
1 
 

Sustained and widespread gene delivery to the corneal epithelium 1 

via in situ transduction of limbal epithelial stem cells using lentiviral 2 

and AAV vectors 3 

 4 

Mark Basche 1, Daniel Kampik 1, Satoshi Kawasaki 2, Matthew J. Branch 1, Martha Robinson 5 
1, D. Frank Larkin 3, Alexander J. Smith 1, Robin R. Ali 1,4 6 

1 – Department of Genetics, UCL Institute of Ophthalmology, London, UK 7 

2 – Department of Ophthalmology, Kyoto Prefectural University of Medicine, Kyoto, Japan. 8 

3 – Moorfields Eye Hospital, London, UK 9 

4 – NIHR Biomedical Research Centre at Moorfields Eye Hospital NHS Foundation Trust 10 
and UCL Institute of Ophthalmology, London, UK 11 

 12 

Correspondence: Dr RR Ali, Department of Genetics, UCL Institute of Ophthalmology, 11-43 13 
Bath Street, London, EC1V 9EL, UK. 14 

Tel: +44(0)20 7608 4023 15 

Fax: +44(0)20 7608 6991 16 

E-mail: r.ali@ucl.ac.uk 17 

 18 

Short Title 19 

In vivo limbal epithelial stem cell gene delivery  20 

mailto:r.ali@ucl.ac.uk


2 
 

Abstract  21 

 22 

Corneal epithelial dystrophies are typically characterised by symptoms such as pain, light 23 

sensitivity and corneal opacification leading to impaired vision. The development of gene 24 

therapy for such conditions has been hindered by an inability to achieve sustained and 25 

extensive gene transfer, as the epithelium is highly replicative and has evolved to exclude 26 

foreign material. We undertook a comprehensive study in mice aiming to overcome these 27 

impediments. Direct injection of lentiviral vector within the stem cell niche resulted in 28 

centripetal streaks of epithelial transgene expression sustained for >1 year, indicating limbal 29 

epithelial stem cell transduction in situ. Extent of transgene expression varied markedly but at 30 

maximum covered 26% of the corneal surface. Following intrastromal injection, adeno-31 

associated viral (AAV) vectors were found to penetrate Bowman’s membrane and mediate 32 

widespread, but transient (12-16 days) epithelial transgene expression. This was sufficient, 33 

when applied within a Cre-Lox system, to result in recombined epithelium covering up to ~80% 34 

of the corneal surface. Finally, systemic delivery of AAV2/9 in neonatal mice resulted in 35 

extensive corneal transduction, despite the relative avascularity of the tissue. These findings 36 

provide the foundations of a gene therapy toolkit for the corneal epithelium which might be 37 

applied to correction of inherited epithelial dystrophies. 38 

  39 
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Introduction  40 

  41 

The epithelium is the outermost layer of the cornea and thus forms the most anterior surface 42 

of the eye and is a barrier to prevent infiltration by pathogenic material. A healthy epithelium 43 

is vital for maintaining the optical properties of the cornea. It provides a smooth, protective 44 

outer surface, helping to minimise light scatter, maintain hydration and prevent infection and 45 

thus contributing to corneal transparency1. The corneal epithelium is organised into 5-7 layers, 46 

with a basal monolayer of columnar cells adhered tightly to the underlying basement 47 

membrane, and several layers of more apical cells that become increasingly differentiated, 48 

larger, flatter and more tightly adhered to each other. The epithelium is a highly replicative 49 

tissue undergoing constant renewal to counterbalance the continuous desquamation of cells 50 

from the corneal surface. Only the most basal monolayer of epithelial cells, the transient 51 

amplifying cells (TACs), are replicative, however these cells do not possess unlimited 52 

replicative capacity2–5. They in turn are renewed by limbal epithelial stem cells (LESCs) a 53 

population of adult stem cells located at the periphery of the cornea. The TAC lineages of 54 

LESCs undergo centripetal migration within the epithelium, driven by several proposed 55 

mechanisms, such as population pressure from the periphery due to the increased proliferative 56 

capacity of LESCs / early TACs, or an increased rate of cell loss from the central cornea, and  57 

chemotaxis4,6. When engineered to express a reporter, LESC lineages can be visualised as 58 

streak-like patterns extending from limbal to central cornea7–11. 59 

Gene therapy is conventionally applied to the correction of inherited genetic defects, and a 60 

number of such conditions have been described affecting the epithelium. Individually these 61 

are rare, however many of them display an increased prevalence within the Japanese 62 

population12–14. Gelatinous drop-like corneal dystrophy (GDLD) is inherited in an autosomal 63 

recessive pattern, caused by a loss of function in the gene TACSTD215,16 and is both among 64 

the most prevalent (1 in 33,000 in Japanese populations) and most severe of the epithelial 65 

dystrophies. Its primary phenotype is the accumulation of sub-epithelial amyloid deposits that 66 

render the cornea opaque17–19 and until recently the only treatment commonly applied to 67 

