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Abstract
Regenerative medicine refers to innovative therapies aimed at the permanent restoration of
diseased tissues and organs. Regeneration of self-renewing tissues requires specific adult stem
cells, which need to be genetically modified to correct inherited genetic diseases. Cultures
of epithelial stem cells permanently restore severe skin and mucosal defects, and genetically
corrected epidermal stem cells regenerate a normal epidermis in patients carrying junctional
epidermolysis bullosa. The keratinocyte stem cell is therefore the only cultured stem cell used
both in cell therapy and gene therapy clinical protocols. Epithelial stem cell identification,
fate and molecular phenotype have been extensively reviewed, but not in relation to tissue
regeneration. In this paper we focus on the localization and molecular characterization of
human limbal stem cells in relation to corneal regeneration, and the gene therapy of genetic
skin diseases by means of genetically modified epidermal stem cells.
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Squamous epithelia are constantly renewed. Being the
first protective barrier against the external environ-
ment, these epithelia receive daily assaults, such as
wounds, which need timely repair. Epithelial stem
cells are responsible for such regeneration and repair
processes. Stem cells have the unique capacity to self-
renew and to generate committed progenitors — often
referred to as transient amplifying (TA) cells — that
differentiate into the cell lineages of the tissue of origin
after a limited number of cell divisions [1–5]. TA cells
increase the number of differentiated progeny pro-
duced by each stem cell division, enabling stem cells
to divide infrequently, at least under normal home-
ostasis. Regenerative medicine aims at the permanent
restoration of damaged tissues. It thus requires tissue-
specific stem cells (cell therapy), which need to be
genetically modified to correct inherited genetic disor-
ders (gene therapy). In 1984, Howard Green and his
colleagues reported that the life of two children pre-
senting full-thickness burns covering over 95% of their
body surface was saved by transplantation of autolo-
gous cultured keratinocytes [6]. This masterwork ini-
tiated the age of regenerative medicine by means of
cultured stem cells [7]. Since then, keratinocyte cul-
tures have been used worldwide to regenerate the epi-
dermis of thousands of victims of third-degree burns

[8]. Permanent epidermal regeneration, confirmed by
follow-up studies over a 20 year period, has been
achieved in many of these patients [8]. Keratinocyte
stem cells are currently used to regenerate many types
of squamous epithelia [8]. In this paper, we will
address specific issues related to limbal stem cells and
corneal regeneration and the gene therapy of genetic
skin diseases by means of genetically modified epider-
mal stem cells.

The stem cells of the corneal epithelium

The human ocular surface is covered with conjuncti-
val and corneal squamous epithelia. The conjunctival
epithelium lies on a vascularized stroma and allows
the movement of the eyelid over the cornea, the main-
tenance of the normal lid-globe apposition and the
limbal vascular supply. It contains unicellular mucin-
secreting goblet glands generated as part of a specific
differentiation programme of conjunctival stem cells
[9,10]. The cornea is covered with a flat epithelium,
devoid of goblet cells, lying on the corneal stroma
by Bowman’s layer [11]. The clearness of the cornea,
which depends on stroma avascularity and epithelial
integrity, is essential to visual acuity. The narrow
zone between the cornea and the bulbar conjunctiva
is referred to as the limbus. The limbal epithelium
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consists of layers of cells organized in ridges known
as palisades of Vogts, and is populated by Langerhans
cells and melanocytes. The limbus harbours the stem
cells of the corneal epithelium [10,12–18]. Limbal
stem cell identification and molecular characteriza-
tion have been reviewed [19,20], but not in relation
to tissue regeneration. We address here some of the
issues related to limbal stem cell-mediated regenera-
tive medicine.

Location of human corneal stem cells

Experimental and clinical evidence pointing to the
limbus as the source of corneal epithelial stem cells is
compelling [19–22]. Relatively undifferentiated and
slow-cycling epithelial cells have been found in the
limbal basal layer but not in the central cornea
[12–14]. Cell migration from the limbus towards a
wounded cornea [14,15,20,23–26] and mathematical
analyses of the maintenance of the corneal epithelial
cell mass [27] strengthened the X, Y, Z hypothesis
of corneal epithelial preservation by proliferating and
migrating limbal stem cells [28]. Surgical removal
of the limbus initially results in corneal healing [29]
but subsequent corneal mechanical wounds result in a
progressive vascularization and recurrent erosions of
the cornea, confirming that the corneal epithelium has
a limited regenerative capacity [29]. Putative limbal
stem niches (crypts) have been identified as solid cords
of cells that extend from the peripheral end of the
palisades of Vogts into the underlying stroma [30].
Corneal malignant tumours, which are thought to arise
from stem cells, are found exclusively in the limbus.

In humans, peripheral and central corneal cells have
a much lower clonogenic and proliferative capacity
than the corresponding limbal cells [10]. When lim-
bal epithelium is deficient, the cornea acquires an
epithelium by invasion of bulbar conjunctival cells
(conjunctivalization) originating beyond the destroyed
limbus. This clinical entity, known as limbal stem cell
deficiency, leads to neovascularization, chronic inflam-
mation, recurrent epithelial erosions, stromal scarring,
corneal opacity and loss of vision [16]. A number
of ocular surface diseases, including chemical and
thermal burns, Stevens–Johnson syndrome, cicatricial
pemphigoid, contact lens-induced infections, chronic
keratitis, repeated surgery and aniridia, share in com-
mon partial or total limbal stem cell deficiency [20].
Strikingly, the entire corneal epithelium can be perma-
nently regenerated by a surgical technique involving
the removal of free grafts of limbal tissue from the
contralateral healthy eye that are then transplanted
onto the diseased eye of patients with unilateral total
destruction of the limbal–corneal epithelium [17].

