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Cornea
 Immune Cells on the Corneal Endothelium of anAllogeneic Corneal Transplantation Rabbit Model
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 Citation: Koudouna E, Okumura N,Okazaki Y, et al. Immune cells on thecorneal endothelium of an allogeneiccorneal transplantation rabbit model.Invest Ophthalmol Vis Sci.2017;58:242–251. DOI:10.1167/iovs.16-20019
 PURPOSE. Corneal endothelial cell density undergoes a progressive decrease for many yearsafter transplantation, eventually threatening patients with late endothelial failure. Thepurpose of this study was to investigate the possibility of an immunologic response insuccessfully grafted corneal endothelium.
 METHODS. The corneal endothelium of patients who had undergone corneal transplantationwas evaluated by specular microscopy. Rabbit models were subjected to penetratingkeratoplasty (PK) with either syngeneic or allogeneic corneal transplants and Descemet’sstripping endothelial keratoplasty (DSEK) with allogeneic corneal transplants. The presenceof immune cells and expression of proinflammatory cytokines were determined byimmunostaining. The corneal endothelium and immune cells were also evaluated byscanning electron microscopy.
 RESULTS. Scanning slit contact specular microscopy of patients with no features of graftrejection revealed cell-like white dots on the grafted corneal endothelium. The cornealendothelium of the allogeneic PK and DSEK rabbit models displayed the presence of immunecells, including CD4þ T-helper cells, CD8þ cytotoxic T cells, CD20þ B lymphocytes, CD68þ
 macrophages, and neutrophils, but these immune cells were rarely observed in the syngeneicPK model. These immune cells also produced proinflammatory cytokines. Notably, some ofthe corneal endothelial cells situated near these immune cells exhibited features of apoptosis.
 CONCLUSIONS. T lymphocytes, B lymphocytes, macrophages, and neutrophils are present onthe grafted corneal endothelium in both PK and DSEK allogeneic rabbit models. The potentialinvolvement of immune cells as an underlying pathophysiology for late endothelial failuredeserves further examination.
 Keywords: corneal endothelium, immune cells, inflammation
 Corneal transplantation is one of the most commontransplantations performed in the world.1 The Eye Bank
 Association of America2 reported that 47,530 donor corneaswere provided for transplantation in the United States; similarly,28,901 donor corneas were provided for transplantation inother countries in 2014. Corneal transplantation has beenaccepted as a successful procedure, but several large cohortstudies have now shown that graft survival after 10 yearsfollowing penetrating keratoplasty (PK) is only approximately50%,3–5 although this varies widely depending on the indica-tions and the specific studies.6,7 Endothelial dysfunction alsoaccounts for 50% of the total graft failures, suggesting thatcorneal endothelial damage is the leading cause of graftfailure.5,7
 Endothelial graft failure can be divided into three types:primary graft failure (mainly iatrogenic), immunologic rejection,and late endothelial failure.6 Graft rejection is clinicallyrecognized by features that include the presence of endothelialrejection line, keratic precipitates, corneal edema, and conjunc-tival injection caused by immunologic responses against donor
 cells.8–10 One multicenter study revealed that 92 of 1090 patients(8.4%) experienced graft failure within 5 years of follow-up dueto rejection after PK. On the other hand, late endothelial failuretypically exhibits no clinical symptoms, but several studies,including a large cohort study based on graft registries, havedemonstrated that corneal endothelial cell (CEC) densitydecreases continuously, even in clinically successful transplanta-tion cases. For instance, the Cornea Donor Study ResearchGroup reported that patients who underwent PK experienced acell loss of 79%, resulting in a median 10-year corneal endothelialcell density (ECD) of 550 cells/mm2.7
 The damage to the corneal endothelium associated withECD drop is compensated by increased pump function andbarrier function by remaining CECs, which maintains cornealtransparency.11 However, a decrease in the ECD to a criticallevel, typically 500 cells/mm2, overwhelms this ability tocompensate, and the cornea begins to exhibit corneal edemawith severe visual disturbance. This suggests that graft corneas,on average, come close to the threshold ability to maintaincorneal transparency or exhibit haziness within a decade. Late
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endothelial failure is accepted as a leading threat of graftfailure, but the underlying mechanism remains unclear and notreatment is available. Hence, a better understanding of thesource of this failure is urgently needed, not only forunderstanding the pathophysiology, but also for developingpreventive treatments for late endothelial failure.
 Birnbaum and colleagues12 reported that the relative annualloss of endothelial cells was 1.1% after autologous rotationalkeratoplasty, whereas the relative annual loss was 16.7% inhomologous PK.12 Only six patients were analyzed as theautologous rotational keratoplasty group, but these authorshypothesized that immunologic influences might be the causeof the chronic endothelial cell loss observed after cornealtransplantation.12 We pursued this idea by investigating thepotential involvement of an immunologic response in the CECsof corneal grafts that are clinically transparent withoutrejection symptoms after transplantation.