manage GDLD was anterior lamellar keratoplasty (ALK). However, this procedure does not 68 

resolve the disease permanently as ALK only replaces the central portion of the cornea 69 

allowing the recipient’s limbal stem cells to remain in situ. Healthy graft epithelium is therefore 70 

replaced over time by the recipient’s diseased epithelial cells via the process of normal corneal 71 

renewal. Recurrence of the condition thus often occurs within 1-2 years20. An alternative which 72 

has shown some initial promise for the treatment of inherited epithelial dystrophies is the 73 

supplementation of ALK surgery with allogeneic LESC transplantation21,22. Over the last two 74 

decades, LESC transplantation has become established as a successful treatment for limbal 75 
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stem cell deficiency caused, for instance, by alkali burns. Whilst limbal epithelial transplants 76 

can be effective in this context23, their long-term efficacy and mechanism of action is unclear, 77 

especially in the case of allogeneic transplantation. It is often assumed or implied that 78 

reconstitution of the epithelium results from successful engraftment of the transplanted stem 79 

cells, but this may only be partially true. Studies that have genetically characterised restored 80 

corneal epithelial tissue following allogenic LESC grafts have found that in many cases the 81 

restored healthy tissue is derived from the recipient rather than the donor24–26. This suggests 82 

the engrafted cells may largely function to support or restore the recipient’s remaining 83 

endogenous limbal stem cells. Thus, this approach may not be optimal for the long-term 84 

treatment of inherited epithelial dystrophies. Moreover, many allogeneic LESC grafts 85 

eventually fail in the long term (5+ years), possibly due to an incomplete/failed engraftment or 86 

insufficient immunosuppression27,28.  87 

To date, the development of corneal epithelial directed gene therapy has been limited. In order 88 

to be effective a corneal epithelial gene therapy must overcome the challenge of mediating a 89 

stable gene delivery to a dynamic tissue that has evolved to exclude infectious agents and, to 90 

date, the most promising results have been achieved with lentiviral vectors. In the adult human 91 

corneal rim these have been shown to mediate efficient gene transfer to the corneal epithelium 92 

ex vivo with epithelial transgene expression being shown at 3 days post transduction29. The 93 

most sustained expression demonstrated thus far lasted 6-weeks. This was achieved in vivo 94 

by topical delivery of a lentiviral vector to the rat cornea following epithelial scarification30, 95 

however, the efficiency of transduction appeared limited. The same study also provided the 96 

only example of application of AAV to target the corneal epithelium that we are aware of at 97 

present. Transgene expression resulting from topical application of an AAV2/2 vector was 98 

found to be more limited than that obtained using the lentiviral vector, both in terms of both 99 

extent and duration, which was around 2 weeks. In terms of application, a promising siRNA-100 

based gene therapy has been developed for Meesmann epithelial dystrophy. The siRNA was 101 

shown to mediate specific and substantial (63%) knockdown of the mutant allele within patient 102 

epithelium ex vivo and was able to phenotypically correct a transfected epithelial cell line31. 103 

However, the authors note that the therapeutic siRNA lacks a suitable delivery vehicle for 104 

efficacious application in vivo. 105 

There remains therefore significant scope for both improvement and application of gene 106 

transfer to the corneal epithelium and here we present a comprehensive study examining 107 

multiple approaches aiming to mediate an extensive and sustained gene delivery to this tissue 108 

via gene delivery to LESCs in situ. 109 

  110 
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Materials and Methods 111 

 112 

Animals 113 

The mouse strains used were wild type C57BL/6J and Ai9 (Jackson Laboratory 007909) mice, 114 

which contain a loxP-flanked tdTomato reporter gene at the Gt(ROSA)26Sor locus. All mice 115 

were maintained under a 12 h light–dark cycle. Unless otherwise stated all animals used were 116 

adult (10+ weeks). WT animals were all females, while Ai9 mice were mixed sex. All 117 

experiments were approved by the local Institutional Animal Care and Use Committees (UCL, 118 

London, UK) and conformed to the guidelines on the care and use of animals adopted by the 119 

Society for Neuroscience and the Association for Research in Vision and Ophthalmology 120 

(Rockville, MD, USA).  121 

 122 

rAAV vector preparation and titre 123 

Recombinant AAV vectors were produced via triple transient transfection. The plasmid 124 

construct, AAV serotype-specific packaging plasmid and helper plasmid were mixed in a ratio 125 

of 1:1:3 at 20 µg total DNA per ml of DMEM, were mixed with Polyethylenimine (Polysciences 126 

Inc.) to a final concentration of 50 mg/mL and incubated for 10 min at room temperature to 127 

form transfection complexes. These were added to HEK293T cells at 50 µg DNA per 175cm2 128 

and left for 72 h. The cells were collected, concentrated and lysed by freeze–thaw (4x) in TD 129 

buffer to release the vector. All AAV serotypes except AAV2/9 were purified by affinity with an 130 