Epithelial stem cells can be studied at a single-
cell level. Clonal analysis of human keratinocytes
has identified three types of clonogenic cells, giving
rise to holoclones, meroclones and paraclones [31].
The holoclone-forming cell is the smallest colony-
founding keratinocyte, has the highest proliferative

capacity and is the stem cell of the epidermis and
the hair follicle [32]. It soon became clear that the
holoclone-forming keratinocyte is the stem cell of vir-
tually all human squamous epithelia [3,8,10,33]. Holo-
clones have all the hallmarks of stem cells, including
self-renewal capacity [32,34,35], telomerase activity
and long telomeres [36], and an impressive prolifera-
tive potential. A single holoclone can indeed generate
the entire epidermis or the entire corneal epithe-
lium of a human being [10,32]. Holoclone-forming
cells generate all the epithelial lineages of the tis-
sue of origin [10,34,37,38], permanently restore mas-
sive epithelial defects [6,39–43] and can be retrieved
from human epidermis regenerated from cultured ker-
atinocytes years after grafting [8]. Finally, a defined
number of genetically corrected holoclone-forming
cells regenerate a normal epidermis in patients with
genetic skin adhesion disorders [44]. During its clonal
evolution, the holoclone produces paraclone-forming
cells, which have a very limited proliferative capabil-
ity, generate aborted colonies containing only terminal
cells and have the properties expected of TA cells
[10,31]. Meroclones have an intermediate prolifera-
tive and clonogenic potential and are a reservoir of
paraclones [10,31].

Clonal analysis of the human ocular surface have
shown that holoclone-forming cells are located in the
limbus but not in the central cornea [10]. The corneal
epithelium is formed by cells with different capacities
for multiplication and the properties expected of TA
cells. Clonogenic cells in the peripheral human cornea
have a higher proliferative potential than those in the
central cornea, which generates only aborted colonies
[10].

However, a recent study has challenged the notion of
corneal stem cells being located exclusively in the lim-
bus [45]. Experiments envisaging (a) transplantation
of limbal grafts from lacZ Rosa 26 mice onto the
limbal region of athymic or SCID mice, (b) corneal
healing after surgical destruction of the limbus and
(c) transplantation of central corneal grafts onto the
limbal region of recipient mice, have collectively
demonstrated that both the limbus and the central
cornea of mice can contain stem cells [45]. Accord-
ingly, cells generating large colonies were found in the
uninjured central cornea of many mammals, including
mice, pigs and rabbits [45]. This study concluded that
during normal homeostasis the central corneal epithe-
lium is self-sustaining, and that limbal stem cells are
recruited only in the presence of a corneal injury [45].
A similar mechanism has been postulated in the skin,
where hair follicle stem cells are recruited to regen-
erate an epidermis only in the presence of a massive
epidermal destruction [46].

The dogma that murine corneal stem cells reside
exclusively in the limbus has been, at least initially,
based on the presence of label-retaining cells in the
limbal but not in the corneal epithelium [13,14,47].
The study from Mayo et al disavows this dogma and
supports the grounded opinion that mitotic quiescence
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is not an obligatory property of stem cells [48]. Stem
cells of intestinal crypts have been estimated to divide
every 24 h [49,50] and haematopoietic stem cells are
not necessarily quiescent [51]. Mayo et al have also
shown that the limbus and central cornea of mice
contain oligopotent stem cells able to acquire a corneal
or a conjunctival fate, depending upon a differing
stromal environment [45], challeging the notion of the
existence of two independent populations of stem cells
in the cornea and conjunctiva [9,10]. It is crucial to
pose the question, does all this hold true for human
beings?

Of mice and men

The model proposed by Mayo et al is in sharp con-
trast (a) with compelling clinical evidence pointing
to the essential role of the limbus in maintaining
human corneal integrity [19–22], (b) with the unde-
batable notion that conjunctival cells cannot regenerate
a corneal epithelium — invasion of the conjuntival
epithelium onto a corneal surface causes corneal opaci-
fication and vascularization, independently of the stro-
mal environment [16,18–22] (see also Figure 2B, C),
and (c) with the notion that only conjunctival holo-
clones can generate goblet glands [10].

These opposing views could be reconciled by the
observation that, at variance with other mammals,
holoclone-forming cells are contained in the limbus
but not in the central cornea of human beings. Mayo
et al have indeed confirmed that cells giving rise to
holoclone-type colonies were detected in the central
cornea of mice, rabbits, pigs and cows but not humans
[45], and that the few clonogenic cells contained in the
central human cornea generate only aborted colonies
[10,45]. These observations explain the clinical entity
known as limbal stem cell deficiency and the thera-
peutic approaches used to cure it (see below). There-
fore, the physiology of the human corneal epithelium
appears to be somehow different from that of other
mammals. Of note, the avascular Bowman’s layer
underlying the central corneal epithelium is present
in humans (and primates) but not in other mammals
[11], suggesting that a different stromal environment
between species could, at least in part, explain those
differences.

