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Abstract

Introduction—Recent reports of long-term survival after wild-type (WT) pig-to-monkey corneal
xenotransplantation are encouraging. We experienced the rapid development of retrocorneal
membranes, a rare complication after corneal allotransplantation (though seen in infants and
young children). The original specific aim of the study was to determine the factors associated
with successful (young) pig corneal transplantation in monkeys. However, when it was obvious
that retrocorneal membranes rapidly developed, our aims became to determine the factors involved
in its development after both WT and GE pig corneal xenotransplantation and to investigate the
characteristics of the retrocorneal membrane.

Methods—Rhesus monkeys were recipients of penetrating keratoplasty using WT and GE pigs
(n=2, respectively, 1-3 months-old). Local/systemic steroids were administered for 3 months.
Grafts were evaluated by slit-lamp for corneal transparency, edema, and neovascularization.
Hematoxylin and eosin, Masson trichrome staining, and immunchistochemical analysis were
performed. Gal staining was also carried out to distinguish the origin of the membrane.

Results—All penetrating keratoplasty recipients developed fibrous retrocorneal membranes in
the early post-transplantation period, regardless of whether the graft was from a WT or GE pig.
There were no features of rejection, with no cell infiltrate in the graft or anterior chamber during
the 3 months follow-up. There was no difference in the clinical course between the two groups
(WT or GE corneas). Immunohistochemistry indicated that the retrocorneal membranes were CK-
negative, a-SMA-positive, and vimentin-positive, suggesting that they were of fibrous
(keratocytic) origin. Also, the membrane was Gal positive, suggesting that it is derived from pig
cornea.
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Conclusions—~Following pig-to-monkey corneal xenotransplantation, we report that
retrocorneal membranes are derived from donor pig keratocytes. Prevention of retrocorneal
membranes will be necessary to achieve successful corneal xenotransplantation.
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Introduction

In view of the shortage of deceased human corneas, many attempts have been made to find
alternative sources for corneal transplantation. Porcine corneas are one possibility (1-4).
Previously, Pan et al., showed that corneas from Wuzhishan miniature pigs survived for 6
months in rhesus monkeys treated with local corticosteroids (5). More recently, Choi et al.
reported that, with full immunosuppressive therapy using CD40-CD154 costimulatory
pathway blockade, survival of wild-type (WT) pig corneas extended to >2 years in Chinese
rhesus monkeys (6,7).

Corneas from genetically-engineered (GE) pigs, such as a.1,3-galactosyltransferase gene-
knockout pigs expressing a human complement-regulatory protein (GTKO/CDA46 pigs), have
been reported to have immunologic benefit over WT pig corneas /n vitro. They would be
expected to provide longer-term graft survival compared to corneas from WT pigs (8,9) as
preformed anti-Gal-a.1,3-Gal antibodies and complement activation play roles in graft
rejection (7,10,11).

In our several cases of pig-to-monkey corneal xenotransplantation (12), we experienced the
rapid development of a retrocorneal membrane, which is a rare complication after corneal
allotransplantation, though it is seen in infants and young children. The original specific aim
of the study was to determine the factors associated with successful (young) pig corneal
transplantation in monkeys. However, when it was obvious that retrocorneal membranes
rapidly developed, our aims became to determine the factors involved in its development
after both WT and GE pig corneal xenotransplantation and to investigate the characteristics
of the retrocorneal membrane.

Materials and Methods

Animals

All procedures corresponded to the ARVO Statement Regarding the Use of Animals in
Ophthalmic and Vision Research and the University of Pittsburgh Institutional Animal Care
and Use Committee guidance for laboratory animals (IACUC # 12070448). The 4
transplants were carried out between January 11, 2013 and June 26, 2014.

Four rhesus monkeys (3-4 years-old) were used as recipients (Alpha Genesis, Yamassee,
SC). Donor corneas were prepared from Large White (genetically-unmodified) pigs (Wally
Whippo, Enon Vally, PA; n=2) and GTKO/CD46 pigs on a Large White background
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(Revivicor, Blacksburg, VA; n=2). To match corneal thickness between donors and
recipients, donor pigs were used at 1 to 3 month-old.

