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Abstract: 

Cultured limbal and oral epithelial cells have been successfully used to treat patients with limbal 

stem cell deficiency (LSCD). The most common culture method for these cell therapies utilises 

amniotic membrane as a cell support and/ or murine 3T3s as feeder fibroblasts. The aim of this 

study was to refine the production of autologous oral mucosal cell therapy for the treatment of 

LSCD. Real Architecture for 3D Tissue (RAFT) was used as an alternative cell culture support. In 

addition, oral mucosal cells (epithelial and fibroblast) were used as autologous alternatives to donor 

human limbal epithelial cells (HLE) and murine 3T3s. The following tissue equivalents were 

produced and characterised: firstly, for patients with bilateral LSCD, an oral mucosal tissue 
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equivalent consisting of human oral mucosal epithelial cells on RAFT supported by human oral 

mucosal fibroblasts (HOMF). Secondly, for patients with unilateral LSCD, HLE on RAFT 

supported by HOMF. For both tissue equivalent types, features of the cornea were observed 

including a multi-layered epithelium with small cells with a stem cell like phenotype in the basal 

layer and squamous cells in the top layers, and p63α and PAX6 expression. These tissue equivalents 

may therefore be useful in the treatment of LSCD.  

 

1. Introduction:  

Transparency of the cornea, on the front surface of the eye, is essential for vision. The outermost 

corneal epithelium is maintained by a population of limbal epithelial stem cells (LESC) which 

reside in limbal crypts at the periphery of the cornea. Depending on the cause, loss or damage to the 

LESC population can result in blinding limbal stem cell deficiency (LSCD) of one or both eyes.[1] 

The technique of transplanting autologous (patient’s own) LESC cultured from a small limbal 

biopsy of the healthy contralateral eye has a success rate, in terms of visual acuity and ocular 

surface stability, of greater than 70% in this patient group.[2] However, a significant therapeutic 

challenge remains for patients with bilateral injury or disease where no healthy limbus is available 

for harvesting LESC. Cultured allogeneic (donor) LESC therapy has been used with variable 

success.[1, 3-9] A major drawback is the requirement for systemic immunosuppression to prevent 

rejection. Hence, the COMET protocol for transplanting autologous epithelial cells cultured from 

inside the mouth was developed. COMET ‘Cultivated oral mucosal epithelial transplantation’ has a 

success rate, in patients with severe ocular surface disorders, of approximately 50% at 3 years.[10, 11] 

Therefore an unmet clinical need remains for bilateral cases of LSCD, and to improve the success 

rate of COMET. 
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For COMET, human oral mucosal epithelial cells (HOME) are most commonly cultured on 

amniotic membrane with murine 3T3s as a feeder fibroblast, and the use of bovine serum (culture 

methods reviewed by Utheim et al. 2016).[12] For cell therapy application the ideal would be to 

produce an autologous cell product using a fully defined culture system free of animal-derived 

products in order to meet regulatory ideals, comply with good manufacturing practice (GMP), and 

eliminate the need for immunosuppression. Any new culture method would however need to be as 

efficacious as possible with equivalent results to the current (gold standard) methods.  

 

We have developed type I collagen-based ‘RAFT’ (Real Architecture For 3D Tissue) tissue 

equivalents, [13] for the purpose of manufacturing biomimetic limbal and corneal tissues populated 

with multiple cell types.[14-16] In addition to being a reproducible substrate RAFT also allows cells 

to be incorporated into the 3D collagen matrix.  

 

We have previously shown that LESC physically interact with melanocytes and a stromal cell 

population in the limbal crypts.[17] Also, cultured human limbal fibroblasts (HLF) are able to 

maintain LESC in vitro in the absence of serum via the paracrine secretion of soluble mediators 

including IL-6.[18] Damage to the limbal crypt architecture can occur in LSCD,[19] suggesting 

potential for ablation of stromal cells and their supporting role for LESC in the niche. Hence, it 

might be beneficial to restore communication between cultured epithelial and stromal cells for 

improved epithelial culture success. Indeed, our previous work has suggested that HLE-HLF tissue 

equivalents may be advantageous over HLE only tissue equivalents in terms of improved epithelial 

organisation and basement membrane protein deposition.[15] We have also shown in a 2D co-culture 

system that human oral mucosal fibroblasts (HOMF) are a suitable feeder fibroblast for the 

expansion of epithelial cells (both limbal and oral).[20] 
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The aim of this study was to investigate the use of the following in combination as a potentially 

safer and more defined culture system to the current gold standard method for the production of 

epithelial cells for use in the clinic to treat LSCD: 1. RAFT as an alternative cell culture substrate to 

biologically variable amnion. 2. The use of HOMF as an autologous alternative to murine 3T3s. 3. 