Similarly, lineage-tracing experiments have shown
that a single type of progenitor cell sustains normal
homeostasis of murine tail epidermis [52]. These data
challenge the stem/TA cell model [53] and are con-
sistent with the observation that most clonogenic cells
can sustain an epithelium in mice [34,38]. Obviously,
lineage-tracing experiments cannot be performed in
humans. Altogether: (a) the different distribution and
growth characteristics of clonogenic cells in mice ver-
sus humans [45]; (b) the notion that holoclones, but
not paraclones, behave as self-renewing stem cells
[35,36]; (c) the existence of a repertoire of tran-
scription factors reflecting differences in self-renewal
and proliferative capabilities of human epithelial cells

[35,54]; and (d) the notion that not all clonogenic cells
sustain the permanent regeneration of an epithelium
[8,41,42,44,55] confirm, in our opinion, the existence
of stem and TA cells in human squamous epithelia. Of
note, in the bulge of the murine hair follicle there are
distinct clonogenic cells endowed with stem cell prop-
erties [37]. Sox9+ bulge stem cells are instrumental in
maintaining the population of Sox9− TA cells, essen-
tial for the formation of hair follicle lineages [56].
The single progenitor model has been shown in the
mouse tail skin, which is a specialized scale-forming
epidermis, but not in the mouse back skin [52,53].

Differences between mice and humans have been
reported in other tissue regeneration models. In mdx
mice lacking dystrophin, the progressive muscle-
wasting disease presents itself in a much milder form
than in humans. At variance with humans, mdx mice
show little weakness and have a near-normal lifespan.
This partial recovery is the result of muscle regener-
ation promoted by an expansion of the satellite cells
and muscle hypertrophy, probably related to a higher
self-renewal potency of satellite cells in mice as com-
pared to humans. The absence of these regenerative
properties in the human muscle justifies the severity
and lethality of human muscular dystrophy (reviewed
in [57]).

Thus, extreme caution should be used in inferring
human epithelial physiology from animal data. In
the case of corneal (and epidermal) regeneration, the
potentially misleading extrapolation of animal data
could have a deleterious impact on the choice of
either surgical therapy of massive corneal defects, or
quality controls assuring the clinical performance of
keratinocyte cultures.

Searching for a limbal stem cell marker

Integrins (α9 and β1), NGF receptors (TrkA), ATP-
binding cassette subfamily G, member 2 (ABCG2),
CD34 and CD133, α-enolase and metabolic enzymes,
vimentin and K19, have all been proposed as mark-
ers for mammalian limbal stem cells, but most of
them lack stem cell specificity (reviewed in [19,20]).
Integrin β1 and TrkA are expressed by the basal
cells of both limbus and cornea [58,59], whilst inte-
grin α9 is expressed by TA cells [60]. Metabolic
enzymes, α-enolase, vimentin and K19 are expressed
by the majority of basal limbal (and in some instances
corneal) cells [19,20]. CD133 is expressed in the entire
corneal epithelium [61], whereas CD34 appears to be
expressed in murine but not human epithelia [61,62].
Of the numerous markers investigated, the p63 tran-
scription factor [63] is one of the more reliable we
have at the present for the human limbal stem cell
[20]. Although p63 has been proposed as an essential
determinant of the proliferative potential of stem cells
in stratified epithelia [26,35,64,65], many investigators
do not regard p63 as a truly specific marker of limbal
stem cells [19].
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The p63 (corneal) controversy

Ablation of the p63 gene results in the absence of
stratified epithelia [66,67]. Mutations of p63 cause
disorders of the epithelia and of non-epithelial struc-
tures whose development depends on the epithelial
functions, particularly in the cranio-facial region [68].
The essential function of p63 in the development of
squamous epithelia is still the subject of controversy
[69–73], but there is a good deal of evidence sup-
porting the hypothesis that p63 is a determinant of
stem cell proliferative potential in these epithelial cell
types. The basis for this hypothesis is that, in the new-
born mouse whose p63 gene has been ablated, there
are detectable terminally differentiated suprabasal ker-
atinocytes but no proliferative basal layer contain-
ing the stem cell population necessary to sustain the
epithelium [67].

In humans, p63 is expressed in patches of limbal but
not corneal basal cells [26,58,74]. Smaller clonogenic
cells express higher levels of p63 than larger cells
[75]. The �Nα isoform of p63 is strongly expressed
in holoclones (and weakly in meroclones) but is
undetectable in paraclones, being the first polypeptide
able to distinguish these clonal types [26,74]. Other
laboratories have argued that the expression of p63 by
the majority of limbal basal cells and by suprabasal
cells, as assessed by the 4A4 antibody recognizing all
p63 isoforms (see below), should be considered too
broad to be stem cell-specific [61]. The observation
that p63 can be contained in the central cornea, in
groups of cells rather than in individual cells [61],
and in most proliferating cells [76], further argued
against limbal stem cell specificity. These opposing
views could be reconciled by a careful analysis of
the function and expression of p63 and the repertoire
of transcription factors regulating the self-renewal and
the proliferative potential of human limbal stem cells.

The p63 gene generates six isoforms [63]. The
transactivating isoforms are generated by an upstream
promoter; the truncated �N isoforms are produced
from a downstream intronic promoter and lack the
transactivation domain. For both transcripts, alterna-
tive splicing gives rise to three different C termini,
designated α, β and γ [63]. Depending on the condi-
tions, limbal and corneal keratinocytes may contain
all three �N isoforms. In the uninjured surface of
the eye, �Np63α is present in the limbus but absent
from the corneal epithelium. �Np63β and �Np63γ
(and �Np63α) appear upon wounding and correlate
with limbal cell migration and corneal regeneration
and differentiation [26]. Discrepancies in p63 expres-
sion can therefore be ascribed (at least in part) to the
use of a pan-p63 antiserum (which has been used in
most of the studies) and to the level of integrity of the
corneal specimens. Indeed, the activation of a corneal
wound-healing process, characterized by the appear-
ance of p63 and clonogenic cells within the central
corneal epithelium, can already be observed a few
hours after cornea withdrawal, expecially in donors
presenting with incomplete closure of the eyelids [26].

