangement for
assistance in meeting future responsibilities
in the event that the subject loses decision-
making capacity.

8. Potential benefits.
9. Costs and compensation.
10. Confidentiality.
11. Contact information.
12. A clear statement that participants may

withdraw from the medical interventions of
the protocol, but not from the previously
listed responsibilities.

An example of an informed consent form for a
clinical trial of corneal xenotransplantation is pre-
sented in Appendix S1.

Discussion and conclusion

Whether it is ethical to conduct clinical trial of
xenocorneal transplantation using wild-type (WT)

pigs cornea when genetically modified (GM) pigs
are now increasingly available was raised in this
consensus meeting. The risk–benefit assessment
may be different between using GM pigs and using
WT pigs. GM pigs such as a1,3-galactosyltransfer-
ase gene knockout (GalT-KO) and/or N-glycolyl-
neuraminic acid knockout (Neu5Gc-KO) pigs may
provide greater protection from immune-related
injury than WT pigs [54,55]. In vitro studies have
demonstrated weaker humoral and cellular
responses to the porcine CECs from GalT-KO/
CD46 pigs compared with the WT cells [56]. GM
pigs may be more resistant to rejection if trans-
planted into a highly vascularized corneal bed.
However, controversies still remain and the use of
GM pigs may not outweigh the use of WT pigs.
Immune suppression is still required, although GM
pigs have been studied in models of xenocorneal
transplantation (personal communications). The
Neu5Gc content may be increased in some tissues
in GalT-KO pigs and this may require greater
immune-suppressive therapy compared with that
for WT pigs [57]. The fact that the pig cornea shows
less expression of a-Gal or non-Gal antigens
[56,58–60] makes the choice between GM versus
WT less clear relative to other organs. A rodent
model showed a possible long-term increase in
anti-a-Gal antibody in GalT-KO mice after the
transplantation of WT pig corneal graft [61]. In
contrast, a NHP study showed the anti-a-Gal anti-
body response was not high after lamellar xenocor-
neal transplantation [8]. Therefore, consensus
group reached a consensus that, due to lack of
evidence of a clear advantage of GM pig corneas,
it was ethically acceptable to initiate a clinical
trial using WT pigs, provided that preclinical
studies demonstrated that a-Gal-expressing grafts
worked well with a clinically applicable immune-
suppressive regimen in a NHP model. This conclu-
sion may be revised over time according to further
scientific evidence.

Other important issues were raised and were
critically discussed by the consensus group. (i)
How many patients will be entered into the trial
and over what period of time? (ii) How difficult
will it be to identify patients who fulfill the criteria
for the trial? (iii) How many patients will the
investigators be able to identify in need of PKP,
LKP, or EKP? (iv) What would be the endpoint
that would indicate a successful trial? However,
regarding these issues, the consensus group
reached the conclusion that these issues should
not be addressed in this consensus statement,
rather they should be addressed in the design and
conduct of any proposed clinical trial that will
be submitted to regulatory agencies. Because the
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clinical and regulatory situation may be different
depending on the country in which the trial is per-
formed, the investigator takes the responsibility
for identifying patients who need PKP, LKP, or
EKP. Besides, endpoint definitions of efficacy,
safety, and discontinuation of the study will be
different depending on the design of each trial.
The group agreed that corneal survival (primarily
clarity), visual acuity, visual field, and patient’s
satisfaction may be appropriate to be considered
among the primary endpoints for human clinical
trial protocols.

Finally, there was much discussion regarding
period of time for which documentation on corneal
xenotransplantation needed be archived. US Food
and Drug Administration does not have an official
policy on this matter, but has put forward general
guidelines (maintenance of records and clinical
material for decades, with robust plans for curato-
rial preservation of information and material).
Considering that it is a costly procedure, the
national governmental authority in each country
should take a fiduciary responsibility for the dura-
tion of maintenance of the records.

The worldwide supply of human donor corneas
never meets the demand especially in Asia (China,
India, Japan, and Korea), although a human
donor cornea is immediately available in the USA
and Australia [62]. Even with international ship-
ping of the donor corneas from the USA to the
Asian countries, demand still outstrips supply. In
this regard, the xenogeneic corneal tissue may be
preferable in certain geographic regions, and this
consensus statement is timely.

In summary, this consensus statement was
made by an international panel of experts cover-
ing all aspects of corneal xenotransplantation,
including members from ophthalmologic societies,
the IXA, as well as ethicists and xenoinfectious
disease specialists. This statement is proactive to
facilitate a proper regulatory framework to
conduct safe, ethical, and potentially therapeutic
initial clinical trials of xenocorneal transplanta-
tion, while minimizing compromise of the safety,
not only of participants and their close contacts,
but also of the public. It is hoped and expected
that this initial consensus statement will be
updated over time according to advances in
research, changes in the regulatory framework,
discoveries of new facts, and comments submitted
after publication.
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Additional Supporting Information may be found
in the online version of this article:

Appendix S1. An example of informed consent
form in clinical trials of xenocorneal transplanta-
tion.

Figure S1. An international meeting for an inter-
national consensus on xenocorneal transplantation
has been held in 7th November, 2013 in Osaka
during the 12th congress of IXA.
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