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            Abstract
Corneal epithelial homeostasis and regeneration are sustained by limbal stem cells (LSCs)1,2,3, and LSC deficiency is a major cause of blindness worldwide4. Transplantation is often the only therapeutic option available to patients with LSC deficiency. However, while transplant success depends foremost on LSC frequency within grafts5, a gene allowing for prospective LSC enrichment has not been identified so far5. Here we show that ATP-binding cassette, sub-family B, member 5 (ABCB5)6,7 marks LSCs and is required for LSC maintenance, corneal development and repair. Furthermore, we demonstrate that prospectively isolated human or murine ABCB5-positive LSCs possess the exclusive capacity to fully restore the cornea upon grafting to LSC-deficient mice in xenogeneic or syngeneic transplantation models. ABCB5 is preferentially expressed on label-retaining LSCs2 in mice and p63Î±-positive LSCs8 in humans. Consistent with these findings, ABCB5-positive LSC frequency is reduced in LSC-deficient patients. Abcb5 loss of function in Abcb5 knockout mice causes depletion of quiescent LSCs due to enhanced proliferation and apoptosis, and results in defective corneal differentiation and wound healing. Our results from gene knockout studies, LSC tracing and transplantation models, as well as phenotypic and functional analyses of human biopsy specimens, provide converging lines of evidence that ABCB5 identifies mammalian LSCs. Identification and prospective isolation of molecularly defined LSCs with essential functions in corneal development and repair has important implications for the treatment of corneal disease, particularly corneal blindness due to LSC deficiency.
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                    Figure 1: ABCB5 marks LSCs.[image: ]


Figure 2: ABCB5 regulates corneal development and repair.[image: ]


Figure 3: Regenerative role of ABCB5+ LSCs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 BrdU label-retaining cells and optical coherence tomography identification of the palisades of Vogt.
a, Schematic summary of the experimental design for BrdU pulse-chase experiments. b, Representative flow cytometric analyses depicting specific staining of BrdU label-retaining cells in limbal epithelial cells of wild-type mice that did not receive BrdU (left two panels) or wild-type mice that received BrdU followed by an 8-week chase (right two panels). Limbal epithelial cells were recovered and stained with either anti-BrdU antibody or with an isotype control antibody. The percentages of BrdU-positive cells within the gate are indicated on each plot. câ€“e, Schematic illustration of the optical coherence tomography (OCT) imaging algorithm used for the human limbus. fâ€“h, Cross-sectional images of human cornea depicting a sagittal view (f), a coronal C-mode image reconstructed to reveal the palisades (green arrow) and the rete pegs (g), and an axial view of the corneolimbal junction showing the conjunctival stroma beneath the limbal epithelium (green arrow identifies the basal epithelial layer) (h). i, j, Schematic representation of the limbus (i) and the anterior limbus (j), illustrating the orientation of OCT images used to identify and dissect palisade-rich regions within the limbus of corneal rims (approximately 1 cm2 tissue blocks). These smaller sections were then stained with anti-ABCB5 monoclonal antibody and analysed by confocal microscopy, as is shown in Fig. 1e of the main manuscript. Supplementary Video 3 consists of sequential confocal images depicting the location of ABCB5+ cells within palisades.