Figure 1 shows a schematic description of a model
for human corneal regeneration (from Barbaro et al
[35]). Limbal stem cells shift from a homeostatic
state of relative quiescence to rapid proliferation upon
central corneal wounding [14,26]. Co-expression of
C/EBPδ, Bmi1 and �Np63α identifies mitotically qui-
escent limbal stem cells in vivo and holoclones, but not
meroclones and paraclones, in vitro, hence identifying
part of the genetic programme maintaining human lim-
bal stem cell identity [35]. Of note, only a fraction of
�Np63α+ cells contained in a holoclone co-expresses
C/EBPδ. That fraction is mitotically quiescent, even
in culture [35]. C/EBPδ and Bmi1 are never found
in the human central corneal epithelium [35]. C/EBPδ
positively regulates the expression of �Np63α, which
sustains the proliferative potential of stem cells in

Figure 1. Schematic description of a model for human corneal regeneration (from Barbaro et al [35]). Under normal homeostasis,
stem cells localized in the basal layer of the limbus co-express C/EBPδ and Bmi1 (blue), which are responsible for mitotic quiescence
and self-renewal properties [35], and �Np63α (red), which sustains the stem cell proliferative potential [26,64,65,69,74,77,78].
These cells give rise to holoclones in culture [35]. When a corneal wound occurs, a fraction of limbal stem cells switches off
C/EBPδ (and Bmi1) but maintains �Np63α (red). Activated �Np63α+ stem cells proliferate and migrate to the central cornea
to restore and regenerate the corneal epithelium [26,35]. Activated stem cells, however, lose their self-renewal properties, enter
into the TA compartment and progressively lose �Np63α expression. TA cells switch on �Np63β and �Np63γ , which might
regulate terminal differentiation and stratification during the regeneration of the damaged corneal epithelium [26]
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several stratified epithelia [64,65,69,77,78], includ-
ing the limbus [26,35]. Instead, C/EBPδ but not
�Np63α regulates mitotic quiescence and self-renewal
of limbal stem cells [35], strengthening the notion
that proliferation and self-renewal capabilities are two
related, albeit distinct, processes. During an acute
wound, �Np63α+ limbal stem cells are released from
C/EBPδ-dependent mitotic constraints, unchain their
remarkable �Np63α-dependent proliferative capacity,
multiply and migrate to repair the wound (Figure 1).
This process causes the irreversible loss of self-
renewal and leads to corneal terminal differentiation,
which is associated with expression of �Np63β and
�Np63γ [35] (Figure 1).

Thus, self-renewing human limbal stem cells can be
identified by the co-expression of �Np63α, C/EBPδ
and Bmi1, rather than �Np63α alone. �Np63α+/C/
EBPδ− limbal cells maintain their regenerative capa-
bility but have lost their capacity for self-renewal,
being already engaged in corneal regeneration. How-
ever, that �Np63α+/C/EBPδ− cells maintain stem cell
features can be inferred from the notion that enforced
expression of C/EBPδ indefinitely sustains the self-
renewal of �Np63α+ cells but cannot rescue the
regenerative and self-renewal capability of clonogenic
�Np63α− cells (paraclones) [35].

Corneal regeneration by limbal stem cells

Allogeneic corneal transplantation (keratoplasty) is
widely used to repair a damaged corneal stroma. Once
an allogeneic corneal transplant has been grafted in a
recipient, its outer surface will eventually be replaced
by a host-derived corneal epithelium generated by
undamaged autologous limbal stem cells. However, if
the patient has an extensive destruction of the limbus, a
functional corneal epithelium can no longer be formed,
the keratoplasty is unsuccessful and the cornea re-
acquires an epithelium by invasion of bulbar conjunc-
tival cells originating beyond the destroyed limbus.
This process worsens symptoms, neovascularization,
inflammation, scarring and corneal opacification asso-
ciated with the original injury. In the past, unsuccessful
keratoplasty has been performed on patients with lim-
bal deficiency because the role of the limbus in corneal
regeneration was not fully understood. The recognition
of the limbal location of corneal stem cells changed
the therapeutic approach towards the management of
massive limbal/corneal destruction. The only way to
prevent the corneal conjunctivalization is indeed to
restore the limbus. This was first carried out in the
pioneering work of Kenyon and Tseng [17], by graft-
ing rather large limbal fragments of the uninjured eye
onto the diseased eye of patients with unilateral lim-
bal–corneal destruction. The possibility of reducing
the loss of normal limbus by growing small limbal
fragments in culture was soon recognized [79] and
cultured limbal cells were found to include stem cells
detectable as holoclones [10].

This made possible the therapeutic use of limbal
cultures (Figure 2A) for the permanent regenera-
tion of a corneal epithelium in patients with lim-
bal stem cell deficiency due to chemical or ther-
mal burns [40,43]. If the injury detroys the lim-
bal–corneal epithelium but not the corneal stroma
(Figure 2B), limbal cultures are sufficient to restore
corneal integrity and visual acuity (Figure 2C). But
if there had been scarring of the corneal stroma
(Figure 2D), the grafted eye — although covered by
a normal epithelium — might recover only 10–30%
of visual acuity. In order to improve the recovery of
vision, a keratoplasty to remove the stromal scar is
needed (Figure 2E). The engrafted limbal stem cells
are able, a second time, to generate the corneal epithe-
lium necessary to resurface the underlying stroma,
and this time the grafted eye recovers its visual acu-
ity (Figure 2E). The possibility of covering the entire
corneal surface using a 1 mm2 limbal biopsy avoids
potential damage to the healthy eye. Limbal cells can
be cryopreserved and used in the event that the first
graft fails. More importantly, cultivation of limbal
cells offers a therapeutic chance to patients with bilat-
eral corneal damage.