AVB Sepharose column (GE Healthcare) and eluted with 50mM Glycine pH2.7 into 1M Tris 131 

pH 8.8. AAV2/9 was purified by a combination of size exclusion and anion exchange. 132 

Sephacryl S300 and Poros HQ50 respectively (GE Healthcare). Vectors were washed in 1x 133 

PBS-MK and concentrated to a volume of 100–150 µl using Vivaspin 4 (10 kDa) concentrators. 134 

Vector genome (vg) based titres were determined by quantitative real-time PCR (qPCR) using 135 

an ITR binding assay as previously described (Aurnhammer et al, 2012). 136 

 137 

Lentiviral vector preparation and titre 138 

HIV1 based lentiviral vectors were also produced by triple transient transfection. The plasmid 139 

construct, second-generation packaging plasmid and envelope plasmid were mixed in a ratio 140 

of 4:1:3 at 32 µg per ml of Opti-MEM were mixed with Polyethylenimine (Polysciences Inc.) to 141 

a final concentration of 50 mg/mL and incubated for 10 min at room temperature to form 142 

transfection complexes. These were added to HEK293T cells at 80 µg DNA per 175cm2 and 143 

left for 72 h. Vector was purified and concentrated from supernatant medium by filtration 144 
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(0.45µm) and ultracentrifugation (90,000 rcf) at 48 and 72 h. Virial particle (vp) based titres 145 

were determined by infection of HEK293T cells with a serial dilution of concentrated vector 146 

followed by enumeration of infectious events.  147 

 148 

Intraocular injections 149 

Prior to all surgeries mice were anesthetised with a single intraperitoneal (IP) injection of a 150 

0.01-ml/g mixture of Domitor (1mg/ml medetomidine hydrochloride), ketamine (100 mg/ml), 151 

and water at a ratio of 5:3:42. After all surgeries anaesthesia was reversed and a 1% 152 

chloramphenicol ointment (FDC International) applied topically to the cornea. 153 

Intrastromal injections were performed under observation thorough an operating microscope. 154 

Vector or control solution was injected with a 34-gauge hypodermic needle mounted on a 5 155 

μL Hamilton syringe (Hamilton). The needle tip was positioned (bevel up) about a half, to 156 

quarter of the corneal radius in from limbus and penetrated the cornea in this position. The 157 

needle was then pushed into the cornea taking care to remain within the stroma. Once the 158 

needle tip was positioned centrally a volume 2 μL of vector or control solution was injected. 159 

Upon injection the cornea became opaque in the area of the injected bleb (usually extending 160 

over a majority cornea), this was completely resolved 24hrs post injection.  161 

Limbal subepithelial injections were also performed under observation thorough an operating 162 

microscope. The eye was mildly prolapsed and secured in position with an elasticated Vinyl 163 

drape. Vector or control solutions were injected using a needle pulled from borosilicate glass 164 

capillaries (1.0mm O.D. x 0.78mm I.D. – Harvard Apparatus) and an injection holder set (IM-165 

H1 Narishige). The pulled capillaries had a tip ø < 10µm and a long taper morphology. Flow 166 

of solution to be injected was continuous, driven by ~1MPa of air pressure. Whilst solution 167 

was flowing the multiple injections were performed (~30-50) around the entire limbal region of 168 

the cornea. Due to the continuous flow neither the total volume injected or the volume per 169 

injection could be accurately measured. Precise vector dose is therefore unknown.   170 

 171 

Systemic delivery of AAV2/9 via intraperitoneal injection  172 

These injections were all performed upon P0 mice within 12 hours of birth. Injections were 173 

performed under observation thorough an operating microscope and using a 34-gauge 174 

hypodermic needle mounted on a 10 μL Hamilton syringe. The animal was physically 175 

restrained and the needle guided into the peritoneal cavity through the abdominal wall. 176 

Injection volume was 10 μL. 177 

 178 
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In vivo imaging 179 

Prior to all in vivo imaging mice were anesthetised to minimise any motion blurring. GFP 180 

fluorescence was imaged by Scanning Laser Ophthalmoscopy (SLO). The instrument used 181 

was a Spectralis HRA2 with a 55° lens (Heidelberg engineering) modified for use with animals 182 

with increased 488 excitation laser power. All images were taken using the 25° angle setting. 183 

Infrared (790nm) images were taken using a power setting of 75% and 30 images were 184 

averaged and normalized. GFP (488nm) images were taken using a power setting of 95% and 185 

30 images were averaged and normalized. A single infrared image was taken to visualise the 186 

positioning of the eye. GFP expression was visualised by compositing multiple 488 channel 187 

images from multiple focal planes. RFP fluorescence was imaged by Fundoscopy. The 188 

instrument used was a slit lamp (SC-16, Keeler) modified for use with animals and with a filter 189 

set to detected RFP (excitation: 550±15nm, emission: 580LP). Images were taken using an 190 

attached DC500 digital camera and associated software (Leica). Prior to imaging corneal 191 

refractive power was neutralized by placing a 5 mm coverslip on the cornea covered with a 192 

coupling medium solution (Viscotears, Novartis Pharmaceuticals). All images were taken at 193 

