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Abstract
Stem cells have been found to reside in the different organs of the human body localized in specific niches. One 

such mini-organ is hair follicle wherein stem cells of epidermal origin have been reported. In the present review article 
we have reviewed in brief about the melanocyte stem cells of the hair follicle tissue, their identification, surface marker 
characteristics and role in the cell based therapy for vitiligo.
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Adult Stem Cells
A lot of evidence has been generated to testify that stem cells are not 

only an essential part of the embryo, but also, present in most organs of 
the mature adult body such as liver, intestine, bone marrow, eye, heart, 
kidney, skin and hair; to name a few of them. These organ-based stem 
cells, called adult stem cell (ASC) generate the progenitor cells for the 
periodic cell turnover of the organs’ tissues. In addition, they are used 
for repair or replacement of cells that have been injured, destroyed or 
undergone apoptosis. Thus, whereas in the embryo, totipotent stem 
cells provide for the embryo’s development, pluripotent stem cells 
based in mature organs are concerned with tissue homeostasis. The 
transition from totipotent embryonic stem cells to pluripotent organ 
based stem cells is not yet understood and it is unknown whether in 
the transition process, the embryonic stem cells lose some of their 
differentiation potential.

But the organ-based adult stem cells certainly retain their full 
ability of self-replication which is an essential component of ‘stemness’. 
In most organs, adult stem cells form small cell aggregates generally 
located in one of the organ’s relatively quiescent parts- the “stem cell 
niche”. Asymmetric division, which yields one differentiating daughter 
cell and one self- replicated stem cell, occurs only to the extent that cell 
replacement is needed for periodic tissue turnover. In the case of tissue 
injury, however, this balanced system may be interrupted in order to 
rapidly provide stem cells and their progenitors needed for repair or 
replacement of the damaged tissue. 

Hair Follicle Stem Cells
For many years, it was thought that the stem cells that regenerate 

hair follicles during the hair cycle are the highly proliferative matrix 
cells [1]. This model was later challenged when Montagna and Chase 
[2] observed that X-ray irradiation kills the matrix cells, but hairs
can still re-form from cells within the outer root sheath cells (ORS).
The ability of the upper ORS to act in concert with the dermal papilla
(DP) to make hair follicles was further substantiated by dissection and
transplantation experiments [3,4] Mathematical modeling supported
the presence of stem cells which must be dividing at a slow pace to
maintain the pool of progeny cells [5]. This notion was bolstered by
administering repeated doses of marked nucleotide analogs such as
BrdU to label the S-phase cells of the skin (pulse period) and then
following the fate of the incorporated label over time (chase period).
The differentiating cells are sloughed from the skin surface, and the
more proliferative cells dilute their label as they divide, marking the

least proliferative cells as label-retaining cells (LRCs) (Bickenbach 
1981). The majority of LRCs in the skin resided in a specialized region 
at the base of the permanent segment of the hair follicle, known as the 
bulge. This is worth mentioning here that bulge was described more 
than a century ago, by histologist Stohr (Stohr 1903) (reviewed by 
Blanpain et al.) [6]. The bulge resides just below the sebaceous gland at 
a site where the arrector pili muscle attaches to the follicle.

Amongst the self-renewing compartments of mammalian 
epidermis, the hair follicle is an important component amongst others 
[7]. The hair follicle repeats its cyclic regeneration and regression 
with alternating phases, anagen (growing phase), catagen (regressing 
phase), and telogen (resting phase), to regrow new hair [8]. Hair follicle 
stem cells (HFSCs) are multipotent stem cells of the keratinocyte and 
melanocyte lineage that are located in the bulge area of each hair follicle 
[8-11] (Figure 1).

In addition to bulge, hair follicle houses stem cells in at least 
one more niches- the bulb. The DP in bulb of the hair follicle houses 
mesenchymal stem cells [12]. 