After euthanizing the pigs, corneal endothelial cell (CEC) density and corneal thickness
were measured using confocal microscopy (Confoscan 3, Nidek Technologies, Fremont,
CA) and a pachymeter (Tomey, Nagoya, Japan), respectively. Information on the corneas of
the donors and recipients can be found in Table 1.

Pig-to-monkey penetrating keratoplasty

The donor corneoscleral tissues were dissected out and stored in Optisol GS solution
(Bausch & Lomb, Rochester, NY) for 2-3 days before transplantation. Full-thickness
corneal transplantation (penetrating keratoplasty) was carried out, as previously described
(5). Briefly, the donor cornea was excised using a 6.5mm-diameter Barron corneal punch
(Katena Products, Denville, NJ). The central cornea was excised from the recipient’s eye
using a 6mm-diameter Hessburg-Barron vacuum trephine (Jedmed, St. Louis, MO). The
grafts was placed and secured with 16 interrupted 10-0 nylon sutures (Ethicon, Somerville,
NJ). Triamcinolone 20mg/0.5mL (Kenalog-40®, Bristol-Myers Squibb, New York, NY) was
injected subconjunctivally, and the eyelids were closed with a 6-0 black silk suture. After 3
or 4 days, the tarsorrhaphy was opened to inspect the eye.

Postoperative treatment

All monkeys received topical tobramycin/dexamethasone eye ointment (Tobradex®, Alcon,
Fort Worth, TX) x2-3 weekly. Enrofloxacin 5mg/kg (Baytryl® 100, Leverkusen, Germany)
was administered once a day intramuscularly for 3 days. Triamcinolone 20mg/0.5mL
(Bristol-Myers Squibb) was injected subconjunctivally on post-operative days 0, 4, 7, and
then every two weeks for 3 months. Methylprednisolone (Solu-medrol, Pfizer, New York,
NY) was injected intramuscularly at an initial dose of 2mg/kg/day, tapered over 12 weeks,
and discontinued at a final dose of 0.25mg/kg.

Clinical evaluation of the grafts

After sedation of the monkeys, the grafts were examined by portable slit-lamp
biomicroscopy (Keeler Ophthalmic Instruments, Broomall, PA) to evaluate graft clarity,
edema, and neovascularization. To evaluate graft rejection, a scoring system (providing a
‘rejection index”) was used (Table 2), as previously described by Pan et al (5). In this scoring
system, if the sum of the scores of the 3 grades is greater than 6 for 2 consecutive weeks, the
graft is considered to be rejected. Corneal thickness was measured with a pachymeter.

Recipients were electively euthanized after 3 months with an intravenous injection of
pentobarbital (Beuthanasia-d, Merk Animal Health, Madison, NJ), and the enucleated eyes
were examined by confocal microscopy to visualize the endothelial cells and stromal
keratocytes, as previously described by Lee et al (13).

Immunohistochemistry

The naive (non-grafted) and grafted corneas from each recipient were fixed with 10%
formalin, stained with hematoxylin-eosin (H&E) and Masson trichrome, and then examined
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by light microscopy (Nikon, Elgin, IL). For immunohistochemical staining, anti-cytokeratin
antibody (mouse monoclonal 1gG2a, clone CAMS5.2, BD Biosciences, San Jose, CA), and
anti-a-smooth muscle actin (a-SMA) antibody (mouse monoclonal, 1gG, clone1A4, Roche),
and anti-vimentin antibody (mouse monoclonal 1gG, clone V9, Roche, Basel, Switzerland)
were used, as previously described (14). In addition, anti-CD166 (mouse monoclonal 1gG1k,
clone 3A6, BD Biosciences), anti-CD44 (rat 1IgG2b, clone IM7, Biolegend, San Diego, CA),
and anti-lumican (rabbit monoclonal 1gG, clone EPR8898, Abcam, Cambridge, UK)
antibodies were used to further investigate the origin of the retrocorneal membrane (15,16).
The naive (non-grafted) eye of each animal was used as a control to determine the baseline
immunohistochemical staining characteristics of the cellular layers of the normal cornea
(14). The immunohistochemical characteristics of normal cornea and retrocorneal membrane
are described in Table 3. To differentiate whether the retrocorneal membrane was derived
from recipient monkey or donor pig tissue, staining for Gal was performed, as previously
described (9).