Extended Data Figure 2 Limbal biopsies from normal donors or patients with LSCD.
aâ€“c, Limbal biopsies were obtained from normal donors or patients with LSCD. a, Typical findings are shown for a patient (patient 1) with a chemical burn before receiving a penetrating keratoplasty plus kerato-limbal allograft from a cadaveric donor eye (donor 1). Serial cross-sections of the biopsies were stained with either H&E, isotype control monoclonal antibody, or ABCB5 moncolonal antibody. ABCB5 staining in the limbal epithelium of donor 1 reveals nests of ABCB5-positive cells, whereas ABCB5-positivity is reduced in the limbal epithelium of patient 1. Photographs of immunofluorescent staining are montages of sequential photos at Ã—20 magnification. In these studies, equal-sized biopsies were recovered from a portion of the patient and donor limbus, frozen, and sectioned to produce eight sequential sections. All epithelial cells were counted in each section. A total of 2,031 and 2,051 epithelial cells were counted in patient 1 and donor 1, respectively. b, Limbal biopsies were obtained from a patient (patient 2) with an autoimmune corneal melt, peripheral ulcerative keratitis, and partial limbal stem cell deficiency before receiving a kerato-limbal autograft from the patientâ€™s normal contralateral eye (donor 2). Serial sections of the biopsies were stained with either H&E, isotype control monoclonal antibody, or ABCB5 monoclonal antibody. ABCB5 positivity was present in the basal layer of the limbal epithelium of donor 2, while a dramatically reduced epithelial layer and no ABCB5 staining was observed in the limbus of patient 2. Photographs of immunofluorescent staining are montages of sequential photos at Ã—20 magnification. In these studies, equal-sized biopsies were recovered from a portion of the patient and donor limbus, frozen, and sectioned to produce eight sequential sections. All epithelial cells were counted in each section. A total of 563 and 2,662 epithelial cells were counted in patient 2 and donor 2, respectively. Patient 2 had a reduced number of epithelial cells due to the extensive damage from chronic autoimmunity. c, LSCD patient information. *Donor 1: cadaveric donor; **Donor 2: autologous transplant from contralateral eye. KLAL, kerato-limbal allograft (limbal tissue was harvested from donor eye); KLAU, kerato-limbal autograft (part of limbal tissue was resected from uninjured contralateral eye); OD, right eye; PKP, penetrating keratoplasty; PUK, peripheral ulcerative keratitis.


Extended Data Figure 3 Phenotypic evaluation of Abcb5 knockout versus wild-type mice.
a, H&E staining of the normal murine eye depicts location of the limbus and central cornea (left panel). Representative immunofluorescence staining of the wild-type (WT) murine eye illustrates the presence of an Abcb5+ cell population (green) in the limbus but not the central cornea (middle panel). Abcb5 immunofluorescence staining of the knockout (KO) mouse demonstrates loss of Abcb5 expression in the limbus (right panel). b, In situ hybridization with murine antisense or sense Abcb5 mRNA probes spanning 144 bp of murine Abcb5 cDNA encoding exon 10 of the murine Abcb5 gene (GenBank accession number JQ655148) reveals loss of Abcb5 mRNA expression in Abcb5 knockout mice. c, Western blot analyses of murine protein lysates with rabbit polyclonal antibody directed against the Abcb5 N terminus (Abgent) reveal loss of a âˆ¼80 kDa protein band of the predicted size in Abcb5 knockout mice. d, H&E cross-section of a wild-type eye (left) and an Abcb5 knockout eye (right) depicts a normal shape of the Abcb5 knockout eye and the presence of all major structures including cornea, conjunctiva, iris, lens and retina. e, H&E staining of methacrylate-embedded Abcb5 wild-type (left) and Abcb5 knockout (right) age-matched adult corneas. f, Inflammatory cell marker immunostaining and respective isotype control immunostaining in positive control tissues (left columns) and inflammatory cell marker immunostaining of ABCB5 wild-type and ABCB5 knockout corneas (right columns). Ly-6G, neutrophil marker; F4/80, macrophage marker; CD3, T-cell marker; B220, B-cell marker. Positive control tissues: Staphylococcus aureus-infected murine cornea (Ly-6G); murine spleen (F4/80 and B220); murine lymph node (CD3). g, Representative flow cytometry analyses of either the central corneal (left) or the limbal (right) epithelium of wild-type and Abcb5 knockout mice. Forward scatter (FSC) and side scatter (SSC) indicate cellular size and granularity, respectively. The central corneal epithelium of Abcb5 knockout mice showed reduced numbers of epithelial cells compared to wild-type epithelium (left panels), caused by a reduction in larger cells (right gates), but not smaller cells (left gates). There was no reduction in the numbers of limbal epithelial cells (right panels). Representative results of samples pooled from four eyes are shown (n = 3 experiments). h, Representative flow cytometry analyses of epithelial cells harvested from either the limbus or the central cornea of wild-type and Abcb5 knockout mice. Recovered cells were stained with isotype control antibody, anti-Pax6 antibody, or anti-Krt12 antibody. There was a reduced frequency of Pax6+ cells in the limbus of Abcb5 knockout mice and a reduced frequency of Pax6+ and Krt12+ epithelial cells in the central cornea of Abcb5 knockout mice. Red gates identify Pax6+ or Krt12+ cells compared to isotype control staining. Representative plots of n = 3 experiments for each marker are shown. Magnification in a, b, e, f: Ã—20; d: Ã—4.