25x magnification and the following exposure times were used: Bright field: 0.2s, RFP: 30s 194 

 195 

Histology 196 

For corneal flat mounts eyes were enucleated post mortem and the cornea isolated by an 197 

orbital cut just posterior to the limbus. Tissue was fixed in 4% paraformaldehyde for 1 h before 198 

4 evenly spaced radial cuts were made with a scalpel. Tissue was then counterstained with 199 

4’,6-diamidino-2-phenylindole (DAPI) and mounted with DAKO fluorescent mounting media. 200 

For corneal sections, eyes were enucleated post mortem the globe was punctured with the tip 201 

of a 30G needle and then fixed in 4% paraformaldehyde for 1 h before embedding in optimal 202 

cutting temperature medium. Twenty µm cryosections were cut in sagittal orientation, 203 

counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and mounted with DAKO 204 

fluorescent mounting media (DAKO, S3023, Denmark). All images were acquired by confocal 205 

microscopy (Leica DM5500Q). CD31 staining was achieved using Rat α Mouse CD31 206 

antibody (BD, MEC13.3) according to protocol outlined in Cao et al, 201132. 207 

 208 

Quantification of transgene expression within the epithelium by confocal imaging of 209 

flat mounts 210 

An area measuring 480 x 960 µm (2x4 40x fields of view) covering an area starting in the 211 

central cornea and extended toward a randomly determined quadrant was usually used for 212 
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analysis. Images were taken at a z-resolution of 1µm through the whole depth of the epithelium 213 

into the apical stroma. The peak of DAPI staining was found to correlates well with the dense 214 

basal epithelial cell layer, and an automated process could thus be used to align multiple 215 

samples to this reference point in the z-axis. In cases where this failed (usually due to poorly 216 

flattened tissue) the sample was aligned manually. The z-planes that constituted the area of 217 

interest were selected and a pixel intensity threshold set manually that well separated 218 

fluorescent signal from background. Data to be compared all used the same threshold value 219 

and all other aspects of the imaging were kept consistent. An automated process then counted 220 

all pixels above threshold intensity in the z-slices of interest.  221 
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Results 222 

 223 
Intra-epithelial injection of integrating lentiviral vector transduces LESCs and results 224 

in sustained transgene expression within their lineages 225 

The optimal means by which to mediate pan-epithelial transgene delivery is to target LESCs 226 

which are responsible for the renewal and maintenance of the tissue. We therefore tested the 227 

efficacy of injecting an integrating HIV1-based lentiviral vector (LNT-SFFV-eGFP, titre of 1x107 228 

vp/mL) directly into the murine LESC niche around the entire circumference of the 229 

corneoscleral junction. We used an ultrafine glass needle to make around 30 injections per 230 

eye.  231 

In total, 94 eyes were injected and of these 88 were suitable to undergo complete analysis, 232 

the remainder were either culled for histology or died prior to completion of the experiment. 233 

For the first 10-12 weeks post injection (WPI) eyes were assessed weekly or fortnightly by 234 

scanning laser ophthalmoscopy (SLO) for the development of the streak-like patterns of 235 

transgene expression indicative of eTAC or LESC transduction. After this period, follow up 236 

became monthly and was continued until at least 52 WPI. If, after 12 WPI, an eye did not 237 

display any streaks for more than two consecutive time points, follow up was discontinued. 238 

Figure 1A shows this data as a Kaplan-Meier survival curve. Such a long period of follow up 239 

was selected to definitively differentiate between LESC and eTAC transduction. At 52 WPI, 240 

32 % of the eyes had sustained streaks for the whole period, strongly indicating LESC 241 

transduction. The extent of resulting epithelial transgene expression varied substantially. The 242 

best example is shown in Figure 1B in which ~25% of the corneal surface is covered by 243 

epithelium expressing GFP. A more typical example is shown in Figure 1C in which coverage 244 

was ~7%. Due to the lack of a specific pan-epithelial promotor, the ubiquitous SFFV promotor 245 

was used. Transgene expression might not therefore be expected to be restricted to the 246 

epithelium and indeed stromal expression was also seen. Whilst stromal and epithelial 247 

expression could be reliably distinguished on the basis of spatial and temporal patterning, 248 

confocal microscopy of corneal flat mounts post mortem confirmed the premise that the 249 

streaks were indeed epithelial (Figure 1D).  250 

 251 

Intrastromal injection of AAV (but not lentiviral) vector mediates transient epithelial 252 

transduction across Bowman’s membrane 253 

Although the transgene expression achieved by injecting a lentiviral vector directly into the 254 

limbus is superior to any other transduction achieved to date, the injections proved technically 255 

demanding. Thus, the success rate was relatively low (~32% at 52 WPI) and the best 256 
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transduction achieved remained limited in terms of spatial extent (~25% of the corneal 257 

surface). A potentially more reproducible approach is to target the epithelium from the basal 258 

direction through Bowman’s membrane via an intrastromal injection. Lentiviral and AAV 259 

vectors were both assessed for this ability to transduce the corneal epithelium via this route of 260 

administration. Intrastromal injections of either Lenti-SFFV-eGFP, (1x106 vp / eye) or 261 