Development of a retrocorneal membrane after penetrating keratoplasty

Recipient monkeys remained healthy without weight loss or infection throughout the period
of follow-up. However, all recipients developed a retrocorneal membrane within 3 to 11
days, which greatly reduced graft transparency (Figure 1). Retrocorneal membranes were
found in all recipients regardless of the source of the corneal graft (WT or GTKO/CD46
pig), and were not responsive to local/systemic corticosteroid therapy.

The rejection index was determined by the same corneal specialist ophthalmologist every
week (Figure 2). None of the recipients satisfied the criteria for rejection (i.e., with a score
>6 out of 12 for 2 consecutive weeks), but, although no persistent severe edema (score 0—
1/4) or neovascularization (score 0/4) was present, graft clarity was greatly reduced due to
the presence of the retrocorneal membrane (score of 2-3.5/4). Weekly attempts to measure
corneal thickness with a pachymeter were made, but proved difficult because of the
existence of the retrocorneal membrane.

Results of confoscan

After euthanasia, both eyes were excised from the recipient monkey, and both the host (non-
grafted) and grafted corneas were evaluated using confoscan. The host (non-grafted) cornea
showed normal CEC morphology and density, with the characteristic mosaic appearance,
without any activation of stromal keratocytes (data not shown). In contrast, the pig CEC
layer was not visible due to the presence of the retrocorneal membrane, which appeared to
be a homogeneous, highly-reflective membranous structure. Some activated keratocytes
were observed in the stroma or near the membrane. Surrounding the graft, the native monkey
CECs were enlarged compared to those in the host (non-grafted) eye, possibly a result of a
compensatory increase in size after CEC injury (data not shown). CEC density in the native
(non-transplanted) cornea of M88 was 3,683 cells/mm?2, whereas in the monkey cornea
surrounding the pig graft the CEC density was only 1,805 cells/mm?, a reduction in cell
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density of approximately 50% (possibly related to the surgical procedure and a low-grade
inflammatory response). All 4 recipients showed similar confoscan results.

Immunohistochemistry

To distinguish the origin of the retrocorneal membrane, the corneal grafts were stained with
various antibodies (Figure 3). Non-grafted corneas were used as controls, and all showed a
normal structure with intact CECs. All pig grafts displayed a moderately thick collagenous
membrane with some cellular components, strongly positive for trichrome (collagen)
staining (Figure 3A, B). The membrane was located internal to the undulating Descemet’s
membrane, with parts of the retrocorneal membrane directly attached to the CECs
(Descemet’s membrane). No CECs were identified between the membrane and the corneal
stroma. In contrast, there were in places gaps between the CECs and the retrocorneal
membrane, with some CECs being trapped in these spaces. No inflammatory cell infiltrate
was observed in the grafts.

Healthy CECs in the host (non-grafted) cornea were negative for CK and a-~SMA and
positive for vimentin. The retrocorneal membranes, however, proved negative for CK but
positive for both a-SMA and vimentin (Figure 3A, B), indicating that they were derived
from stromal keratocytes (14). All pig grafts, regardless of their source (i.e., WT or GTKO/
CD46) showed similar results. To confirm that retrocorneal membranes are keratocytic in
origin, the tissues were stained with a keratocyte marker, lumican (Figure 3C, D). Normal
keratocytes showed positivity, as did those in the retrocorneal membrane. To exclude the
possibility that the membrane originated from the endothelium, tissues were stained for
CD166 and CD44. The retrocorneal membrane was proven to be negative for CD166 (Figure
3E, F), and positive for CD44 (Figure 3G-I), indicating that it originated from stromal
keratocytes.