Extended Data Figure 4 Functional evaluation of Abcb5 knockout versus wild-type mice.
a, Increased corneal fragility in Abcb5 knockout mice. H&E-stained sections of wild-type (WT) and Abcb5 knockout (KO) corneas collected immediately after brushing with a wet Microsponge were examined for the presence or absence of epithelial defects. Only 33% of wild-type animal-derived cornea sections exhibited small epithelial defects (<25% of epithelium), whereas 100% of Abcb5 knockout cornea sections exhibited significant epithelial injury (n = 3 mice per group, 25 sections per mouse, Fisherâ€™s exact test: P < 0.001). bâ€“e, Wound healing following corneal epithelial debridement of wild-type and Abcb5 knockout mice. b, The area to be debrided was marked with a 2 mm trephine and the epithelium was removed with a small scalpel. c, DAPI-stained cross-section of the cornea immediately following central epithelial debridement depicting the wound margins and exposed central corneal stroma. Image is a montage of sequential photos at Ã—10 magnification. d, Corneal epithelial wound closure was monitored at 1, 24, and 48 h post-debridement via fluorescein staining. e, Wound closure rates were not significantly different between wild-type and Abcb5 knockout mice (summary of n = 2 replicate experiments, n = 4 mice per group, unpaired t-test, P = not significant). f, Reduced re-epithelialization of wounded corneas in Abcb5 knockout mice. Representative DAPI-stained composite corneal cross sections of wild-type (left) and Abcb5 knockout (right) mice 48 h after a corneal epithelial debridement wound, demonstrating a reduced number of epithelial cells in Abcb5 knockout mice. The white dashed line demarcates the epithelium from stroma; the white box indicates area shown at Ã—20 magnification (montage pictures are at Ã—10 magnification); white lines demarcate the area in which epithelial cells were counted. Epithelial cells were counted within the standardized area in at least three consecutive composite cross sections in three replicate mice per group in two separate experiments (aggregate data shown in Fig. 2i). g, Increased apoptosis in wounded corneas of Abcb5 knockout mice. Representative TUNEL-stained composite corneal cross-sections of wild-type (left) and Abcb5 knockout (right) mice 48 h after a corneal epithelial debridement wound, demonstrating increased numbers of apoptotic cells in Abcb5 knockout mice. Areas defined by the white box are shown at Ã—20 magnification (montage pictures at Ã—10 magnification). The number of TUNEL-positive epithelial cells was counted, and the data from two replicate experiments in n = 2 mice are summarized in Fig. 2k. Error bars indicate s.e.m. NS, not significant.


Extended Data Figure 5 Phenotypic characterization of wild-type versus Abcb5 knockout retina.
Analysis of H&E-stained sections from 9-month-old wild-type mice (left) or Abcb5 knockout mice (right) revealed changes in the retina and retinal pigment epithelial cells (RPEs). a, Compared to wild-type mice (left), RPEs in Abcb5 knockout mice (right) were enlarged and distended, possibly due to the presence of vacuoles. b, Compared to wild-type mice (left), areas of abnormal RPE in Abcb5 knockout eyes (right) coincided with changes in the overlaying photoreceptors and the outer nuclear layer. There was a thinning and attenuation of photoreceptor outer segments along with a disruption of inner segments, which was associated with a loss of cells in the outer nuclear layer. Magnification: Ã—20.