The use of HOME as an autologous alternative to donor HLE for cases of bilateral LSCD. Tissue 

equivalents with the potential to be autologous were produced and characterised. Firstly, for 

bilateral LSCD, HOME on RAFT supported by HOMF (oral mucosal tissue equivalent). Secondly, 

for unilateral LSCD, HLE on RAFT supported by HOMF (cornea-oral hybrid tissue equivalent). 

Controls with HLF and 3T3 were included to compare how effective HOMF would be as feeder 

fibroblasts in the tissue equivalents. See Figure 1 for a comparison of the culture system used in 

this study and the typical method for producing HOME for the treatment of LSCD. Epithelial cells 

(HOME and HLE) were successfully cultured using the method described. This culture system may 

therefore be useful for the culture of epithelial cells for the treatment of LSCD.  
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Figure 1. Comparison of the culture system used in this study (A) with the typical culture 

method used for culturing HOME for the treatment of LSCD (B). In both A. and B. HOME are 

co-cultured with feeder fibroblasts on a cell support to produce a confluent layer/layers of epithelial 

cells. A. HOMF were used as feeder fibroblasts in order to eliminate murine 3T3s from the culture 

system. In addition, the RAFT cell support was populated with fibroblasts mimicking the fibroblast 

populated stroma found in the cornea. Controls with HOMF replaced by the following fibroblasts: 

3T3s and HLF were also studied, as was the use of HLE instead of HOME. For B. amniotic 

membrane is most commonly used as a cell support.  

HOME: human oral mucosal epithelial cells; LSCD: limbal stem cell deficiency; HOMF: human 

oral mucosal fibroblasts; RAFT: Real Architecture For 3D Tissue, HLF: human limbal fibroblasts; 

HLE: human limbal epithelial cells. 

 

2. Results 

2.1 Multi-layered epithelium observed in oral mucosal and cornea-oral hybrid tissue 

equivalents 

A confluent multi-layered epithelium similar to that found in the human cornea was observed for all 

epithelial-fibroblast tissue equivalent combinations (Figure 2, B and C). The thickness of the 

epithelium varied along the tissue equivalent sections (data not shown). The Bowman’s layer is an 

acellular layer separating the corneal epithelium and the corneal stroma, and is not present at the 

limbus (Figure 2B). The tissue equivalents do not have such a layer, and in this respect are more 

structurally similar to the limbus than the cornea.   
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Figure 2. Multi-layered epithelium, and transparency of the tissue equivalents. A. The corneal 

limbus is located between the sclera and cornea. B&C. H&E images show that all tissue equivalents 

and cornea controls had a multi-layered epithelium. BL indicates the Bowman’s layer which is 

present in the human central cornea but not in the limbus. Scale bars: 100µm. D. Printed alphabet 

letters could be observed through all the epithelial-fibroblast tissue equivalents by eye. HOME-

HOMF: oral mucosa tissue equivalent, HLE-HOMF: cornea-oral tissue equivalent. E. Transparency 

measurements at A475nm showed that although oral mucosal tissue equivalents (HOME-HOMF) 

were less transparent than corneal tissue equivalents (HLE-HLF), they did not differ significantly in 

transparency to HOME controls with HLF or 3T3s (HOME-HLF and HOME-3T3) or to HLE-

3T3.*P<0.05 compared to oral mucosal tissue equivalents, HOME-HOMF (one way ANOVA). 

Cornea-oral hybrid tissue equivalents (HLE-HOMF) did not differ in transparency to cornea tissue 

equivalents (HLE-HLF) or HLE controls with 3T3s (HLE-3T3), fibroblast only tissue equivalents 

or human cornea. Data shown are mean ±SD. ˚P<0.05 compared to cornea-oral hybrid tissue 

equivalents, HLE-HOMF (one way ANOVA).  

 

2.2 Transparency of tissue equivalents 

Letters of the alphabet printed on white paper could be observed through all RAFT tissue 

equivalents by eye (Figure 2D). The transparency (absorbance at 475nm) of tissue equivalents 

(epithelial-fibroblast) with HLE or HOME was not significantly affected by fibroblast type. 

Cornea-oral hybrid tissue equivalents did not differ significantly in transparency to HLE controls 

with HOMF replaced by 3T3 or HLF, or to human cornea controls (Figure 2E, P>0.05).   