AAV2/8[Y733F]-CMV-eGFP (1x1011 vg / eye) were carried out in adult mice, n=4 eyes per 262 

vector. Animals were culled at 4 DPI and transgene expression assessed on cryosections. In 263 

all cases the lentiviral vector-mediated transgene expression was restricted to the stroma 264 

(Figure 2A), but AAV vector-mediated expression was seen in both the stroma and the 265 

epithelium (Figure 2B). In contrast to lentiviral vectors, rAAV vectors do not efficiently 266 

integrate their genomes into that of the host33. In the highly replicative epithelium, transgene 267 

expression would be expected to decline over time due to loss of transduced cells from the 268 

corneal surface and to the dilution of vector episomes upon cell replication. We did indeed 269 

observe such an effect; we noted that at 8 DPI AAV mediated epithelial transgene expression 270 

appear maximal (Figure 2C) and by 18 DPI (Figure 2D) had been almost entirely lost.  271 

Having shown that AAV is able to penetrate Bowman’s membrane and mediate transient 272 

transduction of the epithelium, we examined which AAV serotype was best suited to for this 273 

purpose. Six AAV serotypes were assessed: AAV2/5, AAV2/8, AAV2/9, AAV2/8[Y733F], 274 

AAV[ShH10] and AAV[Anc80] titre matched to a dose of 1.4x1011 vg / eye, n=6 eyes per 275 

serotype. Animals were culled at 8DPI and corneas were flat mounted. A region of each 276 

cornea was selected for analysis by confocal microscopy, a representative orthogonal 277 

projection of such a region is shown in Figure 2E. Transgene expression (eGFP signal above 278 

threshold) in the epithelium of this region was then quantified (Figure 2F). All the AAV 279 

serotypes tested mediated corneal epithelial expression. However, AAV8[Y733F] and 280 

AAV[ShH10] mediated substantially more transgene expression than the other serotypes 281 

tested. 282 

 283 

Intrastromal injection of AAV-Cre mediates genomic recombination in LESCs that is 284 

propagated to their lineages 285 

Any transduction of LESCs achieved via intrastromal injection of AAV would not be visualised 286 

with an eGFP transgene due to the lack of vector integration and the temporal limitations 287 

outlined above. The Cre-Lox recombination system, however, allows permanent expression 288 

of a marker gene to result from transient expression of Cre recombinase. This system was 289 

therefore used to assess the ability of intrastromal AAV to transduce LESCs. Intrastromal 290 

injections (1x1011 vg / eye) of AAV2/8[Y733F]-CMV-Cre were performed in Ai9 mice whose 291 
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cells express the fluorescent tdTomato transgene upon exposure to Cre.  Sagittal sections of 292 

injected corneas at 21 DPI show extensive RFP expression both in the central cornea (Figure 293 

3A) and at the basal corneoscleral junction where the LESCs are located (Figure 3B). A small 294 

cohort (n=4) was assessed by fundoscopy fortnightly for 17 weeks, a period that was sufficient 295 

to be highly indicative of LESC transduction based upon our lentiviral data. All four eyes 296 

developed centripetal streaks of recombined cells and sustained them over the entire period 297 

of follow up. Even within this small cohort it was clear that both the extent and reliability of 298 

LESC transduction improved upon that achieved via intra-epithelial injection of a lentiviral 299 

vector. Figure 3C shows the greatest spatial extent of recombined epithelium observed (~82% 300 

of corneal surface) and Figure 3D the least (~22%). The latter figure is equivalent to maximum 301 

extent achieved with a lentiviral vector. Across the whole group, the mean (± 1 SD) extent was 302 

53% ± 25.0%. It was also noted that prior to 10 WPI, epithelial streaks became increasingly 303 

more defined over time. This perhaps represents the extinction of lineages derived from late, 304 

central TACs leaving solely those derived from LESCs and early, more limbal TACs. Again, 305 

due use of a ubiquitous promoter both stromal and epithelial recombination was both expected 306 

and observed, and thus histology was used to confirm localisation of tdTomato within the 307 

epithelium (Figure 3E).  308 

 309 

Intraperitoneal injection of AAV2/9 at P0 mediates gene delivery to all layers of the 310 

cornea including the epithelium 311 

AAV2/9 has been shown to result in widespread somatic gene delivery if delivered 312 

systemically at early postnatal time points34. We therefore assessed its ability to transduce the 313 

cornea following systemic injection in neonatal mice. Intraperitoneal injections (7.2x1011 vg 314 