Extended Data Figure 6 ABCB5 regulates LSC quiescence and functions as an anti-apoptotic molecule.
a, Flow cytometric analysis showing depletion of BrdU label-retaining cells in Abcb5 knockout (KO) versus Abcb5 wild-type (WT) limbal epithelial cells after an 8-week chase. Analysis was performed in n = 6 Abcb5 wild-type mice and in n = 12 Abcb5 knockout mice. The experiment was performed three times. Data were analysed using the unpaired t-test. Data are shown as mean Â± s.e.m., P < 0.05. b, Equivalent BrdU labelling in Abcb5 wild-type and Abcb5 knockout mice after a 24 h chase is shown (mean Â± s.e.m.). The experiment was performed using n = 4 mice per group and was performed twice. Data were analysed using the unpaired t-test, P = not significant. c, Schematic illustrating identification of the limbal epithelium within corneal whole mounts via identification of posteriorly localized limbal vessels within the underlying stroma. Far right, confocal Z-stack images displaying limbal vessels alone (top, white arrows) and limbal vessels (white arrows) with overlying limbal epithelium (bottom) (see also Supplementary Video 2). d, Sequential immunofluorescence histological examination of limbal epithelium in corneal whole mounts (localized as illustrated in c and Supplementary Video 2), showing equivalent BrdU incorporation after a 24 h chase in Abcb5 knockout and wild-type mice (column 2), but progression to selective loss of BrdU label-retaining cells in Abcb5 knockout mice at the 8-week chase time point (far right column). Far left column, negative BrdU immunostaining result (negative control) of BrdU-untreated wild-type and Abcb5 knockout mouse limbal epithelium. e, Immune fluorescence analysis of Ki67 expression in Abcb5 wild-type and Abcb5 knockout mouse limbus and cornea. Bar graphs on the right illustrate the percentage of Ki67+ cells in Abcb5 wild-type versus Abcb5 knockout mice in the limbus and cornea. The percentages of Ki67+ cells in Abcb5 wild-type versus Abcb5 knockout mice in the limbus and cornea were determined using n = 4 mice per group. The experiment was performed twice. Within a standardized area, all corneal epithelial cells were counted in at least three consecutive cross-sections. Data were analysed using the unpaired t-test. Data are shown as mean Â± s.e.m. f, Flow cytometric analysis of ABCB5 expression by p63Î±-rich human limbal epithelial cells. g, Cell viability measured in relative luciferase units (RLU) following 48 h of ABCB5 monoclonal antibody or isotype control monoclonal antibody treatment (n = 5 experimental replicas, mean Â± s.e.m.). Data were analysed using the unpaired t-test, P < 0.001. h, i, Differential expression of apoptosis pathway-associated proteins detected by Proteome Profiler Apoptosis Array (ARY009, R&D Systems) following ABCB5 monoclonal antibody or isotype control monoclonal antibody treatment, analysed using ImageJ software. Error bars indicate s.e.m. *P < 0.05, ***P < 0.001. NS, not significant. Magnification in câ€“e: Ã—20.


Extended Data Figure 7 Limbal stem cell transplantation protocol and cell sorting for purification of ABCB5+ and ABCB5âˆ’ limbal epithelial cells.
a, Recovery and separation of ABCB5+ and ABCB5âˆ’ limbal epithelial cells from donor corneas followed by preparation of fibrin gels containing donor cells. b, Induction of limbal stem cell deficiency in recipient mice and transplantation of donor grafts. c, e, Representative flow cytometry analyses showing sorting gates and viability of murine (c) and human donor limbal epithelial cells (e). d, f, Post-sort analysis depicting the purity and viability of ABCB5+-enriched and ABCB5âˆ’-enriched subpopulations of limbal epithelial cells isolated from mice (d) and human donors (f). Viability is shown as the percentage of cells excluding DAPI. g, KRT12 expression in ABCB5+ and ABCB5âˆ’ limbal cell populations. h, Number and viability of donor cells used for transplantation.