To distinguish whether the membranes were derived from recipient or donor tissue, staining
for Gal was carried out. A distinct difference was documented between Gal-positive tissues
(in WT pig grafts) and Gal-negative tissues (in monkey cornea) (Figure 4). WT pig corneas
expressed Gal in the stroma as well as on the endothelial cells (9), and the retrocorneal
membrane was also positive for Gal. This indicated that the origin of the retrocorneal
membrane was the pig corneal graft. Retrocorneal membranes in monkeys that received
GTKO/CD46 pig corneal grafts showed no expression of Gal (as expected due to the lack of
Gal expression in the graft). Therefore, we cannot definitively determine the origin of the
retrocorneal membrane after GTKO/CD46 pig corneal transplantation, but the data from the
WT grafts strongly suggest that all retrocorneal membranes originated from donor tissues.

Discussion

A retrocorneal membrane can develop as a complication after corneal allotransplantation,
trauma, or infection (e.g., herpes simplex virus-1 infection) (17), if these insults affect the
endothelium. After corneal allotransplantation, its development has been reported after
failed penetrating keratoplasty (18), Descemet stripping endothelial keratoplasty (19,20),
and Descemet membrane endothelial keratoplasty (21). The reported incidence varies
considerably from 17% to 83% (22-24).
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Risk factors include young patient age (<1 year), microcornea (corneal diameter <10mm),
preexisting CEC dysfunction, mental retardation in the recipient, and combining the corneal
transplant with cataract surgery (25). It has been well documented that corneal
transplantation in pediatric patients is more challenging, even for experienced corneal
surgeons, due to anatomical differences from adults (e.g., low scleral rigidity, higher vitreous
pressure, and a narrow anterior chamber), and from an increased inflammatory response
with fibrin reaction (26,27). The present pig-to-monkey corneal transplantation model has
similarities to pediatric allotransplantation with regard to the size of eye and the age of the
donor.

Briefly, three different origins of retrocorneal membranes have been suggested - (i) epithelial
cell ingrowth, (ii) fibroblastic or stromal (keratocytic) downgrowth, and (iii) fibrous
metaplasia of the corneal endothelium (14). Although clinical features may help determine
the cause of the retrocorneal membrane, immunohistochemical staining can provide further
information (14). In the present study, our data suggest that the retrocorneal membranes
were derived from stromal keratocytes (fibroblasts).

The mechanism by which retrocorneal membranes originate from fibroblastic cells has not
been determined. We suggest the possible causes include: (i) mismatched structures (e.g.,
comparative thickness of the cornea between graft and host), (ii) mismatched biomechanics
(e.g., rigidity), (iii) increased inflammatory reaction to a cornea from a pig of a young age
(see below), and (iv) abnormal wound healing. In the present study, we selected 1-3 months-
old piglets as sources of grafts, mainly to match graft and host corneal thickness. However,
the grafts were extremely flaccid and hardly maintained their concave shape, we believe was
a major factor in the development of the retrocorneal membranes. Rigidity of the graft would
appear to be a more important factor than its thickness.

Both groups that have reported long-term survival of pig corneal grafts in monkeys used
rather older pigs than we did, and, furthermore, both used miniature swine as the sources of
the grafts, e.g., 4 months-old Wuzhishan pigs (5), and 2-3 years-old Seoul National
University miniature pigs (7), although the thickness of the grafts did not match that of the
host cornea very well. The benefit of using miniature pigs is that, although the grafts are
fully matured and demonstrate normal (adult) rigidity, their thickness was less (700~850pm)
compared to those of regular pigs (e.g., large White) of the same age (900~>1000um).

In our study, all of the source pigs (both WT and GE) were of Large White background. The
average corneal thickness of adult (>1 year) Large White pigs is approximately 1000um
(13). Furthermore, in our experience, corneas from GE pigs are thinner and more flexible/
flaccid compared to corneas from age-matched WT pigs, again making surgical
manipulation more difficult.

In addition to differences in graft flexibility/rigidity, corneal grafts from younger donors are
also associated with an increased inflammatory reaction after corneal allotransplantation
(26). More graft rejection episodes have been documented in patients who received
allografts from younger (0-5 years old) donors compared to those who received grafts from
adults (40-70 years old) (28). Belmonte et al. suggested that high CEC density increases the
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risk of irreversible graft failure, probably due to exposure to a greater antigenic load (29).
Although corneas from GE pigs (e.g., GTKO/CD46) have been proven /n vitroto be
immunologically beneficial (8), a significant /n vivo immune/inflammatory response is still
likely.