During the last 10 years, in collaboration with 26
ophthalmological departments, we have treated over
240 patients with limbal stem cell deficiency resulting
from chemical burns. Many patients had previously
received an unsuccessful keratoplasty. Grafting of
cultured limbal cells was successful in 78% of the
patients, as indicated by disappearance of symptoms
and the regeneration of a normal corneal epithelium.
Up to 9 years of subsequent observation has confirmed
the continuing integrity of that epithelium. This entire
treatment is now reimbursed as an approved therapy
by the National Health System of Italy.

The clinical use of cultured limbal stem cells
was first described by Pellegrini et al in 1997 [40].
Since then, many reports of the clinical use of this
technology have been published, and the clinical
outcome of these studies has been reviewed recently
[8,22,80,81]. Different culture methods and substrates
adopted for limbal cell cultivation has also been
reviewed [22] but not in relation to the clinical
performance of the cultures. We therefore address
some of the issues that have profound implications for
the regenerative potential of limbal stem cell cultures.

The culture method and the preservation
of functional stem cells

The clinical success of keratinocyte-mediated cell ther-
apy depends first on the quality of the cultures used to
prepare the grafts. This does not mean that the cultures
should contain a well-organized stratified epithelium,
but rather that they must contain a sufficient num-
ber of stem cells essential for long-term epithelial
renewal. Only when this criterion is met does suc-
cess then depend exclusively on the clinician. In the
absence of an adequate number of limbal stem cells
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Figure 2. Restoration of the corneal epithelium in patients with complete unilateral limbal stem cell deficiency. (A) Secondary
culture of limbal cells on a fibrin matrix approximately 3 cm in diameter. The fibrin is completely digested within 24 h after
grafting, leaving no intervening matrix between the limbal cells and the wound bed [43]. (B) A 20 year-old woman had a thermal
burn of her right eye in 2001. At admission, the corneal surface was covered by a vascularized conjunctival epithelium. Her visual
acuity was reduced to hand movement. (C) In July 2005, a 2 mm biopsy taken from her left limbus was used to make secondary
limbal cultures for grafting to her injured eye. Within 1 week after grafting, the corneal surface was covered by a transparent
epithelium. Since the patient did not have severe stromal scarring, limbal cultures were sufficient to restore corneal integrity and
visual acuity. The appearance of the eye is shown 1.5 years after the grafting of the limbal culture. (D) A 43 year-old male had a
chemical burn of his right eye in 1998 and was treated unsuccessfully by pannectomy and amniotic membrane. At admission, his
corneal surface was covered with a fibrovascular tissue with overlying pannus of abnormal conjunctival epithelium and his visual
acuity was reduced to hand movement. (E) In May 2004, a 2 mm biopsy taken from his left limbus was used to make secondary
limbal cultures for grafting to his injured eye. Within 1 week after grafting, the corneal surface was covered by a transparent
epithelium. Due to scarring of the corneal stroma resulting from the initial injury, the visual acuity was only 0.1. A penetrating
keratoplasty was therefore performed in September 2005. The appearance of the eye is shown 4 years after the grafting of the
limbal culture and nearly 3 years after the keratoplasty. The cornea appears virtually normal. The patient recovered a visual acuity
of 0.7 (because of a subcapsular cataract)

detectable as holoclones, failures of corneal regener-
ation are inevitable and will entail not only patient
suffering but also general confusion as to what results
are to be expected [8]. The same concept holds true
for epidermal regeneration in full-thickness burns [41].
Evaluation of the number of holoclones within a cul-
tured epithelial graft is considered the best available
quality control assuring the clinical performance of
keratinocyte cultures [8,41–43].

Preservation of holoclones requires both a prop-
erly prepared feeder-layer of lethally irradiated 3T3
cells and an appropriately selected fetal calf serum
[8,41,42,81]. Keratinocytes cultured using this method,
originally developed for epidermal keratinocytes [82],
have been used: (a) since the 1980s on thousands
of patients for the life-saving treatment of mas-
sive full-thickness burns (reviewed in [8]); (b) to
restore pigmentation of stable vitiligo and piebaldism
[83,84]; (c) to regenerate a functional urethral epithe-
lium in patients with posterior hypospadias [39,85];
and (d) since the late 1990s for the restoration of
the corneal surface on hundreds of patients with lim-
bal stem cell deficiency (reviewed in [8]). During
these nearly three decades, no adverse effect has been
reported and this culture method has been approved
by the Food and Drug Administration (FDA) in both
the USA and Japan.

Alternative culture methods have nevertheless been
proposed, envisaging the removal of the feeder-layer
and/or the fetal calf serum, on the assumption of poten-
tial (theoretical) risks from the use of these reagents.
In none of these studies, however, has a careful eval-
uation of stem cell preservation been performed.

The colony-forming efficiency assay is not sufficient
to evaluate the number of stem cells. It indicates the
capacity of a cell to found a colony, but it does not
inform about its capacity to produce cell generations.
Aborted colonies (paraclones) can be distinguished
from the other clonal types, but it is not possible to
distinguish holoclones from meroclones solely based
on a colony forming efficiency. Evaluation of stem
cell content requires a clonal analysis, in which
single cell-derived colonies are analysed and scored as
holoclones after sub-cultivation [10,31]. The presence
of holoclones in limbal grafts has been evaluated in
only one study [43].