Extended Data Figure 8 Restoration of LSCD by donor murine Abcb5+ or human ABCB5+ cell transplants.
Representative H&E composite corneal cross-sections of recipient C57BL/6J mice 5 weeks after receiving an induced LSC deficiency followed by engraftment of donor fibrin gel transplants containing the following syngeneic murine limbal epithelial cell subpopulations: (1) no cells (negative control), (2) Abcb5+ cells, (3) Abcb5âˆ’ cells, or (4) unsegregated cells. A normal untreated cornea (no LSCD) served as a positive control. The positive control displays the typical stratified corneal epithelium and iridocorneal angle. Mice receiving transplants with no cells displayed the typical conjunctivalization that occurs following a LSCD, that is, unstratified conjunctival epithelium covers the cornea with extensive inflammation, neovascularization, and stromal oedema. Synechia (where the iris adheres to the cornea) is typical of intense anterior segment inflammation. In contrast, mice that received transplants of Abcb5+ cells, but not Abcb5âˆ’ cells, displayed a restored stratified corneal epithelium with no evidence of inflammation, neovascularization, stromal oedema, or synechia. Mice that received transplants of unsegregated limbal epithelial cells displayed areas of stromal oedema with unstratified epithelium, while other parts of the cornea contained normal stratified epithelial cells. b, Restoration of Krt12 expression by donor murine Abcb5+ cell transplants. Representative immunofluorescent Krt12 staining (green) of recipient C57BL/6J mice 5 weeks after an LSCD induction followed by transplantation of donor fibrin gel grafts containing grafts as in a. Normal untreated murine cornea (no LSCD), shown here as a positive control, displays high intensity of Krt12 staining. Mice that received grafts containing no cells displayed no Krt12 expression. In contrast, mice transplanted with Abcb5+ cells, exhibited significantly enhanced Krt12 expression in comparison to the mice transplanted with unsegregated limbal epithelial cells. No Krt12 expression was detected in the mice transplanted with Abcb5âˆ’ cells. The white box depicts the area shown at Ã—40 magnification. Montage images are shown at Ã—10 magnification. c, Restoration of LSCD by donor human ABCB5+ limbal cell transplants. Representative H&E composite corneal cross-sections of recipient immunodeficient NSG mice 5 weeks after LSCD induction followed by transplantation of donor fibrin gel grafts containing the following human limbal epithelial cell subpopulations: (1) no cells (negative control), (2) ABCB5+ cells, (3) ABCB5âˆ’ cells, and (4) unsegregated cells. The positive control (normal untreated NSG cornea (no LSCD)) displays the typical stratified corneal epithelium and iridocorneal angle. Mice that received transplants with no cells displayed evidence of conjunctivalization that occurs following a LSC deficiency; that is, unstratified conjunctival epithelium covers the cornea with extensive neovascularization and synechia (anterior segment inflammation is muted in NSG mice due to their immunodeficiency). In contrast, mice that received transplants containing ABCB5+ cells displayed areas of restored stratified epithelium, whereas recipients receiving ABCB5âˆ’ cell grafts did not.


Extended Data Figure 9 Long-term corneal restoration by donor human ABCB5+ cell transplants 13 months after transplantation.
a, Representative H&E composite corneal cross-sections of recipient immunodeficient NSG mice 13 months after LSCD induction followed by transplantation of donor fibrin gel grafts containing: (1) no cells (negative control), (2) ABCB5+ cells, (3) ABCB5âˆ’ cells, and (4) unsegregated cells. A normal untreated NSG cornea (no LSCD) served as a positive control. The positive control displays the typical stratified corneal epithelium. Mice that received transplants with no cells displayed evidence of conjunctivalization that occurs following a LSC deficiency; that is, unstratified conjunctival epithelium covers the cornea with extensive neovascularization and synechia (anterior segment inflammation is muted in NSG mice due to their immunodeficiency). In contrast, mice that received transplants containing ABCB5+ cells displayed restored stratified epithelium, whereas recipients receiving ABCB5âˆ’ cell grafts did not. b, Representative immunofluorescent KRT12 staining (green) of corneas derived from NSG mice 13 months after LSCD induction followed by transplantation of donor fibrin gel grafts containing the following human limbal epithelial cell subpopulations: (1) no cells (negative control), (2) ABCB5+ cells, (3) ABCB5âˆ’ cells, or (4) unsegregated cells. Normal untreated murine cornea (no LSCD), shown here as a positive control, displayed a high intensity of KRT12 staining. As expected, recipients of grafts containing no cells displayed no KRT12 expression. Mice transplanted with ABCB5+ cells exhibited significant KRT12 expression, also enhanced compared to mice transplanted with unsegregated limbal epithelial cells. No KRT12 expression was detected in mice transplanted with ABCB5âˆ’ cells. The white arrow depicts the area shown at Ã—40 magnification. Montage images are shown at Ã—10 magnification. c, Representative immunofluorescent KRT12 staining (red) of human and mouse cornea confirms specific antibody reactivity with human KRT12 (top left), and no cross-reactivity with murine Krt12 (bottom left). Isotype control antibody staining is shown for the respective tissues in the right panels. Nuclei are stained with DAPI (blue). Bar graph (bottom) demonstrates aggregate antibody staining data of either human cornea (pixel intensity 142.3 Â± 2.4 pixels Âµmâˆ’2, mean Â± s.e.m.) or mouse cornea (pixel intensity 1.3 Â± 0.7 pixels Âµmâˆ’2, mean Â± s.e.m.). Aggregate human KRT12 antibody staining data of either human or mouse cornea was derived from the analyses on n = 2 corneas per group. Within a standardized area in (b), all corneal epithelial cells were counted in at least n = 3 consecutive cross-sections. Data were analysed using the unpaired t-test. Error bars show s.e.m. ***P < 0.001. NS, not significant.