Localization of Stem Cell Niche in Hair Follicle
Several methods have been devised to identify epidermal stem 

cells and to try to demarcate them from other types of cell residing 
in the epidermis including transient amplifying cells and terminally 
differentiated cells [13,14]. The stem cells which are slow cycling 
in nature and retain the DNA label such as tritiatedthymidine or 
bromodeoxyuridine for a longer chase period (4-10 weeks), during 
which the label is lost, from rapidly proliferating cells, such as, the 
transient amplifying cells as a consequence of proliferation-associated 
dilution, while the rarely dividing stem cells retain the label for 
prolonged periods and are therefore called label-retaining cells. 
The second method makes use of the high proliferative capacity of 
epidermal stem cells. Using this method the proliferative potential of 
cultured cells is assessed by examining the clonogenicity of individual 
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cells through serial passage or colony-forming efficacy (CFE). Although 
these two methods help in the identification of epidermal stem cells, 
they do not allow for the easy isolation of living stem cells for further 
analysis. Several epidermal stem cell markers have been identified 
during the past few years through the use of a candidate approach or, 
more recently, by global gene expression profiling. However, reliable 
and specific stem cell markers for epidermal stem cells and their 
transient amplifying cell progeny are still lacking. Therefore, rather 
than relying upon a single stem cell marker, a panel of markers have 
been identified to isolate the epidermal stem cells [9,15-17]. 

Stem cells of epithelia reside in niches, such as the deep epidermal 
ridges or the bulge of the hair follicle, where they are insulated from 
physical and mechanical influences [18]. These stem cells produce 
specific cytokeratins, such as K15 and K19 [18,19]. Originally, all basal 
cells in stratified epithelia were thought to be able to produce new 
cells to maintain the epidermis because mitotic figures were observed 
in the entire basal layer of the fetal human epidermis, in which all 
basal cells produce the K15, which is characteristic of epidermal stem 
cells [20]. However, the concepts of epidermal stem cells, transient 
amplifying cells and epidermal proliferative units were developed by 
Alonso and Fuchs [11] when it was recognized that the telomeres of 
chromosomes limit the number of possible cell divisions to about 30 
within the lifetime of a cell lineage and that this number of epidermal 
cell divisions would not suffice to compensate for the loss of cells 
through normal desquamation and shedding [21]. Under the new 
concept, stem cells have a special capacity to renew themselves over 
the lifetime of an organism, and they divide into two different daughter 
cells, namely one stem cell and one transient amplifying cell [11,18,20]. 
Primary cell cultures of stem cells from hair follicle and the epidermis 

generate a variety of cell types, namely stem cells (10%), transient 
amplifying cells (40%) and keratinocytes (50%), with each cell type 
having different potentials to proliferate and generate new cell clones 
[22]. In the inter follicular epidermis, 2-5% of the basal cells are stem 
cells and produce K15 [20]. Drawing upon the observations by Alonso 
and Fuchs [11], the new model of epidermal renewal proposes that the 
basal layer of stratified epithelia is comprised not only of stem cells 
and transient amplifying cells but also of cells that have already started 
their differentiation into keratinocytes. The transient amplifying cells 
replicate themselves four to eight times before they finally divide into 
keratinocytes. The descendants of one stem cell (i.e. the transient 
amplifying cells and keratinocytes) are collectively called an ‘epidermal 
proliferative unit’ (EPU) [23]. 

Isolation of Enriched Hair Bulge Cell Population
Investigation of bulge cell biology and the use of bulge cells for 