 In this study, we explored the possibility of an immunologicresponse in the corneal endothelium in a rabbit cornealtransplantation model. We showed that immune cells, such asCD4þ T-helper cells, CD8þ cytotoxic T cells, CD20þ Blymphocytes, CD68þ macrophages and neutrophils, werepresent on the corneal endothelium after allogeneic cornealtransplantation, whereas these immune cells were rarelyobserved in syngeneic grafts. We also demonstrated thatproinflammatory cytokines, such as TNF-a and IFN-c, wereexpressed by immune cells.
 METHODS
 Ethics Statement
 All animals were housed and treated in strict accordance withthe ARVO Statement for the Use of Animals in Ophthalmic andVision Research. All experiments were carried out under aDoshisha University Animal Care and Use Committee approvedprotocol (approval no. A15012), and all efforts were made toameliorate animal suffering.
 Clinical Data
 The human clinical data were obtained in accordance with thetenets set forth in the Declaration of Helsinki and in accordancewith a protocol approved by the Institutional Review Board ofKyoto Prefectural University of Medicine (approval no. RBMR-C-1073-1). Clinical trial registration was obtained from theUniversity Hospital Medical Information Network (UMIN; ID:UMIN000021264) (http://www.umin.ac.jp/english/, provided inthe public domain). The corneal endothelium was evaluated bycontact specular microscopy (Konan scanning slit specularmicroscope; Konan Medical, Nishinomiya, Japan) at the follow-up clinical observations of patients who had undergone cornealtransplantation at the Kyoto Prefectural University of Medicine.
 Rabbit Penetrating Corneal Transplantation Model
 Twenty-one eyes of 15 rabbits were grafted with eithersyngeneic (n ¼ 12) or allogeneic (n ¼ 15) corneal transplants.For syngeneic corneal transplantation, 8-mm-diameter cornealbuttons were trephined (Hessburg-Barron Vacuum Trephine;Barron Precision Instruments, LLC, Grand Blanc, MI, USA),stored in media (Optisol-GS; Bausch & Lomb, Inc., Rochester,NY, USA), and transplanted back into the original eye using 10-0nylon ophthalmic sutures (MANI Ophthalmic Sutures; MANI,Inc., Utsunomiya, Japan). For allogeneic corneal transplantation,8-mm-diameter corneal buttons were trephined with a trephine,stored in media (Optisol-GS; Bausch & Lomb, Inc.) andtransplanted into a different rabbit eye. Following corneal
 transplantation, 0.33-mg dexamethasone (Nichi-Iko Pharmaceu-tical Co., Ltd., Toyama, Japan) was injected into the subcon-junctiva for 1 week. Anterior segments were assessed with a slit-lamp microscope. Corneal thickness and volume were evaluatedwith a camera system (Pentacam; OCULUS Optikgerate GmbH,Wetzlar, Germany). The corneal endothelium was evaluated bycontact specular microscopy (Konan scanning slit specularmicroscope; Konan Medical) (n ¼ 6). After observation for 2weeks, corneal specimens were evaluated by immunofluores-cence stating. To analyze rejected specimens, three rabbits withtransplanted allogeneic grafts were observed for up to 2 monthsand subjected to histologic experiments when graft rejectionwas observed associated with clinical symptoms such as cornealhaziness, corneal edema, and conjunctival injection.
 Rabbit Descemet’s Stripping EndothelialKeratoplasty (DSEK) Model
 For preparing DSEK graft, deep lamellar keratectomy wasperformed in eight rabbit corneas using microkeratome (MoriaALTK; MORIA, Inc., Doylestown, PA, USA), and the residualcorneal bed was trephined with an 8-mm-diameter dermalpunch (Dermapunch; Maruho Co., Ltd., Osaka, Japan). Inrecipient rabbits, lenses were removed using a series 20000Legacy surgical system (Alcon, Inc., Fort Worth, TX, USA)under general anesthesia to deepen the anterior chamber 1week prior to DSEK. Under general anesthesia, Descemet’smembrane was stripped from eight eyes of eight rabbits, DSEKgrafts were transplanted using the standard DSEK procedureapplied in clinical settings.1 One 0.33-mg dexamethasone dosewas instilled by subconjunctival injection for 1 week. Afterobservation for 2 weeks, corneal specimens were processedfor immunofluorescence staining and scanning electronmicroscopy (n ¼ 6). Two samples were processed forsemiquantitative RT-PCR.
 Immunofluorescence
 Full-thickness corneal tissue was fixed in 4% paraformaldehydefor 10 minutes at room temperature, followed by perfusion in0.5% Triton X-100 (Wako Pure Chemical Industries, Ltd.,Osaka, Japan) for 5 minutes at room temperature to increasetissue permeability. Nonspecific binding was blocked using 2%BSA or 2% goat serum for 1 hour at room temperature. Thecorneal endothelium was stained with function-related mark-ers: ZO-1 (1:200; Zymed Laboratories, South San Francisco, CA,USA) and Naþ/Kþ-ATPase (1:200; Upstate Biotechnology, LakePlacid, NY, USA). The presence of immune cells wasdetermined using primary antibodies against CD3 (pan Tlymphocyte, 1:100; Abcam, Cambridge, UK), CD4 (T-helpercells, 1:100; R&D Biotechnology, Minneapolis, MN, USA), CD8(cytotoxic T cells, 1:100: R&D Biotechnology), CD20 (Blymphocytes, 1:100: Santa Cruz Biotechnology, Inc., SantaCruz, CA, USA), CD68 (macrophages, 1:100; Santa CruzBiotechnology, Inc.), cathepsin G (neutrophils, 1:100; Abcam),TNF-a (1:100, Abcam), and IFN-c (1:100, Abcam). Thesecondary antibody was Alexa Fluor 488-conjugated goat anti-mouse (Life Technologies, Carlsbad, CA, USA) or Alexa Fluor594-conjugated goat anti-rabbit IgG (Life Technologies), used ata 1:1000 dilution. Cell morphology was evaluated after actinstaining with a 1:400 dilution of Alexa Fluor 635-conjugatedphalloidin (Life Technologies). Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlin-game, CA, USA). The samples were observed by fluorescencemicroscopy (model TCS SP2 AOBS; Leica Microsystems,Wetzlar, Germany) or a confocal laser scanning electronmicroscopy (LEICA TCS SP8 Multiphoton; Leica Microsystems).Image J (http://imagej.nih.gov/ij/; provided in the public