The transparency of oral mucosal tissue equivalents was comparable to HOME controls with HLF 

or 3T3s instead of HOMF (Figure 2E, P>0.05). When oral mucosal tissue equivalents were 
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compared to human cornea controls and HLE-fibroblast tissue equivalents, some differences in 

transparency were observed (Figure 2E). In order to determine whether these differences in 

transparency were due to the different fibroblast types in the collagen or their effect on the epithelial 

cells, the transparency of the epithelial-fibroblast constructs was compared to fibroblast only 

constructs cultured for the same length of time. HLF, HOMF and 3T3 only RAFT did not differ 

significantly in transparency. However some differences in transparency were observed between 

HOME-fibroblast and fibroblast only RAFT. Oral mucosal tissue equivalents and HOMF only 

RAFT (P<0.001) were significantly different (Figure 2E) as were HOME controls with 3T3s and 

3T3 only RAFT (P<0.01) (not indicated in Figure 2). Interestingly, there was no significant 

difference in transparency between HOME controls with HLF and HLF only RAFT. HOME 

controls with HLF were also not significantly different to any of the HLE-fibroblast constructs. 

 

2.3 Marker expression in the tissue equivalents 

The putative stem cell marker p63α was expressed in the basal layers of all HOME-fibroblast and 

HLE-fibroblast tissue equivalents similar to the human cornea (Figure 3, A and B). PAX6, CK12, 

and MUC16 which are expressed in the corneal epithelium were investigated to see if using HOMF 

altered the expression of these corneal markers in the tissue equivalents compared to controls with 

HLF or 3T3s.  

HLE-fibroblast tissue equivalents had a similar pattern of expression of p63α, PAX6, and MUC16 

in the epithelial cells to human cornea as detected by immunohistochemistry (Figure 3 and Figure 

4) regardless of the fibroblast type used (HOMF, HLF or 3T3s). Expression of these markers in 

HLE was confirmed by PCR and western blotting (Figure 5). CK12 was also detected in all HLE-

fibroblast constructs by PCR (Figure 5).  

Irrespective of the type of support fibroblast used, p63α and PAX6 (Figure 3-5) were detected in 

HOME in all the tissue equivalents, as was low expression of MUC16 (Figure 3 and 5). In this 
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study no CK12 was detected in the epithelial cells in HOME-fibroblast tissue equivalents by PCR 

(Figure 5A). The oral mucosal tissue equivalents therefore had a different marker profile in the 

epithelial cells (lower MUC16, no CK12) when compared to HLE-fibroblast tissue equivalents or 

human cornea.  

 

PAX6 was observed in all HLE-fibroblast and HOME-fibroblast constructs by PCR, 

immunohistochemistry and western blotting (Figure 4 and 5). Since other studies have used 

cultured HOME as a negative control for PAX6 [21, 22], or found no PAX6 expression in cultured 

HOME [23] we checked to see if PAX6 was present in oral mucosal tissue. PAX6 was observed in 

some areas of a human buccal oral mucosa biopsy (Figure 4B). In contrast to the nuclear PAX6 

observed in the human corneal epithelium, in the oral mucosa PAX6 was localised to the cytoplasm. 

In all HLE-fibroblast constructs nuclear PAX6 was observed similar to that in the cornea, whereas 

in the HOME-fibroblast constructs HOME expressed PAX6 predominantly in the cytoplasm, 

although nuclear expression was also observed in some areas.  



10 
 

 



11 
 

Figure 3: p63α and MUC16 expression in human cornea and tissue equivalents with limbal or 

oral epithelial cells and the following fibroblast types: HOMF, HLF, or 3T3s. A. p63α and 

MUC16 were observed in the human cornea. p63α was observed predominantly in the basal 

epithelial cells. B. p63α was observed in the basal epithelial layer of all epithelial-fibroblast tissue 

equivalents. The basal epithelium is indicated by arrows. C. MUC16 was expressed in all HLE-

fibroblast tissue equivalents. Scale bars are 50µm. FPC: fibroblast populated collagen, epi: 

epithelium, HOME-HOMF: oral mucosal tissue equivalent, HLE-HOMF: cornea-oral tissue 

equivalent. 
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Figure 4: PAX6 expression was detected by immunohistochemistry in human tissue and tissue 

equivalents with limbal or oral epithelial cells and the following fibroblast types: HOMF, 

HLF, or 3T3s. PAX6 was detected in human cornea, human buccal oral mucosa, and epithelial 

cells (HLE and HOME) in the RAFT tissue equivalents. A. Nuclear PAX6 was observed in corneal 

epithelial cells of the human cornea. B. PAX6 was observed in the cytoplasm of some epithelial 

cells in the human buccal oral mucosa. The basal epithelium is indicated by arrows. C. Nuclear 

PAX6 was observed in epithelial cells in all HLE-fibroblast tissue equivalents in a similar location 

and distribution throughout all epithelial layers to that found in the cornea. Epithelial cells in 

HOME-fibroblast tissue equivalents expressed PAX6 predominantly in the cytoplasm (middle row 

of panel). However, some areas also showed nuclear PAX6 localisation (bottom row of panel).  