clinical applications such as regenerative medicine or gene therapy 
require the isolation of living bulge cells [24,25]. Morphology based 
manual microdissection has been used to isolate bulge cells from hair 
follicles [25,26], however, this technique is time-consuming, requires 
skill and the purity of collected sample is unclear. The identification 
of bulge cell specific markers enables a more accurate and high-
throughput isolation of those cells and makes further investigation 
feasible. Lyle et al. first reported that K15 is preferentially expressed 
in the bulge cells in human hair follicles [27]. Antibodies against K15 
preferentially stain the outermost layer of the ORS around the insertion 
point of the arrector pili muscle, where the label-retaining cells were 
detected [27]. Since low-level expression of K15 can be detected in 
the lower follicle, K15 is not a marker with a ‘high-enough specificity’ 
for human bulge cells [9,24]. Microarray analyses identified a panel 
of cell surface markers for human bulge cells. CD200 and CD59 are 
up-regulated in bulge compared to other defined hair follicle regions, 
while CD24, CD34, CD71 and CD146 is down-regulated. Particularly, 
CD200 is preferentially distributed in bulge area and represents the 
best positive surface marker for the human bulge cells. Thus, living 
human bulge cells could be isolated as CD200hi24lo34lo71lo146lo cells, 
using the combination of positive and negative markers. Furthermore, 
CD200hi24lo34lo71lo146lo bulge cells isolated from human hair follicles 
demonstrate a high proliferative capacity in vitro suggesting successful 
enrichment of stem cells was possible using these markers. Other 
markers to identify hair follicle bulge stem cells include frizzled homolog 
1 that is up-regulated in human bulge cells [9]. Some up-regulated genes 
in human bulge cells [9] deserve further investigation for their possible 
clinical applications. For example, CD200, a newly identified marker 
for human bulge cells, has been reported to play an important role in 
the regulation of immune response. CD200 is a type-1 transmembrane 
glycoprotein that delivers an inhibitory immunoregulatory signal 
through the CD200 receptors on immune cells [28]. CD200 depleted 
mouse skin is highly susceptible to perifollicular inflammation resulting 
in alopecia, suggesting that enhanced expression of CD200 within the 
human bulge region may provide a degree of immune privilege to stem 
cells [24,28]. Over-expression of CD200 in the bulge area or inhibition 
of CD200-CD200 receptor signaling might be a useful approach to 
protect the bulge stem cells from inflammatory destruction in scarring 
alopecias [29]. The clinical relevance of the follicle bulge area is not 
limited to disorders of keratinocyte lineage. 

Melanocyte Stem Cells of the Hair Follicle
The cellular reservoirs for epidermal and hair follicle melanocytes 

were originally considered to be distinct populations. In human, the 
former has been referred to as ‘amelanotic melanocytes.’ In 1956, 

Figure 1: A compartment of multipotent stem cells is located in the bulge, 
which lies in the outer root sheath (ORS) just below the sebaceous gland. 
Contiguous with the basal layer of the epidermis, the ORS forms the external 
sheath of the hair follicle. The interior or the inner root sheath (IRS) forms the 
channel for the hair; as the hair shaft nears the skin surface, the IRS degener-
ates, liberating its attachments to the hair. The hair shaft and IRS are derived 
from the matrix, the transiently amplifying cells of the hair follicle. The matrix 
surrounds the dermal papilla, a cluster of specialized mesenchymal cells in 
the hair bulb. The multipotent stem cells found in the bulge are thought to 
contribute to the lineages of the hair follicle, sebaceous gland, and the epi-
dermis (see red dashed lines). Transiently amplifying progeny of bulge stem 
cells in each of these regions differentiates as shown [11]. “Copyright (2003) 
National Academy of Sciences, U.S.A.”
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Montagna and Chase [2] reported the existence of a distinct cell 
population that does not contain visible melanin pigment but can be 
distinguished morphologically from surrounding keratinocytes in 
the outer root sheath (ORS) of human hair follicles 3 weeks following 
ionizing irradiation. In the clinic, skin repigmentation, in vitiligo, an 
acquired pigmentary disorder, usually begins at the orifices of hair 
follicles, then enlarges, and coalesces to cover the entire depigmented 
skin area. This phenomenon is called ‘follicular repigmentation’ and 
is characterized by repigmentation of an unpigmented skin area 
starting from the hair follicle orifices, suggesting the existence of a 
melanocyte ‘reservoir’ population in the skin [30,31]. Starricco studied 
the phenomenon extensively and found that the amelanotic ORS 
cell population, which does not contain any melanin pigment and is 
negative for the dopa reaction, contains nuclei that stain densely with 
toluidine blue and thionine [32]. Starricco subsequently found that this 
population can be activated after excision of the epidermis or by UV 
therapy [31]. He assumed that the amelanotic melanocyte population 
provides DOPA-positive dendritic melanocytes that migrate into, 
and fill, the epidermis for follicular repigmentation. However, these 
amelanotic melanocytes were not always clearly distinguished from 
Langerhans progenitors because of the lack of specific lineage markers 
available at the time [31,33]. Ortonne et al. examined the unpigmented 
skin of vitiligo patients after treatment with UV therapy using scanning 
electron microscopy and DOPA staining. These authors found that 
the pigmented islands that appeared after the treatment had follicular 
cores containing melanocytes with large cell bodies that could be 
distinguished from other cells in the ORS. They also postulated that 
there is a melanocyte reservoir in human hair follicles [30]. Other studies 
also supported the view that ORS melanocytes are able to proliferate 
and to provide progeny to the epidermis in response to specific stimuli, 
such as UV exposure and epidermal wound healing [34]. Subsequently, 
the existence of melanocyte lineage cells with significant potential to 
proliferate was shown by Tobin et al. [35] with in vitro cultures of human 
hair follicles. In 1996, Horikawa et al. reported that cells that stain with 
NK1beteb, a monoclonal antibody that recognizes the premelanosomal 
protein SILV/GP100/PMEL17, are distributed in the ORS at the mid-
portion of anagen hair follicles and are quite similar to ‘amelanotic 
melanocytes’ in their morphology and distribution [36]. Narisawa et al. 
[37] found that amelanotic melanocytes stained by NK1beteb possess 
limited numbers of dendrites and are distributed abundantly in the 
bulge area of human hair follicles. This series of studies demonstrated 
the lineage identity of ‘amelanotic melanocytes’ in human hair follicles 
and led to the view that ‘amelanotic melanocytes’ (melanoblasts) in 
the ORS represent a reservoir that can replenish melanocytes in the 
epidermis when necessary. 