 Immune Cells in Corneal Transplantation Rabbit Model IOVS j January 2017 j Vol. 58 j No. 1 j 243
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domain by the National Institutes of Health, Bethesda, MD,USA) was used to create three-dimensional reconstructions.
 Semiquantitative RT- PCR
 Descemet’s membrane, with corneal endothelium that includ-ed immune cells, was stripped from corneas of the DSEK rabbitmodel. Descemet’s membrane stripped from healthy corneaswas used as control (n ¼ 2). Total RNA was isolated using apurification kit (RNeasy Mini Kit; Qiagen, Hilden, Germany).The quality of the RNA preparations was measured with aspectrophotometer (NanoDrop; Thermo Fisher Scientific, Inc.,Waltham, MA, USA).
 Ribonucleic acid was amplified using a transcriptomeamplification kit (QuantiTect Whole Transcriptome Kit;Qiagen, Hilden, Germany). Specific primers, listed in theTable, were designed, and the cDNA was subjected to PCR.The internal control for gene analysis was glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Polymerase chain reac-tions were carried out using DNA polymerase (Extaq; TakaraBio, Inc., Otsu, Japan). The PCR amplification programconsisted of denaturation at 948C for 30 seconds, 35 cyclesof annealing at 548C for 30 seconds, and elongation at 728C for30 seconds. The PCR products were separated by electropho-resis on 2% agarose gels and detected under ultravioletillumination after ethidium bromide staining.
 Scanning Electron Microscopy
 Corneal specimens were obtained from two syngeneic and twoallogeneic PK rabbit models and two DSEK rabbit models. The
 specimens were washed in 0.1 M Sorensen buffer, fixed with2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 MSorensen buffer, and postfixed with 1% osmium tetroxide.This was followed by three washes in buffer before beingdehydrated through an alcohol series and then transferred tohexamethyldilizane (HMDS) for two 30-minute changes (AgarScientific, Stansted, Essex, UK). Samples were left overnight toallow the HMDS to undergo sublimation. Samples weremounted on cylinder stubs (Agar Scientific) sputter-coatedwith gold and examined in a JEOL 5600 scanning electronmicroscope (JEOL Ltd., Tokyo, Japan).
 Statistical Analysis
 Data are reported as means 6 SEM. Differences between datasets were determined for statistical significance (P value) usingStudent’s t-test.
 RESULTS
 Cell-like White Dots Were Observed on theEndothelium of Patients Following CornealTransplantation
 Representative images of a patient who underwent penetratingkeratoplasty 24 years previously showed the presence of cell-like white dots on the corneal endothelium (Fig. 1A). Likewise,a patient who had undergone DSEK 5 years previously alsoshowed the white dots (Fig. 1B). Similar white dots were
 TABLE. Oligonucleotide Sequences for RT-PCR
 Gene Sense Primer Antisense Primer Size, bp
 IL-1RA 50 -GAAGTTGTGCCTGTCTTGTGTG-30 50-CCTCCTGGAAGTAGAACTTGGT-30 262
 IL-1b 50 -TGTTGTCTGGCACGTATGAGCTG-30 50-CTTCTTCTTTGGGTAACGGTTGGG-30 227
 IL-6 50 -CTGAAGAACATCCAACACCTGATC-30 50-CCTAACGCTCATCTTCCTAGTTTC-30 329
 IL-8 50 -ACACTCCACACCTTTCCATCC-30 50-CCTACGACAGATCCATGCAGT-30 293
 IL-10 50 -CCCGATCCTATTTATTTACCGAGC-30 50-GTTAGAAAGTGTGGTCAGGCACAG-30 232
 IL-15 50 -CTGTATCAGTGCAGGTCTTCC-30 50-CCTCCAGTTCCTCACATTCTTTGC-30 310
 TNF-a 50 -CTCCCAGGTTCTCTTCAGCGGTC-30 50-GTCCAGGTACTCAGGCTGGTTGA -30 250
 TGF-b2 50 -GATCTCCATCTACAACAGCACCAG-30 50-CTGAAGTAGGGTCTGTAGAAGGTG-30 266
 CX3CR 50 -TGGCCGCCAACTCCATTAAC-30 50-GATGGCTTTGGCTTTCTTGTGG-30 292
 CCL2 50 -CACCTGCTGCTATACATTCACC-30 50-GTCGTGTGTTCTTGGGTTGTG-30 236
 CCL4 50 -CAGGAGTACGTGGATGACTTG-30 50-CAACAGCAGAGAAACAGTGGT-30 263
 TLR4 50 -CTAACCTGTCTAGCCTTGAGCAC-30 50-CCACTCAGCCCTTGAATACAG-30 240
 TRAIL 50 -CTGATCCTGATCTTCACAGTGCTCC30 50-CTACTCTCTGAGGCCCTCTTTCTC-30 328
 GAPDH 50 -GCGTGAACCACGAGAAGTATGACAAC-30 50-CAGTGGAGGCAGGGATGATGTTC-30 234
 bp indicates base pairs.
 FIGURE 1. Cell-like white dots on the endothelium of patients following corneal transplantation. (A) Corneal endothelium was evaluated by contactspecular microscopy in patients who had undergone corneal transplantation. Representative image of a 36-year-old male who underwent PK 24years previously shows the presence of cell-like white dots on the corneal endothelium. (B) Image from a 67-year-old female who underwent DSEK5 years previously, showing the cell-like white dots. (C) Image of a 70-year-old male who was diagnosed with CMV corneal endotheliitis infection,showing the cell-like white dots. Arrowheads indicate the cell-like white dots.
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observed on the corneal endothelium of a patient who wasdiagnosed with cytomegalovirus (CMV) corneal endotheliitis,which is an inflammatory disease due to CMV,13,14 suggestingthat the white dots were immune cells recruited due to animmune response (Fig. 1C).
 Allogeneic Corneal Transplantation RecruitsImmune Cells in Rabbit Model