This said, the determination of the number of holo-
clones would be cumbersome [31] as a standard test
for the quality of cultured grafts. The number of
aborted colonies, which is inversely related to the
number of holoclones, is easier to score [35,42]. The
proportion of colonies aborting rises slightly during
the two stages of cultivation but the mean value should
not reach 10% of the total. Autologous cultures of this
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quality are acceptable for grafting [8]. The identifica-
tion of holoclones by immunodetection of �Np63α

is another important and simple method for deter-
mining the presence of an adequate number of stem
cells in a cultured limbal graft [8]. The abundance of
�Np63α — but not that of the �Np63β and �Np63γ
isoforms — strongly declines during clonal transition
from holoclone to meroclone, and the protein is virtu-
ally absent from paraclones [26,35]. The immunode-
tection of �Np63α should first be validated and based
on the level of expression of the protein. The frequency
of p63+ cells can be evaluated by computerized anal-
ysis of the intensity of staining of single cells, as
assessed by automated quantitative immunocytochem-
istry, using as a reference a limbal strain that contains
a known percentage of holoclones [8,86]. Holoclone
content, long-term proliferative capacity and expres-
sion of high levels of �Np63α correlated well in both
mass and clonal cultures [8,86]. Analyses of clini-
cal data indicated that grafts containing <3% of cells
expressing a high level of �Np63α had a high risk
of failure (manuscript in preparation). Based on these
data, primary cultures possessing <3% of cells with
high levels of p63 are currently not used to prepare
grafts.

The first clinical application of cultured human lim-
bal cells could not be reproduced on a large scale
because of the fragility of the epithelium [40]. A
significant improvement was the use of supporting
materials for cell culture, transportation and trans-
plantation onto patients, such as fibrin glue [41–43],
amniotic membrane [87–90], polymers [91], collagen
sponges or strips, devitalized membranes or polymers
(reviewed in [92]). As with culture media, however,
the issue of holoclone preservation arises when differ-
ent substrates are proposed for limbal cell cultivation.

The fibrin matrix is an ideal mechanical support,
since does not alter the cultured cells, yet it is
highly manageable [41–43]. Fibrin glue has adhesive
properties, therefore no sutures are needed to tie the
cultured epithelium to the underlying corneal stroma;
it is able to protect the proliferative compartment
of the epithelium during transportation and surgery
and it is degraded within 24 h after transplantation
[41–43]. Of paramount importance, fibrin is the only
substrate where maintenance of holoclone-forming
cells, preservation of a proper amount of p63-positive
cells and limbal cell long-term proliferation have so
far been formally proved [41–43].

The most widely used support is human amniotic
membrane. When the amnion is to be used as a sub-
strate for cultured cells, the amniotic epithelium is usu-
ally removed in order to allow their attachment. Amni-
otic membrane has been used for cell cultivation by
numerous investigators, either with or without a 3T3
feeder layer [87–90]. When limbal keratinocytes cul-
tured on such support were applied to the eye affected
by different diseases, the treatment resulted in notable
improvement of the ocular surface [93,94]. However,
neither holoclone preservation, nor clonogenic ability

and proliferative potential, nor p63 immunodetection
have been tested in these culture conditions.

Poly(N -isopropylacrylammide) polymer is a newly
developed temperature-responsive support [91]. Such
a polymer allows cells to be detached from the culture
dish because it reverses its hydration properties with
temperature: reducing the temperature of the culture
below 30 ◦C causes swelling and complete detachment
of adherent cells. It would be interesting to determine
whether this support affects cell behaviour. Indeed, as
with the amniotic membrane, neither holoclone preser-
vation nor proliferative potential have been tested on
cells grown onto this temperature-sensitive support.

Furthermore, in many of these studies the number
of cases treated is small and includes a variety of
causes of the ocular diseases treated. It will be
difficult to obtain clearly interpretable results until
studies are carried out on a larger group of patients
with disease of common aetiology. The follow-up
periods were occasionally longer, but often 1 year or
less. Information on the long-term durability of the
improvement is important for understanding both the
value of the treatment and the mechanism by which
the improvement takes place.

In summary, during the last few years, new cul-
ture technologies have been proposed for limbal stem
cell culture, envisaging new culture media and/or cul-
tivation of limbal cells onto different carriers, even
with cells in suspension. Maintenance of holoclones
has never been demonstrated in these conditions, with
the exception of limbal cells grown on the fibrin
matrix and in the presence of lethally irradiated 3T3
cells and fetal calf serum [43]. It should be consid-
ered that irreversible clonal evolution occurs during
serial keratinocyte cultivation in vitro [10,35]. Incor-
rect (or non-validated) culture conditions can irre-
versibly accelerate the clonal conversion and hence
can cause a rapid disappearance of stem cells (our
unpublished data), rendering the cultured autograft
useless. In our opinion, the proposal of a new culture
system and/or of a new carrier for autologous limbal
cells destined for the permanent restoration of massive
corneal destruction should be preceded by: (a) direct
demonstration of the presence of holoclones in the
culture; (b) periodical clonal analysis of a reference
strain of limbal cells (in terms of both clonogenic and
growth potential); (c) evaluation of the percentage of
aborted colonies during cultivation; (d) evaluation of
the percentage of cells expressing appropriate molec-
ular markers. These basic quality controls eliminate
one important hitherto uncontrolled variable in the
evaluation of the clinical performance of autologous
limbal cultures, and should represent a starting point
for improving this emerging stem cell-mediated cell
therapy.

Gene therapy of genetic skin disease

About 30 years have passed since the discovery of
a method of producing a great number of human
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epidermal keratinocytes by cultivation from a small
skin biopsy [82], about 25 years since the first appli-
cation of cultured epidermal grafts to regenerate epi-
dermis of humans suffering from third-degree burns
[95], and over 20 years since large-scale grafting of
such cultures proved to be life-saving [6]. This pluri-
ennial experience (reviewed in [8]) paved the way to
the use of keratinocyte stem cells in gene therapy of
genetic skin diseases.