per animal) of AAV2/9-CMV-Cre were performed in P0 Ai9 mice.  315 

At 28 DPI, extensive tdTomato expression was seen in flat-mounted corneas (Figure 4A). To 316 

better visualise the distribution of expression with regard to corneal layers, a pixel intensity 317 

threshold (127-255) was applied to each z-plane of the confocal image and each plane was 318 

then false coloured by depth (Figure 4B) with ImageJ’s35 ICA look up table. Layer specific Z-319 

stacks were also taken at a higher magnification.  The majority of tdTomato expression is 320 

localised within the stroma (Figure 4B & D), but multiple islands of epithelial expression are 321 

also seen which appear to result from clonal expansion (Figure 4B & E) and some expression 322 

was also seen in the endothelium (Figure 4E). Over time these islands of epithelial expression 323 

developed into centripetal streaks (Figure 4F-H) which persist until at least 21 weeks post 324 

injection and many of which originate in the limbus.     325 

  326 
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Discussion 327 

 328 

We have presented a comprehensive study of gene transfer to corneal epithelial cells utilising 329 

several different routes of vector administration and both lentiviral and AAV-based vector 330 

systems. We achieved substantial improvements over the results achieved to date both in 331 

terms of extent and duration of transgene expression. Intra-epithelial injection of lentiviral 332 

vector at the LESC niche is the most intuitive and direct of these approaches and thus is likely 333 

the most suitable for further development and clinical application. This approach gave rise to 334 

epithelial transgene expression that was sustained for more than a year and thus very likely 335 

resulted from LESC transduction. Technically, however, these injections were demanding and 336 

the extent of transduction achieved, whilst superior to any documented to date, remained 337 

somewhat limited. In the human eye, which is larger and possesses visible landmarks36 to 338 

indicate the LESC niche, it is likely that the procedure may prove less challenging. However, 339 

the human LESC niche is also substantially more complex than the murine, being associated 340 

with specialised structures within the limbus, which might complicate the procedure37,38. 341 

Therefore, optimisation within larger animal model, such as the pig, with a limbal anatomy 342 

more closely resembling that of the human may be required to develop the procedure further.    343 

A gene therapy in which an integrating vector is used to correct a genetic disorder via 344 

transduction of an adult stem cell resulting in therapeutic gene expression throughout the 345 

entire resulting cell lineage is a well-established approach. Indeed, some of the first successful 346 

clinical applications of gene therapy used this methodology, transducing hematopoietic stem 347 

cells ex vivo for the treatment of severe combined immune deficiency39,40. More recently, the 348 

technique has been applied to the epithelial stem cells of the skin in the correction of junctional 349 

epidermal bullosa41. In such cases, however, the stem cells are extracted from the patient and 350 

transduced ex vivo, followed by re-engraftment. This approach presents the potential 351 

advantages of allowing selection and amplification of transduced clones prior to engraftment41 352 

and avoiding direct exposure of the patient to the gene therapy vector.  However, the 353 

effectiveness of this strategy is entirely dependent upon the feasibility of achieving functional 354 

engraftment. In the case of LESCs the clinical data to date casts some doubt upon the 355 

efficiency of donor cell engraftment24–26, thus gene transfer to the adult stem cell in situ may 356 

constitute a superior approach for the correction of epithelial dystrophies.  357 

Our second approach was to apply the technically simpler technique of intrastromal injection 358 

to transduce the epithelium across the physiological barrier of Bowman’s membrane. Whilst 359 

lentiviral vectors were found to be unable to penetrate this barrier, AAV vectors mediated 360 

substantial transduction, possibly due to their much smaller size allowing dissemination across 361 

the membrane. To date there has been little evidence of AAV having any substantial efficacy 362 
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in the corneal epithelium30. Nonetheless, we found that not only was AAV able to mediate 363 

substantial epithelial transduction, but that all AAV serotypes tested were able to do so, albeit 364 

with some variation in efficacy. This would suggest that this tropism is relatively robust and 365 

not dependent upon any single mechanism of viral entry, adding to the likelihood that some 366 

serotypes of AAV will maintain this tropism across species. The murine Bowman’s membrane 367 

is known to be relatively thin in comparison with that of the human42–44, and thus it is possible 368 

that AAV dissemination across this more substantial barrier would be more limited than that 369 

observed here. However, developing serotypes able to overcome the physical barriers present 370 

within a tissue has been a major focus of AAV vector development and engineering. 371 