 We used a rabbit PK model to determine whether the whitedots observed on corneal endothelium were immune cells. Slit-lamp microscopy showed that a transparent corneal graft wasmaintained at 2 weeks postoperatively in both syngeneic andallogeneic groups (Fig. 2A). No clinical features of cornealallograft rejection, such as endothelial keratic precipitates,rejection lines, or severe conjunctival injection were observedin allogeneic or syngeneic grafts during the observation time of2 weeks. Scheimpflug images and corneal thickness mapsobtained with a Pentacam high-resolution camera also showedthat an anatomically normal cornea had been restored bycorneal transplantation (Figs. 2B, 2C). No significant differencewas noted in the central corneal thickness and corneal volumebetween the syngeneic and allogeneic groups (Figs. 2D, 2E).The endothelial phenotype of the CECs in the syngeneic andallogeneic corneal grafts was retained, along with expressionof function-related markers, such as ZO-1 (marker of barrierfunction) and Naþ/Kþ-ATPase (marker of pump function), andthe hexagonal monolayer morphology (Fig. 2F). Contactspecular microscopy examination showed healthy morphologyof corneal endothelium in both syngeneic and allogeneicgroups 14 days after corneal transplantation. However, cell-likewhite dots that were similar to the dots observed in humansubjects following corneal transplantation were observed oncorneal endothelium in the allogeneic group (Fig. 3A).Scanning electron microscope analysis revealed the normalhexagonal morphology of the corneal endothelium in both thegraft and peripheral recipient cornea in the syngeneic model aswell as in control corneas. However, scanning electronmicroscope analysis revealed the presence of numerous cellsthat were well distinguished from the corneal endothelium onthe surface of the allogeneic graft endothelium, and to asignificantly lesser extent, on the recipient corneal endotheli-um. Notably, very few of these cells were observed in thesyngeneic group, but massive numbers of cells were observedin the allogeneic group. Cell–cell junctions were partiallydisrupted, and membrane blebbing, presumably associatedwith the apoptotic process, was observed in nearby cells in thecorneal endothelium (Fig. 3B). Taken together, these findingssupported our hypothesis that the cell-like white dots wereimmune cells that might be exerting potentially deleteriouseffects on the corneal endothelium.
 T-Helper Cells, Cytotoxic T Cells, B Lymphocytes,Macrophages, and Neutrophils Infiltrate theCorneal Endothelium of Allogeneic Corneal Grafts
 We conducted an immunohistochemical analysis to character-ize the infiltrated cells present on the corneal endothelium
 FIGURE 2. Syngeneic and allogeneic PK rabbit model. (A) Represen-tative anterior segment images (right: control healthy eye; middle:syngeneic PK; and left: allogeneic PK) obtained by slit-lamp microsco-py 14 days after transplantation are shown. (B, C) Anterior segmentwas also evaluated. Representative images and corneal thickness mapsare shown. Values of the corneal thickness and corneal volume mapsare indicated in micrometers. (D, E) Central corneal thickness and
 corneal volume were analyzed. No significant difference was noted inthe central corneal thickness and corneal volume between thesyngeneic and allogeneic transplantation groups. (F) Corneal endothe-lial structure and function of the syngeneic and allogeneic grafts wereexamined histologically 14 days after transplantation. Corneal endo-thelial morphology was assessed by actin staining, and endothelialfunction was assessed by immunostaining for ZO-1 and Naþ/Kþ-ATPase.Cell nuclei were stained with DAPI. Representative images from at leasttwo independent experiments are shown. Scale bar: 100 lm.
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after allogeneic corneal transplantation in rabbits. None of thegrafts (syngeneic or allogeneic) displayed any clinical signs oforgan rejection, but immune cells, characterized by thepresence of CD4þ T-helper cells, CD8þ cytotoxic T cells,CD20þ B lymphocytes, CD68þ macrophages, and neutrophilsmarked by cathepsin G, were observed on the endothelial layerin nine out of nine allogeneic graft specimens 2 weeks aftertransplantation. Similar to the scanning electron microscopefindings, these immune cells were rarely observed in thesyngeneic grafts (Fig. 4A). As a positive control, whereinfiltration of immune cells would be expected, we analyzedcorneal grafts that had been rejected 2 months after allogeneictransplantation. All three rabbits that had been observed for 2months exhibited signs associated with graft rejection, such ascorneal haziness, corneal edema, and conjunctival injection at1.5 to 2 months. The rejected corneal grafts exhibited distinctmorphologic alterations as determined by the cellular distri-bution of F-actin, which suggested CEC transformation intofibroblast-like cells, as occurs in human corneal graft rejection.Higher numbers of infiltrating immune cells—CD4þ T-helpercells, CD8þ cytotoxic T cells, CD20þ B lymphocytes, CD68þ
 macrophages, and neutrophils—were observed on the rejectedcorneal endothelium than on the nonrejected allogeneic graft(Fig. 4A).