A retrocorneal membrane may also develop as a result of abnormal wound healing. If there
is poor wound apposition (as may occur when there is a great discrepancy in corneal
thickness), quiescent keratocytes become activated and migrate to the margins where they
proliferate. Hyperplasia of fibrous tissue forms a mass of spindle-shaped fibers and cells,
which protrude into the anterior chamber and form a retrocorneal membrane (30). These
membranes have been reported to be positive for a-SMA and vimentin expression (14),
which is consistent with our results. The presence of irregularly-aligned collagen fibers in
the graft also suggests that there may have been abnormal wound healing. Wunderlich et al.,
reported that connective tissue growth factor may play a crucial role in corneal wound
healing and thus in membrane formation (30).

Recently, our collaborators in Beijing (Dr. Zhigiang Pan’s group) also experienced
retrocorneal membrane development after pig-to-monkey corneal xenotransplantation using
WT and GTKO/CD46 pigs (both on a Large White background) (Dong X, et al, manuscript
submitted). To our knowledge, our own study and that of the Beijing group are the first to
report the development of retrocorneal membranes in pig-to-monkey corneal transplantation
models.

In our own study, although a retrocorneal membrane developed, in no case was there
conclusive evidence of acute rejection. The grafts did not become severely edematous,
possibly because the remaining CECs in either the graft or the recipient were functioning
well, and there was no inflammatory cell infiltrate in the graft or anterior chamber. This
suggests that local/systemic corticosteroid treatment was sufficient to prevent rejection, but
not able to prevent retrocorneal membrane development. Additional local and/or systemic
anti-inflammatory therapy may be beneficial if there is evidence of an inflammatory
response.

In conclusion, we report on the formation of retrocorneal membranes after the
transplantation of corneas from young pigs into monkeys. The retrocorneal membrane was
derived from donor pig stromal keratocytes. As vision can be fully restored only with a
transparent cornea, prevention of retrocorneal membrane development will be crucial to
achieve successful corneal xenotranplantation. In summary, the risk of development of a
retrocorneal membrane after pig corneal transplantation in monkeys is high, and is probably
associated with discrepancies in the thickness and biomechanics of young pig corneas and
older monkey corneas. There is evidence from others that it can be avoided if corneas are
obtained from adult miniature swine. Further studies of corneal xenotransplantation using
adult GE miniature swine as sources of corneas are necessary.
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WT recipients GTKO/CDA46 recipients

Figure 1. Clinical evaluation of corneal grafts after transplantation
Pig corneal grafts after transplantation into monkeys were evaluated with slit-lamp

biomicroscopy (magnification x16). Retrocorneal membranes were found in all recipients
regardless of donor pig type (WT or GTKO/CD46) at early time-points after transplantation
(post-operative days 11, 7, 11, and 3, respectively, from left to right).
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Figure 2. Rejection index (score) of corneal grafts
(A) Total rejection index (total score). Corneal xenografts after transplantation were

evaluated, focusing on (B) graft clarity, (C) edema, and (D) neovascularization, based on a
scoring system (Table 2) (introduced by Pan et al). The grafts are considered to be rejected if
the total index (the sum of the scores of the 3 grades) is >6 for 2 consecutive weeks.
Although graft clarity was greatly reduced due to the presence of a retrocorneal membrane,
persistent severe stromal edema or neovascularization did not develop.
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Figure 3. Immunohistochemical staining of pig corneal grafts 3 months after transplantation
(A) Xenografts were stained with hematoxylin-eosin (H&E) and Masson trichrome to define