The first successful attempt to introduce and express
foreign genes into transplantable human keratinocytes
by retroviral vectors dates back to 1987 [96]. Since
then, several groups have shown that genetically mod-
ified keratinocytes can express and secrete transgene
products, including apolipoprotein-E, clotting factors
IX and VIII and interleukin-6, both in vitro and in vivo
in animal models [97–100]. A persistent problem that
investigators have faced is the apparent loss of expres-
sion of retrovirally-encoded transgenes after trans-
plantation in vivo [101,102]. In most cases, this was
ascribed to ‘shut-off’ of the murine retroviral vector
promoter, although failure to transduce stem cells is a
just as likely cause of ‘unstable’ transgene expression,
at least in the earliest studies. It soon became clear
that the two most important factors to assure persis-
tent expression of retroviral transgenes are the vector
design and the use of transduction protocols allow-
ing gene transfer into self-renewing epidermal stem
cells. The use of retroviral vectors derived from the
MFG prototype, in which the protein of interest is
translated from an efficiently spliced genomic RNA
under the control of the viral env translation initiation
sequences, allowed expression of lacZ or factor IX
transgenes for >1 year in human epidermal xenografts
[99,103]. Transduction of epidermal stem cells was
achieved either by co-culture with packaging cell lines
[98,99,104] or by the use of high-titre vector prepara-
tions [103].

Pre-clinical research carried out in the last decade
provided evidence that transduction by retroviral vec-
tors may restore a normal phenotype in keratinocytes
obtained from patients affected by inherited skin adhe-
sion defects, in culture or upon transplantation on
immunodeficient mice [105–107]. These studies tar-
geted different forms of epidermolysis bullosa (EB), a
family of severe skin adhesion defects due to disrup-
tion of the epidermal–dermal junction. EB is classified
into simplex (EBS), junctional (JEB) or dystrophic
(DEB) forms, depending on the level at which the
junction is compromised (above, within or below the
basement membrane) [108]. A subclass of JEB is due
to autosomal recessive mutations in one of the three
chains of laminin-5 (LAM5), a key component of the
epidermal–dermal junction linking the keratinocyte-
specific α6β4 integrin to the type-VII collagen dermal
fibrils. LAM5 is a heterotrimeric protein made of α3,
β3 and γ 2 chains, encoded by the LAMA3, LAMB3
and LAMC2 genes, respectively [109]. The severity
of LAM5-deficient JEB can vary from early lethal-
ity in the so-called Herlitz variant to much milder

conditions in variants characterized by residual gene
function [108]. Most of the JEB mutations occur in
‘hot spots’ within the LAMB3 gene. In the non-Herlitz
forms, the mutations allow the formation of resid-
ual, partially functional LAM5, leading to a phenotype
characterized by severe, disfiguring, blistering, recur-
rent infections, visual impairment and an increased
risk of skin cancer (reviewed in [110]). There is no
cure for JEB, and current therapeutic approaches are
essentially aimed at controlling infections and main-
taining an acceptable quality of life.

LAMB3-deficient JEB became the first disease to
be targeted by a therapeutic approach based on autol-
ogous transplantation of cultured epidermis derived
from genetically corrected epidermal stem cells. In
1998, Dellambra et al achieved a high percentage of
transduction in epidermal stem cells by co-culturing
LAMB3-deficient keratinocytes onto a feeder layer
composed of lethally irradiated 3T3-J2 cells, and pack-
aging cells for a Moloney murine leukaemia (MLV)-
derived retroviral vector carrying the LAMB3 cDNA
under the control of the viral long terminal repeat
(LTR) promoter. Gene correction fully restored the
keratinocyte adhesion properties and prevented the
loss of colony-forming ability, suggesting a direct link
between cell adhesion to the basal lamina and ker-
atinocyte proliferative capacity [105]. Functional proof
of correction of the adhesion defect was later also
provided in vivo, by transplantation of genetically cor-
rected skin grafts onto immunodeficient mice [106].

Clinical translation of gene therapy of JEB started
in Italy in 1999, with the generation of clinical-grade
packaging cells and full validation of the gene trans-
fer technology under GMP/GLP standards. A phase I
clinical trial was authorized in June 2002. The trial
was aimed at assessing the overall safety of the trans-
duction/transplantation procedure, analysing long-term
survival of transduced stem cells and persistence of
transgene expression, and monitoring humoral and/or
cytotoxic immune responses against the genetically
modified cells. The first patient was a 36 year-old
male affected by non-lethal JEB, caused by double het-
erozygosity for a LAMB3 null mutation and a single
point mutation (E210K), resulting in residual levels of
LAM5 at the level of the basal lamina. Keratinocytes
obtained from palm skin biopsies were transduced at
>95% efficiency by a MLV-derived retroviral vec-
tor carrying the full-length LAMB3 cDNA under the
control of the viral LTR. Transduced epithelial sheets
were grafted onto both upper legs [44]. On clinical
examination, no blisters were observed in the trans-
planted area throughout almost 3 years of follow-up,
while the surrounding skin was characterized by the
usual chronic blistering lesions. There was no evidence
of inflammation, and specific tests carried out 3 and
6 months after transplantation indicated the absence of
both humoral and T cell-mediated cytotoxic immune
responses against the transgene product. Skin biopsies
taken 1–12 months after grafting showed secretion of
LAM5 heterotrimers, formation of hemidesmosomes
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and restoration of the epidermal–dermal junction [44].
A genome-wide analysis of the retroviral integration
sites was carried out on DNA extracted from skin
biopsies 1 and 4 months after transplantation. Taking
the integrated proviruses as a marker of cell clonality,
it was estimated that an almost normal repertoire of
genetically corrected, long-lasting epidermal stem cells
was present in the regenerated epidermis. This study
showed that transplantation of autologous cultured epi-
dermis derived from genetically corrected epidermal
stem cells is feasible, well tolerated, and leads to long-
term functional correction of a skin adhesion defect
[44].