 Immune cells secrete cytokines that are critical regulators ofimmune response; therefore, we investigated whether proin-flammatory cytokines were secreted in corneal grafts. Tumornecrosis factor-a and IFN-c were detectable in the allogeneicgraft endothelium, which showed no clinical features ofrejection 2 weeks after corneal transplantation, but TNF-aand IFN-c were not detected in the syngeneic graft or thecontrol (Fig. 4B). Co-staining showed that a certain populationof CD4þ T-helper cells expressed TNF-a and IFN-c and that a
 certain population of CD8þ cytotoxic T cells expressed TNF-aand IFN-c in the allogeneic grafts 2 weeks after surgery (Fig.4C).
 Immune Cells Infiltrate on the Corneal
 Endothelium of Allogeneic DSEK Graft
 We next determined the infiltration of immune cells onto thecorneal endothelium of a DSEK graft, as the CEC declines seenafter transplantation of DSEK grafts are at the same level (oreven worse) as that seen in PK.6,15–17 Corneal transplantationperformed as a DSEK procedure in the rabbit gave a successfulgraft in all cases, with a transparent cornea and no seriouscomplications such as graft rejection, graft failure, or graftdislocation. Representative slit-lamp microscopic imagesshowed attachment of the graft to the back side of cornea,and corneal transparency was maintained in the rabbit model 2weeks after surgery (Fig. 5A). Scanning electron microscopedemonstrated the presence of numerous discrete nonendothe-lial cells, morphologically similar to immune cells in appear-ance, present near the graft–recipient interface (Fig. 5B).Notably, a high density of immune-like cells was observed onthe corneal endothelium of the DSEK graft in contrast to therecipient corneal endothelium, where very few immune-likecells were found (Fig. 5C). The control eyes exhibited thenormal hexagonal morphology of the corneal endotheliumwithout any immune-like cells. Higher magnification scanningelectron microscope images showed that immune-like cellswere adjacent to a missing endothelial cell (Fig. 5D), suggestingthat these cells may have the ability to damage the cornealendothelium.
 FIGURE 3. Contact specular and scanning electron microscopy analysis of the corneal endothelium in the syngeneic and allogeneic corneal grafts.(A) Corneal endothelial cell morphology was also assessed by contact specular microscopy, and representative images are shown for eachexperimental group. In the allogeneic PK group, the corneal graft endothelium shows cell-like white dots, indicated by white arrowheads. (B)Scanning electron microscope images of the corneal endothelium of a control healthy cornea, a syngeneic graft, and an allogeneic graft. Cell–celljunctions were partially disrupted (arrows), and membrane blebbing (arrowheads) was observed near the immune cell–like cells on the cornealendothelium of the allogeneic graft. All images are representative of two animals in each group. Scale bars: 5 lm.
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FIGURE 4. Immunofluorescence analysis of the corneal endothelium of the syngeneic and allogeneic PK model. (A) Control cornea, syngeneiccorneal graft, allogeneic corneal graft, and rejected allogeneic corneal graft were immunostained with CD4 (T-helper cells), CD8 (cytotoxic T cells),CD20 (B cells), CD68 (macrophages), and cathepsin G (neutrophils) antibodies 14 days post transplantation. CD4þ T lymphocytes, CD8þ Tlymphocytes, CD20þ B lymphocytes, CD68þmacrophages, and neutrophils characterized the allogeneic PK graft endothelium layer and the rejectedgraft cornea. DAPI was used to stain cell nuclei. Scale bar: 100 lm. (B) Secretion of TNF-a and IFN-c was determined in the control corneal
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Similar to the PK model, immunofluorescence analysisdemonstrated the presence of CD3þ T lymphocytes, CD4þ T-helper cells, CD8þ cytotoxic T cells, CD20þ B lymphocytes,and CD68þmacrophages on the corneal endothelium (Fig. 5E).The recipient endothelium rarely showed the presence ofthese immune cells, suggesting that the allogeneic cornealendothelium has the ability to recruit immune cells. Consistentwith the findings observed previously for the PK corneal grafts,TNF-a– and IFN-c–producing immune cells were also detectedin the DSEK graft endothelium (Fig. 5E). Image stacks ofspecific depths and high resolution obtained by confocal laserscanning electron microscopy of the DSEK corneas revealedthat these immune cells were attached onto the graftendothelium layer positioned at the anterior chamber site(Fig. 5F). The expression of cytokines related to inflammationwas evaluated 2 weeks after DSEK in corneal endothelium thatincluded immune cells. Semiquantitative RT-PCR showedhigher expression of IL-1 receptor antagonist (IL-1RA), IL-1b,IL-6, IL-15, TNF-a, TGF-b2, CX3CR, and CCL2 in DSEK cornealendothelium than in healthy corneal endothelium, while IL-8,IL-10, TLR4, and TRAIL were detected at similar levels in bothgroups (Fig. 5G).
 DISCUSSION
 The cornea is an immune-privileged tissue with properties thatprevent alloimmune-mediated rejection responses, which thenenables an advantageously high success rate of transplanta-tion.18–24 Numerous basic research studies have demonstratedthat the immune privilege of the eye is not solely aphenomenon due to immunologic ignorance, but instead is ahighly orchestrated immune system consisting of uniqueimmune suppression mechanisms, widely known as anteriorchamber–associated immune deviation.21–23,25 This immune-privileged environment, as well as the underlying mechanismsinvolved in corneal graft rejection by host immune systems,has also been intensively investigated.22,26–29