All scale bars are 50µm. FPC: fibroblast populated collagen, epi: epithelium, HOME-HOMF: oral 

mucosal tissue equivalent, HLE-HOMF: cornea-oral tissue equivalent. 
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Figure 5: Marker expression of epithelial cells in the tissue equivalents. A. PCR. Expression of 

p63α, PAX6, CK12, and MUC16 in epithelial cells (passage 1 HLE and passage 2 HOME) 

supported by the following fibroblast types: 3T3, HLF, and HOMF in the tissue equivalents. p63α 

was expressed in all the tissue equivalents. PAX6, CK12, and MUC16 were expressed in all HLE-

fibroblast tissue equivalents. Low expression of PAX6 and MUC16 was observed in HOME-

fibroblast tissue equivalents. No CK12 was detected in HOME-fibroblast tissue equivalents. n=1*. 

B. Western blot bands obtained. A range of bands was obtained for MUC16 starting at 

approximately 80kDa. C. Relative expression of p63α, PAX6, and MUC16 protein in HLE and 

HOME normalised to GAPDH in the 3D constructs. N=1*. * Same donor cells for PCR and 

Western blotting for HOME (1 donor eye) and HLE (2 eyes from the same donor, one for PCR 
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experiment, and one for western blotting). Epithelial cells were pooled from at least 3 replicate gels 

per epithelial-fibroblast combination). HOME-HOMF: oral mucosal tissue equivalent, HLE-

HOMF: cornea-oral tissue equivalent. 

 

2.4 Oral mucosal and corneal-oral hybrid tissue equivalents have a similar ultrastructure to 

the cornea 

All epithelial-fibroblast constructs had similar features to the human cornea: SEM showed that the 

uppermost epithelial cells in all HLE-fibroblast and HOME-fibroblast tissue equivalents had 

multiple microvilli on their surface (Figure 6), and TEM showed that in all constructs there were 

squamous cells in the top layers of epithelium, and small round cells with a more stem cell like 

phenotype in the basal layer (Figure 7). TEM also revealed either close association or direct 

interaction between basal epithelial cells and fibroblasts in all the epithelial-fibroblast combinations 

(Figure 7).  
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Figure 6: Microvilli on the surface of the superficial epithelial cells in oral mucosa tissue equivalents, 

cornea-oral tissue equivalents, and controls. SEM images showed that the superficial epithelial cells in all 

the tissue equivalents had multiple microvilli on their surface similar to that observed in in vivo human 

corneal epithelium.  Scale bars are 2micron. TE: tissue equivalent. White arrows indicate the border 

between neighbouring cells. 
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Figure 7. TEM images of epithelial cells and epithelial-fibroblast interactions in oral mucosal and cornea-

oral tissue equivalents, and epithelial-3T3 and epithelial-HLF controls. The first column of images is of the 
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top stratified layers with squamous cells labelled as SC. The second column is of cells in the basal layer 

(basal cells labelled as BC) with small round cells with a more stem cell like phenotype. The third column 

shows the interaction between epithelial cells and fibroblasts. Direct contacts were observed between 

basal cells and fibroblasts and are indicated with arrows. Scale bars are 2micron. HOME-HOMF: oral 

mucosal tissue equivalent, HLE-HOMF: cornea-oral tissue equivalent. 

 

3. Discussion 

The RAFT process of producing plastic compressed collagen tissue equivalents has been developed 

with GMP compliance in mind [13] (process now further adapted from that used in this study) and 

provides a reproducible substrate for cell culture. By incorporating fibroblasts into collagen based 

RAFT, the substrate mimics the cell populated stroma found in the limbus, on top of which a multi-

layered epithelium can be cultured to produce a tissue equivalent. All HOME-fibroblast and HLE-

fibroblast tissue equivalents had a multi-layered epithelium and epithelial organisation similar to the 

human cornea with small stem cell like cells in the basal layer and squamous cells with multiple 

microvilli on their surface in the superficial epithelial layer. Direct interaction was observed 

between some basal epithelial cells and fibroblasts in the RAFT substrate mimicking the 

interactions observed in the limbus between putative LESC and limbal stromal cells.[17] These 

interactions may be useful for improved culture success. In addition to use in the treatment of 

LSCD, epithelial-fibroblast RAFT tissue equivalents may be a useful model for studying the 

interactions and communication between epithelial and stromal cells in the limbus or possibly other 

stem cell niches. RAFT has previously been used to create tissue equivalents with bioengineered 

limbal crypts mimicking the limbal crypts found in the human cornea where LESC reside.[24] 

 