The pilot clinical trial was based on the use of
a MLV-derived retroviral vector. This type of vec-
tor has been used in hundreds of clinical trial since
1991. It was considered safe until lymphoprolifera-
tive disorders were reported in two patients treated
with retrovirally-transduced haematopoietic progenitor
cells for X-linked severe combined immunodeficiency
(SCID) [111]. In both cases, the retroviral vector
inserted into, and activated, a T cell proto-oncogene
(reviewed in [112]). Three more patients in two differ-
ent trials of gene therapy of X-linked SCID developed
a similar pathology, indicating that the use of retroviral
vectors can be associated to a concrete risk of inser-
tional oncogenesis. However, no such adverse event
was reported in other clinical trials based on MLV-
derived retroviral vectors, such as that for adenosine
deaminase (ADA)-deficient SCID [113], suggesting
that specific risk factors may have contributed to the
malignant progression observed in X-SCID patients.
Nevertheless, the results of the X-SCID trials led most
regulatory authorities in Europe and the USA to con-
sider the use of MLV LTR-based vectors as no longer
acceptable for transduction of stem cells.

It can be argued that extrapolating safety concerns
from one disease context to another is a rather weak
rationale for putting a promising treatment on hold.
Considering that ADA-deficient SCID patients never
suffered from the side-effects observed in X-linked
SCID patients, extrapolating risks to patients suffering
from a completely different disease, treated with
different stem cells and with a vector carrying a
different gene seems a rather odd choice. This is
particularly true for JEB patients, who have very
high chances of developing skin cancer anyway. Gene
transfer vectors can and will be improved, but in
the meantime patients with no therapeutic alternatives
are prevented form accessing a potentially beneficial
treatment in the absence of any evidence of potential
risks.

Self-inactivating (SIN), γ -retroviral or HIV-derived
lentiviral vectors [114] appear to have a potentially
more favourable safety profile, based on their inte-
gration preferences [115], the lack of strong viral
enhancers in the LTR, and the lower propensity to
generate tumours in pre-clinical animal models [116].
Pre-clinical development of SIN γ -retroviral or SIN
lentiviral vectors specifically targeted to basal layer

keratinocytes is in progress, and should provide the
next generation of clinical-grade vectors for gene ther-
apy of JEB. Unfortunately, developing clinical-grade
vectors and assessing their full safety and efficacy pro-
file is going to take several years.

Despite their flexibility and high efficiency in trans-
ducing epidermal stem cells, retroviral vectors, of
either γ -retroviral or lentiviral origin, might not pro-
vide a solution for all JEB disorders. In particular,
developing a gene transfer strategy for DEB, which
is due to the deficiency of type-VII collagen, appears
to be a formidable challenge. The COL7A1 cDNA
exceeds 9 kb in length, a size that is hardly accom-
modated by a retroviral genome. Although there have
been successful attempts to produce full-length type-
VII collagen in human keratinocytes by lentiviral vec-
tors [107], titre and genetic stability, due to both
the size and the highly repeated nature of the cDNA
sequence, are persistent problems that hamper a real
clinical development of this type of vector. To over-
come this problem, COL7A1 ‘minigenes’ have been
developed, which maintain proper biochemical func-
tions in vitro and could potentially fit into a retrovirus-
based gene transfer vector [117]. However, the effi-
ciency of proteins of reduced size in correcting a col-
lagen deficiency has yet to be demonstrated. Potential
alternatives include the use of DNA-based integrating
systems, such as those derived by adeno-associated
viral integrases, bacteriophage integrases and retro-
transposons, or gene correction based on homologous
recombination (reviewed in [118]). Although some of
these strategies have shown some potential in the cor-
rection of collagen deficiencies [119], none of them
appears to have the efficiency in transducing epider-
mal stem cells which would be necessary for a real
clinical translation. Last but not least, a significant pro-
portion of DEB variants is inherited with a dominant
pattern [108], a situation in which gene replacement is
not going to provide a solution, regardless of the effi-
ciency of the gene transfer system. In these cases, gene
correction by homologous recombination seems to be
the only potential alternative. Homologous recombina-
tion has undergone spectacular progress in the recent
past, essentially due to the introduction of zinc-finger
nuclease technology for targeting specific alleles in the
mammalian genome (reviewed in [120]). However, the
clinical translation of such technology is still in its
infancy, and it will take many years before it will
become available to patients.

Conclusions

Clinical data on patients with disabling diseases have
contributed greatly to our understanding of stem cells.
This is a time of great enthusiasm for the prospects
of regenerative medicine with cultured adult stem
cells or somatic derivatives of human embryonic
stem cells. It therefore seems a fitting time to reflect
on the history of therapy with cultured stem cells
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of the category for which there exists a history
(see also [8] for a review on epidermal stem cell-
mediated cell therapy). The difficulties encountered
in keratinocyte therapy have been great but much
progress has been made even if this progress has not
yet been assimilated and used by the large number of
scientists and physicians who have an interest in the
subject. Therapy with cultured keratinocytes is ready
for more widespread use because the necessary criteria
for graftable cultures and for their surgical use are now
quite well understood. We have laid major emphasis
on the importance of a discipline for defining the
suitability and the quality of cultured epithelial grafts,
which is relevant to future use of any cultured cell
type for therapeutic purposes.
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