 By contrast, the mechanism of late endothelial failure is stillunclear. The clinical data showing the much lower drop in celldensity of CECs after autologous rotational corneal transplan-tation than after allogeneic transplantation suggested thepossibility that immunologic influences are involved in thepathogenesis of chronic endothelial failure.12 We showed thatcell-like white dots can be observed on the corneal endothe-lium of a transplanted graft by scanning slit contact specularmicroscopy in the patients who show no clinical features ofgraft rejection. Similar cell-like white dots were also observedon the corneal endothelium of the CMV corneal endotheliitispatients, so we speculated that these dots might be immunecells. In agreement with our findings, in vivo confocalmicroscopy revealed the presence of indistinguishable small,rounded white cell bodies representing inflammatory cellstructures on the corneal endothelium following cornealtransplantation.30,31 Our rabbit model experiments demon-strated that the cell-like white dots observed by scanning slitcontact specular microscopy correspond to immune cellscomprising at least T-helper cells, cytotoxic T cells, B cells,macrophages, and neutrophils. One limitation of our study isthat these cell-like white dots, revealed to be immune cells,were observed 2 weeks after surgery in the rabbit model, but
 they were observed in humans a longer time after the cornealtransplantation. Further investigation, such as using postmor-tem corneal specimens in the patients, should determinewhether immune cells exist on the corneal endothelium ofpatients who do not exhibit clinical features of graft rejection.Another important question to be answered is whether thisimmunologic response is induced owing to the surgicalintervention or to the allogeneic graft, as leukocyte extravasa-tion and migration to injury sites are important milestones ofwound-healing process. Our histologic assessment demonstrat-ed that immune cells were rarely observed on syngeneic grafts,whereas they were intensively observed on allogeneic grafts.This suggests that immune cells were recruited by allogeneicgrafts, though the nature of the signal—whether immune cellsrecognized CECs or corneal stromal cells or did not recognizeallogeneic cells—should be further investigated. In agreementwith previous reports,26–29 rejected allogeneic grafts werecharacterized by inflammatory cell aggregates composed ofCD4þ and CD8þ T lymphocytes, B lymphocytes, macrophages,and neutrophils and by tissue destruction. Interestingly, unlikethe case for the rejected grafts, the cells observed intransparent allogeneic grafts without clinical features ofrejection were not associated with destruction of thesurrounding CECs. One possible explanation for the presenceof immune cells on a nonrejected graft is that they have apotency to precede typical graft rejection. Though this isspeculative, if the grafted cornea successfully evaded rejectiontriggered by these immune cells, the graft would eventuallyexhibit CEC loss. Graft rejection is typically observed after 2months; therefore, analysis of animal models for a longer timewill help in understanding the role of these immune cells.Another possible explanation is that the corneal endotheliumwas damaged by an as yet unknown mechanism, and theimmune cells were recruited for a wound-healing process.Further functional experiments to evaluate the cytotoxicity ofthe adhered immune cells to the graft corneal endothelium areneeded to verify the role played by immune cells in cornealendothelial damage.
 Penetrating keratoplasty was previously the only procedurefor corneal transplantation, but new procedures, such as DSEKand DMEK (Descemet’s membrane endothelial keratoplasty),have been developed for replacement of the corneal endothe-lium that do not involve full-thickness replacement.1 Strippingendothelial keratoplasty and DMEK are less-invasive treatmentsand are now frequently performed.32,33 Anshu et al.34 reportedrejection rates of 17% in PK, 9% in DSEK, and 0.7% in DMEK ina single center and suggested that DSEK and DMEK reducedthe risk of rejection. This may be because DSEK and DMEKgrafts do not include epithelium, as each layer of the corneahas different immunogenicity. Indeed, the use of reconstitutedmouse corneal grafts confirmed that the corneal epitheliumhad a higher allosensitization potency when compared withendothelium.35–37 By contrast, the incidence of graft rejectionin DSEK, and even in DMEK, suggests that the cornealendothelium also has immunogenicity. Our current data forour rabbit DSEK model showed that immune cells migratedonto allogeneic graft corneal endothelium and expressedproinflammatory cytokines, as observed in PK. We alsoshowed that the levels of cytokines related to inflammationare higher in the DSEK corneal endothelium. However, thesource of these cytokines (i.e., the corneal endothelium or the
 syngeneic corneal graft, allogeneic corneal graft, and rejected allogeneic corneal graft. Actin and cell nuclei were stained with generic term andDAPI, respectively. All experiments were performed in duplicate. Scale bar: 100 lm. (C) Co-staining of CD4/TNF-a and IFN-c, and CD8/TNF-a andIFN-c in allogeneic grafts 2 weeks after corneal transplantation. Nuclei were stained with DAPI. Experiments were performed on three independentanimals. Scale bar: 50 lm.
 Immune Cells in Corneal Transplantation Rabbit Model IOVS j January 2017 j Vol. 58 j No. 1 j 248
 Downloaded from iovs.arvojournals.org on 05/22/2019