Extended Data Figure 10 Corneal epithelial restoration in 13-month-old human transplants.
aâ€“c, Corneal epithelial restoration in 13-month-old human transplants examined by reflectance confocal microscopy. a, Schematic illustration of the cornea. b, c, Confocal microscopic reflectance was used to image 400 Ã— 400 Âµm areas in the central cornea in the normal eye, as well as control and treatment groups. Representative en face images of normal corneal epithelial layers depicting superficial squamous and basal cuboidal epithelial cells, and the corresponding cross-sectional image depicting the epithelial layer thickness, are shown in the extreme left panels of b and c, respectively. Additional panels in b and c from left to right show, show representative en face (b) and cross-sectional (c) images of recipient NSG mice 13 months after LSCD induction followed by transplantation of donor fibrin gel grafts containing the following human limbal epithelial cell subpopulations: (1) no cells (negative control), (2) ABCB5âˆ’ cells, (3) unsegregated cells, or (4) ABCB5+ cells. Normal untreated cornea (no LSCD), shown here as a positive control, displayed a typical stratified epithelium of normal thickness. Mice that received grafts containing no cells displayed no stratified epithelium and a significantly reduced epithelial layer. Mice transplanted with ABCB5âˆ’ cells displayed a thin unstratified epithelium that was not significantly different from the negative control group. Mice transplanted with unsegregated limbal cells displayed a mixture of stratified and unstratified epithelium that was significantly thinner compared to normal corneas. In contrast, only mice transplanted with ABCB5+ cells displayed a normal stratified epithelium with superficial squamous and basal cuboidal epithelial cells, and a thickness not only significantly greater than in alternative treatment or untreated control groups, but comparable to normal healthy cornea (no significant difference), as determined by measurements of cross-sectional image data. Epithelial layer thickness measurements were performed in all groups using ImageJ software and cross-sectional reflectance confocal microscopy imaging (4 mice per group, 10 measurements per cornea) through the central region of the cornea. The measurements were performed on mice from two independent experiments. Data were analysed using the one-way ANOVA and Bonferroni multiple comparisons tests. Aggregate results are illustrated in c, bottom panel bar graph (mean thickness in micrometres (Âµm) Â± s.e.m.). dâ€“f, Corneal stromal architecture of 13-month-old human transplants examined by reflectance confocal and second harmonic generation microscopy. d, Schematic illustration of the cornea. e, f, Reflectance confocal and second harmonic generation microscopy was used to image 400 Ã— 400 Âµm areas in the central stroma of the normal eye, as well as of control and treatment groups. Representative en face images of normal cornea (e, extreme left panels) show normal stromal keratocytes as determined by confocal reflectance (top) and stromal architecture as determined by second harmonic generation of collagen fibrils (magenta images, bottom). The corresponding cross-sectional image depicting the stroma layer thickness is shown in the extreme left of panel f. Additional panels in e and f from left to right show representative en face and cross-sectional images of recipient NSG mice 13 months after LSCD induction followed by transplantation of donor fibrin gel grafts containing the following human limbal epithelial cell subpopulations: (1) no cells (negative control), (2) ABCB5âˆ’ cells, (3) unsegregated cells, or (4) ABCB5+ cells. Normal untreated cornea (no LSCD), shown here as a positive control, displayed typical stromal keratocytes and a normal collagen fibril pattern, with normal stromal thickness determined in cross-sectional images. Mice that received grafts containing no cells displayed a high level of reflectance due to inflammation (also compare H&E staining in Extended Data Fig. 9a) and stromal oedema as shown by increased stromal thickness. In addition, an abnormal collagen fibril pattern was observed, possibly due to deposition of new collagen by infiltrating inflammatory cells. Mice transplanted with ABCB5âˆ’ cells displayed a high level of reflectance, an abnormal collagen fibril pattern, and stromal oedema that was not significantly different from the negative control group. Mice transplanted with unsegregated limbal cells also displayed increased reflectance, an abnormal collagen fibril pattern, and stromal oedema. In contrast, only mice transplanted with ABCB5+ cells displayed a normal pattern of stromal keratocytes and collagen fibrils, and a stromal thickness comparable to normal healthy cornea (no significant difference) and indicative of absent oedema, as determined by measurements of cross-sectional image data. Stromal thickness measurements were performed in all groups using ImageJ software and cross-sectional second harmonic microscopic images of collagen fibrils (4 mice per group, 5 measurements per stroma) through the central region of the stroma. The measurements were performed on mice from two independent experiments. Data were analysed using the one-way ANOVA and Bonferroni multiple comparisons tests. Aggregate results are illustrated in f, bottom panel bar graph (mean thickness in Âµm Â± s.e.m.). Error bars show s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. Magnification in aâ€“f: Ã—60.