HOME and HOMF can be easily isolated from a small oral mucosal biopsy taken from the patient 

and therefore autologous. We have previously shown that HOMF are comparable to 3T3s as a 
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feeder fibroblast for the culture of epithelial cells (HOME and HLE) in a 2D co-culture system.[20] 

Here we have shown that HOMF can also be used as an autologous alternative to 3T3s in the 3D 

RAFT system to support the culture of HOME and HLE, thus removing murine 3T3s from the 

culture process but still allowing important epithelial-fibroblast interactions. In other studies human 

dermal fibroblasts have also been shown to support HOME culture.[25, 26] Autologous fibroblasts 

may therefore be used as 3T3 alternatives in the future for the culture of epithelial cells for clinical 

use in the treatment of LSCD. It is important to make a cell therapy as safe as possible and although 

there is no evidence to suggest that 3T3s have had any adverse effect from their use in graft 

production,[27] removal of these cells from the culture system would eliminate any risk of murine 

viral transmission to human cells. There are two main methods of obtaining epithelial cells from 

limbal/oral biopsies for the treatment of LSCD, either by explant culture or using enzymes such as 

Dispase to produce a single cell suspension (as in this study) which is then cultured on the substrate 

of choice. For COMET, nearly all clinical studies have used the single cell suspension method 

together with 3T3s. Although feeder-free culture methods have been investigated for the production 

of epithelial cells for use in the treatment of LSCD, 3T3s have been shown to be beneficial for HLE 

culture with direct contact between HLE and 3T3s being important for the initiation of epithelial 

colonies for the single cell suspension method,[28] and a combination of direct and indirect contact 

better for producing more progenitor cells than either direct or indirect contact.[28] In the culture 

method used here, epithelial cells had direct contact with fibroblasts on the RAFT surface to 

produce a monolayer and then these cells continued to receive support from the fibroblasts inside 

the collagen (via direct and indirect contact) for continued culture and stratification.  

 

In addition to the use of oral mucosal cells (epithelial and fibroblast), the culture method used here 

is different to that previously described [15, 16, 29] in that the epithelial cells were co-cultured with 

fibroblasts on the RAFT surface rather than seeding epithelial cells only on top. Reasons for the 

method used here include: fewer epithelial cells were required per tissue equivalent, and an 
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increased opportunity for interaction between the epithelial and fibroblast cells. Using fewer 

epithelial cells per graft offers the opportunity for spare cells for uses such as: a backup graft, cells 

to be cryopreserved for use in future treatment if required, and cells for quality control testing prior 

to release.   

 

Comparison of HOME-fibroblast and fibroblast only RAFT suggested that the differences in 

transparency observed were due to the effect of the fibroblasts on the HOME cells rather than the 

transparency of the fibroblasts themselves in the collagen. This comparison indicated that HLF may 

be useful for improved transparency of HOME-fibroblast populated RAFT compared to HOMF or 

3T3s. It may be possible to modify the culture process to improve transparency for example by 

decreasing the time in culture, or by aligning the fibroblasts in the collagen. However the 

transparency of tissue equivalents (epithelial-fibroblast) with HLE or HOME was not significantly 

affected by fibroblast type. Furthermore such modifications may not be necessary as it is anticipated 

that RAFT will be degraded/remodelled once transplanted onto the eye. RAFT tissue equivalents 

have been shown to have comparable rates of degradation to amniotic membrane in vitro.[30] 

 

It is possible that further changes may occur following transplantation of these tissue equivalents 

onto the eye as tissue specific environment has been shown to influence cell fate.[31] Various stem 

cells have been directed towards a more corneal like phenotype using conditions that mimic those 

found in the in vivo LESC niche,[32-35] or by transplanting these cells onto corneas.[36, 37] Several 

papers used conditioned media from HLF (in combination with extracellular matrix).[33, 34] It is 

therefore possible that existing corneal stroma and/or stromal cells may direct HOME to become 

more corneal like post-transplantation. HOME populated tissue equivalents in our study did not 

express CK12 regardless of the supporting fibroblast type (HOMF, HLF, or 3T3), and all expressed 

PAX6 and MUC16. This suggests that in the culture system described here either more than just 

fibroblast type is required to direct HOME towards a more corneal phenotype or HLF are not the 
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best cell type to use for this purpose. Human corneal stromal stem cells for example have been 

shown to be better than human corneal fibroblasts for generating corneal stromal tissue equivalents 

with more organised collagen fibrils and more abundant cornea specific extracellular matrix 

components.[38] It has been shown that HOME transplanted onto the eye during COMET can 

acquire an ocular phenotype particularly in the basal epithelial cells where PAX6 and CK12 were 

upregulated.[39] It may therefore not be so important to acquire a corneal phenotype prior to 

transplantation, as the corneal microenvironment in vivo may be better for inducing a more corneal 

phenotype than fibroblast type in vitro.  