the structures. They were also stained for cytokeratin (CK), a-smooth muscle (a—SMA),
and vimentin. Non-grafted corneas were stained as controls. All non-grafted corneas showed
normal structure with intact CECs. In contrast, all grafted corneas displayed moderately
thick collagenous membranes with some cellular components, strongly positive for collagen
(second row), in relation to the undulating Descemet’s membrane (arrows). Parts of the
retrocorneal membrane were directly attached to CECs, and parts were divided by a space
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between the CECs and membrane, with a few CECs trapped in this space. No inflammatory
cell infiltrate was observed. Healthy CECs are negative for CK and a-SMA, and positive for
vimentin. Retrocorneal membranes (arrows) were negative for CK, but positive for both a—
SMA and vimentin, indicating that the retrocorneal membranes were derived from stromal
keratocytes. (Representative of 2 samples from each group, magnification x100). (B) Higher
magnification of retrocorneal membranes (magnification x200). (C, D) Lumican staining
(dark brown) of normal stromal keratocytes (C) and retrocorneal membrane (arrow, D). The
cellular component of the retrocorneal membrane was positive for lumican. (E,F) CD166
staining (green) of normal endothelial cells (E) and retrocorneal membrane (arrow, F).
Normal endothelial cells were positive for CD166, but retrocorneal membrane was negative.
(G-I) CD44 staining (green) of normal endothelium (G), normal epithelium (H), and
retrocorneal membrane (arrow, I). Staining for CD44 was positive in normal endothelial
cells and in the basal layer of epithelium. The retrocorneal membrane was also positive for
CD44. (Blue = cell nuclei, magnification x400)
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Figure 4. Gal staining of pig corneal grafts 3 months after transplantation
(A,B) Gal-staining (green) of the anterior and posterior cornea of a WT pig graft. Recipient
tissue (left) was negative for Gal, while the donor pig graft (right) was positive. (C) The
retrocorneal membrane (arrow) from a WT pig graft showed positivity for Gal. (D) The

retrocorneal membrane (arrow) from a GTKO/CDA46 pig graft did not show positivity for
Gal. (Blue = cell nuclei, magnification x200)
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Table 2

Rejection index (scoring system) evaluated by slit lamp

Grade Criteria
Clarity
0 Clear cornea
1 Slight haze
2 Increased haze, but anterior chamber structures still clear
3 Advanced haze with difficult view of anterior chamber
4 Opaque cornea without view of anterior chamber
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

Neovascularization

A W N e

No vascularization

Vascularization of the host peripheral cornea
Vascularization to the corneal wound or sutures
Vascularization of the peripheral graft

Vascularization of the entire graft

Xenotransplantation. Author manuscript; available in PMC 2018 January 01.

Page 17



Page 18

Leeetal.

Author Manuscript

adAlouayd onse|qoiquy 01 WIOSURL) S99 [eI|BYI0PUS 8y} 89U0 aARIsod m:coumm_\u

adAjouayd onse|qoiqLy 01 WIoJSuURI) |19 [eI|ay10pua 8yl 8duo aAlrebau mEoummu
"suswioads ayp Jo Jjey ui Jake [erjayuds [eseq ayp jo Buiurels _SEQ
"guITRI8Y 0140 SazIubooal T'swed,

UIloe 8|9snwW yloows= IS ‘Buturers samsod + ‘Bulureisuou —

(uonewuogsuel) onse|qoiqi)
(erep ou) + - + + + paALIap |[99 [eljdyopul

+ + - + + - panLIap 814203e18 dNse|qo.qid
- - - - - - paALiap |199 [e1aynd3

auelquiaw |esaulod0419y

_ o o+ + - - wnijaypopus
+ - - + - - $9)1A001R18) [eWONS
- gt - gt - - wnijaynd3

©aUI0J [eWION

pl'SWED
uedWNT  pyAD  99TAD  UNUBWIA  VINS-D  Unesaxoih) anssi|

aURIQUIBLU |23UI0D013] JO PUR BaUIOD [BLLIOU JO SOIISIIS10BIRYD [EO1WBYI0ISIYOUNLUIL|

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript

Xenotransplantation. Author manuscript; available in PMC 2018 January 01.



	Abstract
	Introduction
	Materials and Methods
	Animals
	Pig-to-monkey penetrating keratoplasty
	Postoperative treatment
	Clinical evaluation of the grafts
	Immunohistochemistry

	Results
	Development of a retrocorneal membrane after penetrating keratoplasty
	Results of confoscan
	Immunohistochemistry

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3