Specifically, within the eye, achieving a substantial transduction of photoreceptors via 372 

intravitreal injection of vector has been a longstanding objective45,46. This requires the AAV 373 

virion to penetrate the inner limiting membrane and ~200µm of neural tissue, which several 374 

engineered serotypes have now been shown capable of doing. Recent experiments in the 375 

anterior segment revealed that AAVAnc80 can penetrate Descemet's membrane and mediate 376 

transduction of the corneal stroma following an intracameral injection47. These data suggest 377 

that some AAV serotypes may be able to mediate epithelial transduction even across the more 378 

substantial barrier posed by a human Bowman’s membrane, although this still needs to be 379 

established. The intrastromal injection technique applied here (complete stromal hydration) 380 

would likely be undesirable within the clinical context. A more applicable technique would be 381 

to make multiple small volume intrastromal injections around the limbal circumference in order 382 

to maximise vector delivery to LESCs and minimise the risk of stromal scarring within the 383 

visual axis.  384 

The major limitation of rAAV within a replicative tissue is its inability to replicate its genome 385 

upon host cell division and indeed in the corneal epithelium we observed this resulting in loss 386 

of transgene expression over time. We observed that near complete loss of epithelial 387 

transgene expression took around 18 days, in agreement with previous estimates of  ~3 weeks 388 

for complete epithelial turnover9. Loss of transgene expression therefore proceeded too 389 

rapidly to determine the ability of AAV vectors to transduce LESCs. We therefore combined 390 

intrastromal injection of AAV with a Cre recombinase system and showed that not only was 391 

AAV-mediated recombination sustained for long enough to be highly indicative of LESC 392 

transduction, but that the extent of recombined lineages also began to approach pan-epithelial 393 

coverage. The Cre recombinase system is a laboratory tool unsuitable for clinical application, 394 

however, the key attribute of system utilised here is the induction of a permanent genomic 395 

change via transient transgene expression. This property is shared by the much more clinically 396 

applicable CRISPR gene editing system and moreover sustained expression of Cas9 may not 397 

be desirable due to an increased risk of off-target cleavage48. These results suggest that 398 
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combining CRISPR technology with the ability of AAV to mediate extensive but transient LESC 399 

transduction in situ, as demonstrated here, might be a promising future avenue for the 400 

correction of epithelial dystrophies.  401 

Intrastromal and limbal sub-epithelial injections attempted to deliver vector either directly 402 

within the target LESC niche or close to it. Whilst such approaches provide an obvious benefit 403 

in terms of cellular targeting and transduction efficiency, they are also invasive and technically 404 

demanding procedures. It has previously been demonstrated that AAV2/9 has the ability to 405 

mediate widespread transgene delivery seemingly throughout the entire murine soma 406 

(including some evidence of corneal transduction) when delivered systemically at an early 407 

post-natal timepoint49. Recently this facet of AAV2/9 has been exploited in the treatment of 408 

young infants with spinal muscular atrophy 1 with some very promising results50. We therefore 409 

examined the potential corneal application of this route of administration in more detail, 410 

specifically with regard to the corneal epithelium and LESCs. Systemic propagation of vector 411 

likely occurs via dissemination in blood and within the retina it has been shown that the extent 412 

of transduction resulting from systemic AAV2/9 delivery is closely correlated with the extent of 413 

retinal angiogenesis at the point of injection51, a finding mirrored in our study (Figure S1B). 414 

Since the cornea is largely an avascular tissue, supplied only by the limbal vascular arcades 415 

(Figure S1A), the degree of transduction we observed is surprising. Perhaps especially in the 416 

epithelium, in which scattered recombined TAC clones were seen in both central and limbal 417 

locations with no apparent preference to the latter. Recombined clones developed into 418 

centripetal streaks over time, many of which originated in the limbus and were sustained until 419 

at least 18 weeks post injection highly indicative of LESC transduction. The extent of the 420 

epithelial transduction achieved is not as great as by either of the other methods presented 421 

here, but remains notable in comparison to previous studies and has the potential to be further 422 

improved upon. The intraperitoneal route of systemic administration was chosen for its 423 

technical simplicity, but it is possible that an intravenous injection more proximal to the corneal 424 

vasculature might result in an improved corneal transduction. With regard to potential clinical 425 

application, it is worth considering that the human LESC niche is far more intimately 426 

associated with the vascular system than that of the mouse37. Thus, greater efficacy might be 427 

achievable in the human context. Whilst not the focus of this study, the stromal transduction 428 

we observed is noteworthy, being both far more extensive than that in the epithelium and also 429 

displaying a clear correlation between the degree of transduction and the proximity to the 430 

limbal blood supply. This stromal transduction might be of particular application to the 431 

mucopolysaccharidoses, syndromic conditions for which a systemic approach would be 432 

eminently suitable and whose corneal phenotypes have proved resistant to correction via 433 

otherwise promising treatment methodologies52–54.   434 



15 
 

To conclude, here we have presented an extensive comparison of vectors and administration 435 

routes in order to begin to develop a gene delivery toolkit for the corneal epithelium with 436 

potential applications in the correction of corneal epithelial dystrophies by gene therapy. 437 