 

Here we have shown PAX6 expression in the cell cytoplasm in some areas of a human buccal oral 

mucosal biopsy. Another study has also detected PAX6 in human oral mucosal tissue,[39] although 

this staining was pan-nuclear. PAX6 is highly expressed in the corneal epithelium and decreased 

PAX6 has been associated with severe ocular surface disorders such as Aniridia, Chemical burn and 

Stevens Johnson Syndrome.[22] Since PAX6 is expressed in the oral mucosal epithelium, HOME 

should have the potential to express PAX6 in culture. Although several studies have found cultured 

HOME to be PAX6 negative,[21-23] we have previously shown PAX6 expression in cultured HOME 

when using a 2D direct contact co-culture method with 3T3s, HLF, or HOMF.[20] Cultured HOME 

can also express PAX6 when cultured as described here on 3D RAFT tissue equivalents with feeder 

fibroblasts and this culture method may therefore be useful for producing HOME cells for ocular 

surface repair. 

In this study the putative stem cell marker p63α was detected in the basal epithelial layer in both 

oral mucosal tissue equivalents and cornea-oral tissue equivalents. The percentage of p63-bright 

cells in the tissue equivalents could be assessed in future work as this has been shown to positively 

correlate with transplantation success for limbal stem cell grafts.[40]  
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In this study primary epithelial expansion was performed on 3T3s prior to seeding onto RAFT. The 

culture method used here could be adapted to completely remove 3T3s from the culture process by 

either eliminating the primary expansion step, or using autologous feeder fibroblasts (HOMF or 

HLF) for primary expansion. Pre-expansion of epithelial cells on 3T3s is commonly performed 

prior to graft production for cultured LESC therapy. It is possible that pre-expansion on HOMF 

may produce greater differences in corneal phenotype compared to HLF or 3T3s as the HOMF 

would have an increased opportunity to influence the epithelial phenotype. However there are 

advantages of having a pre-expansion step such as spare cells for testing. The culture method 

described here could also be adapted to further eliminate animal-derived products from the culture 

system, for example by using autologous serum instead of bovine serum. Autologous serum has 

been shown to be a suitable alternative to bovine serum for the culture of HLE and HOME and has 

been used for the culture of these cells for clinical application in the treatment of LSCD (HOME,[23, 

41-43] HLE [44-49]).  

 

4 Conclusion. [40] 

Here we have shown an alternative culture method for producing autologous epithelial cells for 

potential application in the treatment of LSCD. HOME and HLE were successfully cultured on 

RAFT using HOMF as a feeder fibroblast to produce tissue equivalents with features of the corneal 

epithelium: a multi-layered epithelium with p63α expression in the basal epithelial layer, squamous 

cells in the top layers of epithelium with multiple microvilli on their surface, small round cells with 

a more stem cell like phenotype in the basal layer, and PAX6 expression. A close interaction was 

observed between the fibroblasts and basal epithelial cells similar to that found in the human 

limbus. 
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Ideally cell therapies should be autologous and produced using a fully defined cell culture system 

free of any animal derived products from a patient safety perspective. The typical culture method 

for HOME for use clinically in COMET for the treatment of LSCD uses amniotic membrane as a 

culture substrate and murine 3T3s as a feeder fibroblast. Here RAFT was used as a reproducible cell 

substrate and HOMF as an alternative and autologous feeder fibroblast to murine 3T3s. Oral 

mucosal tissue equivalents (for bilateral LSCD) and corneal-oral tissue equivalents (for unilateral 

LSCD) offer the opportunity for an autologous graft without the need for immunosuppression to 

prevent graft rejection. In addition, cornea-oral hybrid tissue equivalents offer an alternative 

autologous graft to corneal tissue equivalents (populated with HLE and HLF) for the treatment of 

unilateral LSCD.  

 

In addition to potential use in the treatment of LSCD, RAFT tissue equivalents may also be a useful 

model for studying epithelial-stromal cell interactions in the limbus or possibly other stem cell 

niches. 

 

5. Experimental section 

5.1 Donor tissue 

Cadaveric limbal rims were obtained from the Moorfields Lions Eye Bank (London, UK) or the 

Lions Institute Eye Bank (Miami, Florida, US). Buccal oral mucosal biopsies were taken from 

healthy volunteers as previously described.[20] All tissue had appropriate research consent and ethics 

approval (reference number: 09/H0721/50). 
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5.2 Human epithelial cell isolation and culture 

HLE and HOME were isolated as previously described,[20] HLE from cadaveric limbal rims, and 

HOME from human buccal oral mucosal biopsies. These cells were suspended in Corneal Epithelial 

Culture Medium (CECM) [20] and seeded onto growth arrested 3T3s (2.7x104 cells cm-2) in a T25 

tissue culture flask.  Cells were cultured in the presence of 5% CO2 in air at 37ºC.  Culture medium 

was changed three times a week and primary HLE and HOME were cryopreserved in 70% CECM 

(without EGF) plus 20% FBS plus 10% DMSO prior to confluency.  