Supplementary information
Limbal epithelial cell Abcb5/BrdU co-expression.
Immunofluorescent staining of limbal epithelial cells for Abcb5 (red) and BrdU (green) co-expression counterstained with DAPI (blue), analyzed by confocal microscopy in the limbal epithelium of mouse corneal whole mounts. This supplementary video consists of sequential confocal images depicting a cluster of ABCB5(+)/BrdU(+) label-retaining cells surrounded by double-negative ABCB5(-)/BrdU(-) cells and relatively rare, single-positive ABCB5(+)/BrdU(-) cells. Magnification: 60x. (AVI 13246 kb)


Identification of the limbal epithelium. 
Identification of the limbal epithelium within corneal whole mounts via identification of posteriorly localized limbal vessels within the underlying stroma. Cell nuclei are counterstained with DAPI (blue) and sequential confocal images are displayed beginning from the apical corneal epithelial layer and moving down into the stroma of the cornea and limbus. Appearance of the limbal vessels in the stroma is used to identify the overlaying limbal epithelial layer. This technique was used for immunostaining analyses. Magnification: 20x. (MOV 2108 kb)


ABCB5(+) cells within palisades of Vogt. 
Sections through the palisades of Vogt in the anterior limbus were stained with anti-ABCB5 mAb (red) with nuclear counterstaining (blue), and analyzed by confocal microscopy. This supplementary video consists of sequential confocal images depicting the location of ABCB5(+) cells within palisades. Magnification: 20x. (AVI 321 kb)
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        Editorial Summary
ABCB5 gene in corneal development and repair
The limbal stem cells (LSCs) in the basal limbal epithelium of the eye sustain corneal epithelial homeostasis and regeneration. Their loss due to injury or disease is one of the most common causes of blindness. Bruce Ksander et al. have now identified a marker â€” the ABC transporter ABCB5 â€” that is functionally required for LSC maintenance, corneal development and repair, and can be used to identify LSCs in mouse and human eyes. LSC transplantation experiments suggest that ABCB5-expressing cells could have potential in the treatment of corneal disease, particularly corneal blindness due to LSC deficiency. In a separate study in this issue of Nature, Hong Ouyang et al. establish a method for culturing LSCs in a feeder-free medium and demonstrate a role for the WNT7Aâ€“PAX6 signalling axis in specifying the corneal lineage, providing a possible therapeutic target in corneal surface diseases.
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