Page 8
                        

FIGURE 5. Involvement of immune cells in the corneal endothelium of a DSEK graft. (A) Corneal transplantation was performed as a DSEKprocedure in six rabbits, and a representative slit-lamp microscopy image is shown. (B) Scanning electron microscopy evaluation of the donor–hostjunction of the DSEK rabbit model. Scale bar: 500 lm. Higher magnification of the boxed area shown on the right-hand side. Scale bar: 100 lm. (C)Scanning electron microscope demonstrated that numerous nonendothelial cells, morphologically with an immune cell–like appearance, werepresent near the graft–recipient interface. A high density of these immune-like cells was observed on the corneal endothelium of the DSEK graft,whereas the recipient corneal endothelium showed very few immune-like cells. The control eyes exhibited a hexagonal, normal morphologiccorneal endothelium without any immune-like cells. All images are representative of two animals in each group. Scale bar: 2 lm. (D) Highermagnification scanning electron microscope image showing immune-like cells adjacent to a missing endothelial cell. Scale bar: 2 lm. (E) Cornealendothelium of the DSEK graft immunostained with immune cell–related markers: CD4þ cell (T-helper cells), CD8þ cell (cytotoxic T cells), CD20þ
 cell (B cells), and CD68þ cell (macrophages). Production of TNF-a and IFN-c was also evaluated by immunostaining. Actin and cell nuclei werestained with Alexa Fluor 594–conjugated phalloidin and DAPI, respectively All experiments were performed in triplicate. Scale bar: 100 lm. (F)Stripping endothelial keratoplasty corneas were analyzed by confocal laser scanning electron microscopy. Image stacks up to a depth of 150 lm, ateither 1- or 3-lm intervals, were acquired, and three-dimensional reconstructions were created. Representative still images for CD3þ T lymphocytes,CD8þ T lymphocytes, and CD68þmacrophages on the corneal endothelium are shown. Actin staining was performed to evaluate cell morphology.Nuclei were stained with DAPI. (G) The expression of cytokines related to inflammation was evaluated 2 weeks after DSEK in corneal endotheliumthat included immune cells by semiquantitative RT-PCR.
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immune cells) was not established in the current study.Nevertheless, the elevated cytokine levels might suggest aninvolvement of immune cells as part of the underlyingmechanism of CEC loss in corneal endothelial transplantationperformed using procedures other than just conventional PK.
 In conclusion, our data suggest that T lymphocytes, Blymphocytes, macrophages, and neutrophils are present on thegrafted corneal endothelium following both PK and DSEK. Thecurrent findings should stimulate further research aimed atclearly elucidating the involvement of immune cells as anunderlying pathophysiology to provide treatment for lateendothelial failure.
 Acknowledgments
 The authors thank Hiroko Nakagawa, MD, PhD, for valuablediscussion and technical contribution for scanning slit specularmicroscopy and Shuichi Yano, PhD, for providing technicalassistance with the multiphoton microscopy.
 Supported by the Japanese Society for the Promotion of Science,Tokyo, Japan (EK) and by the Program for the Strategic ResearchFoundation at Private Universities from the Ministry of Education,Culture, Science, Sports and Technology, Tokyo, Japan (NK andNO).
 Disclosure: E. Koudouna, None; N. Okumura, None; Y.Okazaki, None; S. Nakano, None; R. Inoue, None; N.J.Fullwood, None; J. Hori, None; S. Kinoshita, None; N.Koizumi, None
 References
 1. Tan DT, Dart JK, Holland EJ, Kinoshita S. Corneal transplan-tation. Lancet. 2012;379:1749–1761.
 2. Eye Bank Association of America. Eye Banking Statistical
 Report. Washington, DC: EBAA; 2013.
 3. Williams KA, Roder D, Esterman A, Muehlberg SM, Coster DJ.Factors predictive of corneal graft survival. Report from theAustralian Corneal Graft Registry. Ophthalmology. 1992;99:403–414.
 4. Sit M, Weisbrod DJ, Naor J, Slomovic AR. Corneal graftoutcome study. Cornea. 2001;20:129–133.
 5. Tan DT, Janardhanan P, Zhou H, et al. Penetrating keratoplastyin Asian eyes: the Singapore Corneal Transplant Study.Ophthalmology. 2008;115:975–982 e971.
 6. Patel SV. Graft survival and endothelial outcomes in the newera of endothelial keratoplasty. Exp Eye Res. 2012;95:40–47.
 7. Sugar A, Gal RL, Kollman C, et al.; Writing Committee for theCornea Donor Study Research Group. Factors associated withcorneal graft survival in the cornea donor study. JAMA
 Ophthalmol. 2015;133:246–254.
 8. Maumenee AE. Clinical aspects of the corneal homograftreaction. Invest Ophthalmol Vis Sci. 1962;1:244–252.
 9. Khodadoust AA, Silverstein AM. Transplantation and rejectionof individual cell layers of the cornea. Invest Ophthalmol.1969;8:180–195.
 10. Alldredge OC, Krachmer JH. Clinical types of cornealtransplant rejection. Their manifestations, frequency, preop-erative correlates, and treatment. Arch Ophthalmol. 1981;99:599–604.
 11. Bourne WM. Clinical estimation of corneal endothelial pumpfunction. Trans Am Ophthalmol Soc. 1998;96:229–239;discussion 239–242.
 12. Birnbaum F, Reinhard T, Bohringer D, Sundmacher R.Endothelial cell loss after autologous rotational keratoplasty.Graefes Arch Clin Exp Ophthalmol. 2005;243:57–59.
 13. Koizumi N, Suzuki T, Uno T, et al. Cytomegalovirus as anetiologic factor in corneal endotheliitis. Ophthalmology.2008;115:292–297 e293.
 14. Koizumi N, Inatomi T, Suzuki T, et al. Clinical features andmanagement of cytomegalovirus corneal endotheliitis: analy-sis of 106 cases from the Japan corneal endotheliitis study. Br
 J Ophthalmol. 2015;99:54–58.
 15. Guerra FP, Anshu A, Price MO, Giebel AW, Price FW.Descemet’s membrane endothelial keratoplasty: prospectivestudy of 1-year visual outcomes, graft survival, and endothelialcell loss. Ophthalmology. 2011;118:2368–2373.
 16. Nanavaty MA, Wang X, Shortt AJ. Endothelial keratoplastyversus penetrating keratoplasty for Fuchs endothelial dystro-phy. Cochrane Database Syst Rev. 2014;2:CD008420.
 17. Hamzaoglu EC, Straiko MD, Mayko ZM, Sales CS, Terry MA.The first 100 eyes of standardized descemet strippingautomated endothelial keratoplasty versus standardized de-scemet membrane endothelial keratoplasty. Ophthalmology.2015;122:2193–2199.
 18. Medawar PB. A second study of the behaviour and fate of skinhomografts in rabbits: a report to the War Wounds Committeeof the Medical Research Council. J Anat. 1945;79:157–176154.
 19. Billingham RE, Brent L, Medawar PB. Quantitative studies ontissue transplantation immunity. II. The origin, strength andduration of actively and adoptively acquired immunity. Proc R
 Soc Lond B Biol Sci. 1954;143:58–80.
 20. Niederkorn J, Streilein JW, Shadduck JA. Deviant immuneresponses to allogeneic tumors injected intracamerally andsubcutaneously in mice. Invest Ophthalmol Vis Sci. 1981;20:355–363.
 21. Niederkorn JY, Streilein JW. Induction of anterior chamber-associated immune deviation (ACAID) by allogeneic intraoc-ular tumors does not require splenic metastases. J Immunol.1982;128:2470–2474.
 22. Niederkorn JY. Mechanisms of immune privilege in the eyeand hair follicle. J Investig Dermatol Symp Proc. 2003;8:168–172.
 23. Streilein JW. Ocular immune privilege: therapeutic opportu-nities from an experiment of nature. Nat Rev Immunol. 2003;3:879–889.
 24. Hori J, Joyce NC, Streilein JW. Immune privilege andimmunogenicity reside among different layers of the mousecornea. 2000. Ocul Immunol Inflamm. 2007;15:225–239.
 25. Sonoda Y, Streilein JW. Orthotopic corneal transplantation inmice—evidence that the immunogenetic rules of rejection donot apply. Transplantation. 1992;54:694–704.
 26. Cursiefen C, Chen L, Dana MR, Streilein JW. Corneallymphangiogenesis: evidence, mechanisms, and implicationsfor corneal transplant immunology. Cornea. 2003;22:273–281.
 27. Streilein JW, Arancibia-Caracamo C, Osawa H. The role ofminor histocompatibility alloantigens in penetrating kerato-plasty. Dev Ophthalmol. 2003;36:74–88.
 28. Niederkorn JY. Immune mechanisms of corneal allograftrejection. Curr Eye Res. 2007;32:1005–1016.
 29. Niederkorn JY. High-risk corneal allografts and why they losetheir immune privilege. Curr Opin Allergy Clin Immunol.2010;10:493–497.
 30. Imre L, Resch M, Nagymihaly A. [In vivo confocal cornealmicroscopy after keratoplasty]. Ophthalmologe. 2005;102:140–146.
 31. Niederer RL, McGhee CN. Clinical in vivo confocal microsco-py of the human cornea in health and disease. Prog Retin Eye
 Res. 2010;29:30–58.
 Immune Cells in Corneal Transplantation Rabbit Model IOVS j January 2017 j Vol. 58 j No. 1 j 250
 Downloaded from iovs.arvojournals.org on 05/22/2019