 

5.3 Human fibroblast isolation and culture 

Following isolation of epithelial cells, HLF and HOMF were isolated by explant culture from the 

remaining limbal rims, or oral mucosal biopsies. These fibroblasts were cultured in DMEM + 

glutamax plus 10% FBS and 1x antibiotic-antimycotic (Life Technologies). Cells were passaged at 

a ratio of 1:3 when subconfluent. HLF and HOMF were used at passage number 5 or 6. 

 

5.4 Growth arrest of fibroblasts 

3T3s, HLF and HOMF were growth arrested with Mitomycin C (MMC) (Movianto or Sigma) as 

previously described:[20]  MMC (10μg ml-1) was added for 3 hours to HLF and HOMF, and MMC 

(4μg ml-1) was added for 2 hours to 3T3s. 

 

5.5 Preparation of RAFT tissue equivalents 

RAFT tissue equivalents described in Table 1 were produced. The aim was to produce a tissue 

equivalent consisting of a multi-layered epithelium on a fibroblast populated collagen stromal 

equivalent. For each epithelial donor (HLE or HOME) the following tissue equivalents were set up: 

epithelial-3T3, epithelial-HLF, and epithelial-HOMF. 
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Table 1. RAFT tissue equivalents investigated in this study and which epithelial-fibroblast 

combinations could produce autologous grafts for the treatment of unilateral and bilateral LSCD. 

*also referred to as cornea tissue equivalent. 

  

 

RAFT tissue equivalents were prepared in cell culture inserts (30 mm diameter, hydrophilic PTFE, 

0.4 µm pore size) (Merck Millipore) placed in 6 well plates using the confined flow compression 

method described by Levis et al. (2012).[14] To make 3 tissue equivalents 9ml type I rat tail collagen 

(2.07mg ml-1, First Link UK) was mixed with 1.125ml Minimum Essential Medium (10x, Life 

Technologies), neutralised with 5M sodium hydroxide, and 660,000 fibroblasts (untreated) in 

fibroblast culture medium (1.125ml) added. This solution was split equally between 3 cell culture 

inserts to give 220,000 fibroblasts per tissue equivalent. Following 30 minutes at 37˚C in a 5% CO2 

in air incubator to induce gelling, compression was performed for 15 minutes at room temperature. 

For compression the following were placed on top of the tissue equivalent; a circle of sterile nylon 

mesh, a circle of sterile filter paper, a roll of filter paper and a 35g weight. Fibroblasts (MMC 

growth arrested) and epithelial cells (HLE or HOME) were co-cultured on the upper surface of 

  Autologous graft? 

Tissue equivalent Cell types used 

(epithelial-fibroblast) 

Unilateral LSCD Bilateral LSCD 

Oral mucosa HOME-HOMF Yes Yes 

Cornea-oral hybrid HLE-HOMF Yes No 

HOME controls HOME-3T3 No No 

HOME-HLF Yes No 

HLE controls HLE-3T3 No No 

HLE-HLF* Yes No 
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these fibroblast populated tissue equivalents. Epithelial cells (126000, passage 1 unless otherwise 

specified) were seeded onto 189000 3T3s, 84000 HLF, or 84000 HOMF. These values were based 

on the following seeding densities: 1.8x104 epithelial cells cm-2, 2.7x104 MMC 3T3cm-2, and 

1.2x104 MMC HLF/HOMF cm-2. Cells were cultured on the tissue equivalents for 13 days in 

CECM (to produce a confluent epithelial layer) and then air-lifted for 5 days to induce stratification 

(multi-layering) of the epithelial cells.  

 

5.6 Removal of epithelial cells from tissue equivalents 

Epithelial cells were removed from the tissue equivalents with 10X trypsin:EDTA. The trypsin was 

quenched with CECM, cells centrifuged at 80-100g, washed with PBS and processed for either 

protein or RNA extraction.  