  438 
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Figure Legends 582 

 583 

Figure 1 – Intra-epithelial injection of lentiviral vector mediates sustained epithelial 584 

transgene expression via LESC transduction 585 

A: Percentage of injected eyes displaying centripetal streak-like patterns of transgene 586 

expression over time. (n= 88). B: SLO images of the eye in which the most extensive 587 

transgene expression was seen at i) 7 weeks, ii) 18 weeks, iii) 30 weeks, iv) 42 weeks, v) 52 588 

weeks post injection. C: SLO images of the eye showing a more typical extent of transgene 589 

expression at i) 7 weeks, ii) 18 weeks, iii) 30 weeks, iv) 42 weeks, v) 73 weeks post injection. 590 

White: eGFP, Eye delimited by red circle. D: Confocal image of the streak highlighted in Cv at 591 

73 weeks post injection. Z-projection through the basal epithelium. White: eGFP, Red: 592 

Phalloidin, Blue: DAPI, Scale bar: 250µm 593 

 594 

Figure 2 – Intrastromal injection of AAV mediates transient trans-Bowman’s epithelial 595 

transduction 596 

A: Representative transverse section of the central cornea 4 days after intrastromal injection 597 

of Lenti-SFFV-eGFP. B: Representative transverse section of the central cornea 4 days after 598 

intrastromal injection of AAV8[Y733F]-CMV-eGFP. Red dotted line demarcates stroma from 599 

epithelium, white arrow towards epithelium. C: Representative transverse section of the 600 

central cornea 8 days after intrastromal injection of AAV8[Y733F]-CMV-eGFP. D: 601 

Representative transverse section of the central cornea 18 days after intrastromal injection of 602 

AAV8[Y733F]-CMV-eGFP. E: Orthogonal view of a confocal z-stack used to generate data in 603 

(F), XY plane set at stroma/epithelial transition, white arrows in XZ and YZ show direction of 604 

pixel quantification. Green: eGFP, Blue: DAPI, Scale bars: 50µm. F: Quantification of the 605 

epithelial transgene expression mediated by different serotypes of AAV. One-way ANOVA 606 

with Bonferroni’s correction. Mean ± S.D., * p ≤ 0.05, ** p ≤ 0.01, n ≥ 5 607 

 608 

Figure 3 - Intrastromal injection of AAV can mediate genomic modification of LESCs 609 

within Ai9 mice 610 

A: Representative transverse section of the central cornea 21 days after intrastromal injection 611 

of AAV8[Y733F]-CMV-Cre. B: Representative transverse section of the limbal corneoscleral 612 

junction 21 days after intrastromal injection of AAV8[Y733F]-CMV-Cre. Red: tdTomato, Blue: 613 

DAPI, Scale bar: 100µm. C: Fluorescent fundoscopy of the eye in which the most extensive 614 

recombination was seen at i) 4 weeks, ii) 8 weeks, iii) 11 weeks, iv) 13 weeks, v) 17 weeks 615 

post injection. D: Fluorescent fundoscopy of the eye in which the least extensive 616 

recombination was seen at i) 4 weeks, ii) 8 weeks, iii) 11 weeks, iv) 13 weeks, v) 17 weeks 617 
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post injection. E: Confocal image of an entire cornea at 17 weeks post injection. Z-projection 618 

through the epithelium. Red: tdTomato, Blue: DAPI, Scale bar: 500µm 619 

 620 

Figure 4 - Intraperitoneal injection of AAV2/9 at P0 mediates gene delivery to all layers 621 

of the cornea including the epithelium 622 

A: Representative whole corneal flatmount 28 days after intraperitoneal injection of AAV2/9-623 

CMV-Cre. Z-projection through the whole cornea, solid white line demarcates the tissue. Red: 624 

tdTomato, Scale bar: 500µm. B: Z-projected flatmount presented in (A), false coloured on the 625 

basis of depth in the z-axis. Calibration bar shows colours assigned to each z-plane at a 626 

resolution of 3µm. White arrows highlight “islands” of epithelial tdTomato expression. Vector 627 

mediated recombination in the C: endothelium D: stroma and E: basal epithelium. Z-projection 628 

through each layer, Red: tdTomato, Blue: DAPI, Scale bar: 100µm. F: Fluorescent fundoscopy 629 

of a representative eye at i) 9 weeks ii) 12 weeks iii) 15 weeks iv) 18 weeks and v) 21 weeks 630 

post injection. G: Confocal image of an entire cornea at 20 weeks post injection, z-projection 631 

through the cornea. H: Higher magnification of area highlighted in (G), single 3µM z-plane 632 

through the basal epithelium. Red: tdTomato, Blue: DAPI, Scale bar: 250µm    633 

 634 

Figure S1 – Correlation of systemic AAV9-mediated transduction with tissue 635 

vasculature 636 

A: The extent of the corneal vasculature at P0; restricted to the limbus, as in the adult. White 637 

line delimits the cornea, Red: CD31, Scale bar: 250µm. B: Representative transverse section 638 

through the retina 28 days after P0 intraperitoneal injection of AAV8[Y733F]-CMV-Cre. Red: 639 

tdTomato, Blue: DAPI, Scale bar: 250µm. 640 
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