Page 10
                        

32. Tourtas T, Laaser K, Bachmann BO, Cursiefen C, Kruse FE.Descemet membrane endothelial keratoplasty versus desce-met stripping automated endothelial keratoplasty. Am J
 Ophthalmol. 2012;153:1082–1090.e1082.
 33. Price MO, Price FW Jr. Descemet’s membrane endothelialkeratoplasty surgery: update on the evidence and hurdles toacceptance. Curr Opin Ophthalmol. 2013;24:329–335.
 34. Anshu A, Price MO, Price FW Jr. Risk of corneal transplantrejection significantly reduced with Descemet’s membraneendothelial keratoplasty. Ophthalmology. 2012;119:536–540.
 35. Hori J, Joyce NC, Streilein JW. Immune privilege andimmunogenicity reside among different layers of the mousecornea. Invest Ophthalmol Vis Sci. 2000;41:3032–3042.
 36. Hori J, Streilein JW. Survival in high-risk eyes of epithelium-deprived orthotopic corneal allografts reconstituted in vitrowith syngeneic epithelium. Invest Ophthalmol Vis Sci. 2003;44:658–664.
 37. Saban DR, Chauhan SK, Zhang X, El Annan J, Jin Y, Dana R.‘Chimeric’ grafts assembled from multiple allodisparatedonors enjoy enhanced transplant survival. Am J Transplant.2009;9:473–482.
 Immune Cells in Corneal Transplantation Rabbit Model IOVS j January 2017 j Vol. 58 j No. 1 j 251
 Downloaded from iovs.arvojournals.org on 05/22/2019


                        

                                                    
LOAD MORE
                                            

                

            

        

                
            
                
                    
                        Related Documents
                        
                            
                        

                    

                    
                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Safety of Trypan Blue Capsule Staining to Corneal...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            1 Non-contact Specular Microscopy for Evaluation of Corneal....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Vision-Based Magniﬁcation of Corneal Endothelium Frames

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Progenitors for the corneal endothelium and...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            BOVINE CORNEAL ENDOTHELIUM IN VITRO

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            HAPLOID CELLS IN RAT KANGAROO CORNEAL ENDOTHELIUM CULTURES.....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            The Corneal Endothelium in Development, Disease and Surgery

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Morphological Changes in Rabbit Corneal Endothelium … ·....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Primary cilia dynamics instruct tissue patterning and...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Complications associated with bovine corneal endothelial...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Prof. Dr. Huda Al Khateeb - comed.uobaghdad.edu.iq a very...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Iridocorneal Endothelial Syndrome: Case Report of Chandler.....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                            

                

            

        

            



    
        
            	Powered by Cupdf


            	Cookie Settings
	Privacy Policy
	Term Of Service
	About Us


        

    


    

    
    
    

    
    
    

    
    
        
    
    