 

5.7 Polymerase chain reaction (PCR) 

RNA was isolated from epithelial cells using the RNeasy Plus Mini Kit (Qiagen) and quantified 

using an Eppendorf Biophotometer. For each sample, 0.3μg was used to synthesise cDNA using the 

Quantitect Reverse Transcription Kit (Qiagen). PCRs were performed as previously described [20] 

on equal amounts of cDNA (with the following changes: 32 cycles for CK12, and 30 cycles for 

MUC16) using the primers previously described: .[20] Primer sequences were taken from published 

references,[21, 50, 51] and checked using Primer-BLAST (National Centre for Biotechnology 

Information). In addition, sequencing of PCR products was also completed. Products were 

visualised by agarose gel electrophoresis using Hyperladder II (Bioline Reagents Ltd) as a 

molecular weight marker. Controls omitting reverse transcriptase and sample blanks were also 

performed. 
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5.8 Western blotting 

Protein was extracted from epithelial cells using RIPA buffer (Thermo Scientific) plus Halt  

Protease Inhibitor and EDTA (Thermo Scientific), and the concentration quantified using the Pierce 

BCA protein assay kit (Thermo Scientific). Western blotting was performed as previously described 

[20]  using 40µg of each sample and the following primary antibodies: PAX6 (Covance, PRB-278P), 

GAPDH (Millipore, MAB374), MUC16 (Abcam, AB134093) and p63α (Cell Signaling 

Technology, 4892). Primary antibody dilutions used were: MUC16 (1:10,000); PAX6 (1:500); p63α 

(1:800-1:100); and GAPDH (1:1500). The following secondary antibodies were used: goat anti-

mouse HRP (P0447, Dako) (1:10,000) and goat anti-rabbit HRP (P0448, Dako) (1:5000-1:10,000). 

Membranes were visualised using ECL Select western blotting detection reagent (GE Healthcare) 

and a Fuji image reader (LAS-1000 Pro version 2.1). Densitometric analysis was performed using 

Image J software, and results were normalised to GAPDH.  

 

5.9 Electron Microscopy 

RAFT tissue equivalents (3 HLE donors, and 3 HOME donors) were fixed in Karnovsky’s fixative 

and processed for transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM). One human cornea was also processed as a positive control. Samples were visualised on the 

JEOL 1010 TEM (for TEM) or the Zeiss Sigma vpFESEM (for SEM). 

 

5.10 Transparency 

The absorbance of tissue equivalents or corneas at 475nm (both on cell culture inserts) was 

measured using a Safire plate reader to give a measure of transparency. See Table S1 for details of 

experimental replicates and repeats.  
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5.11 Histology and fluorescent immunohistochemistry:  

Tissue equivalents were fixed in 4% paraformaldehyde (PFA) for 30 minutes at room temperature. A 

human cornea was also fixed for use as a positive control. The cornea/tissue equivalents were then 

embedded in paraffin for sectioning (7µm) with a microtome. A human buccal oral mucosal biopsy 

was also fixed and processed to see if PAX6 was expressed in this tissue. All sections were dewaxed 

in xylene followed by rehydration using 100% IMS, 90% IMS, 70% IMS and de-ionised water.  

 

For p63α and PAX6, antigen retrieval was performed using sodium citrate buffer (pH6) at 95°C for 

20 minutes followed by blocking with 10% goat serum at room temperature for 60 minutes. Sections 

were then incubated with either the primary antibody to p63α (1:50, Cell signalling technology) or 

PAX6 (1:50, Covance) at room temperature for 60 minutes. Sections were then washed and incubated 

with the secondary antibody goat anti-mouse Alexa Fluor 594 (1:500; Invitrogen) for 60 minutes in 

the dark. After washing, samples were mounted with vectorshield DAPI (Vector Labs) and cover 

slipped. The samples were analysed using a Zeiss LSM 700 microscope. IgG controls were also 

performed for PAX6.  

 

For MUC16 antigen retrieval was performed in sodium citrate buffer (pH6) at 95°C for 10 minutes 

and the slides were allowed to cool in the buffer at room temperature for 20 minutes. Following 

blocking in 10% goat serum for 60 minutes the primary MUC16 antibody (Abcam) was applied neat 

at room temperature for 10 minutes. The Dako REAL Detection system Peroxidase/ DAB+ kit (Dako) 

was used for the rest of the experiment. Dako REAL Link Biotinylated Secondary Antibody was 

applied neat at room temperature for 30 minutes and washed with PBS. Following this, Dako 

REAL™ Streptavidin Peroxidase was applied neat at room temperature for 30 minutes and washed 

with PBS. Dako REAL™ DAB+ Chromogen was added to Dako REAL™ HRP Substrate Buffer 

(1:50) and applied to the sections at room temperature for 10 minutes. Following PBS washes, the 
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sections were counterstained with haematoxylin, mounted in DPX and cover slipped. Further analysis 

was performed using an inverted light microscope. 

 

5.12 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software. One way ANOVA was performed 

(Bonferroni post-test) with p<0.05 considered to be statistically significant. See table S1 for details 

of sample size for transparency data.  

 

Supporting information 

Supporting information is available from the Wiley Online Library or from the author.  
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