However, no obvious spatially restricted niche of melanocyte 
stem cells has been found in glabrous areas, which are abundant in 
melanocytes. Melanocyte stem cells in hair follicles lose their self-
renewal capacity with aging, leading to hair graying. By contrast, skin 
melanocytes sustain lifelong proliferative potential. Although it is a 
rare case, repopulation of melanocytes occurs in vitiliginous areas after 
UVA treatment, even in glabrous skin [38]. These data suggest that 
extrafollicular melanocyte stem cells might exist, and could potentially 
function as a reservoir for melanocytes in postnatal epidermis [39-41].

Vitiligo and Its Management by Surgery
Vitiligo is a disorder characterized by the loss of epidermal 

melanocytes leading to severe psychological problems among the 
patients. The exact etiology of this disease is not established and several 
reasons proposed include stress, genetic susceptibility, autoimmunity, 

melatonin receptor dysfunction, and impaired melanocyte migration 
and/or proliferation.

Both non-surgical and surgical therapies have been employed in the 
management of vitiligo. Surgical therapies are useful when disease is 
recalcitrant to medical therapies and stable for at least one year. Tissue 
grafts can treat only a small area; therefore cellular grafts, like basal cell 
layer enriched epidermal suspension are preferred over tissue grafts 
when large area is to be treated. Tissue grafting procedures include 
transplantation of mini grafts, thin and ultra-thin split thickness grafts 
(STSG) and suction blister epidermal grafts (SBEG). Cellular grafting 
techniques include transplantation of non-cultured basal cell enriched 
epidermal suspension (NCES) and cultured melanocytes (CM) or 
cultured epidermis (CE) [42-47]. The major advantage of non-cultured 
cell suspension and culture expanded cell suspension is that they 
permit the treatment of the affected area many folds larger than the 
donor area [48-50]. However, culture techniques employed for the 
expansion of the cell number are time consuming, expensive and also 
require trained manpower and well-equipped tissue culture laboratory. 
In addition, there are concerns about the safety of the techniques owing 
to the xenobiotic properties of some of the additives in the culture 
medium [51].

These limitations of culture expanded cells were sorted out with the 
introduction of the non-cultured cellular grafting techniques in 1992 
by Gauthier and Surleve-Bazeille [52] and followed by several other 
vitiligo surgery groups. Non-cultured cell transplant can cover larger 
vitiliginous areas (8-to10-fold size of donor skin) and the procedure 
can be completed in few hours on an outpatient basis. In summary, 
cultured cell transplants are technically more challenging and expensive 
than non-cultured epidermal cell suspension; hence the latter provides 
a simple, effective and aesthetically more suitable treatment option 
[43,44,48,52-58]

Hair Follicle Melanocytes and their Role in Vitiligo 
Repigmentation

Role of hair follicle in the pigmentation of the vitiliginous lesion has 
been well proved in the landmark paper by Cui et al. [34]. In conjunction 
with previous reports by Starrico [32,59,60], they observed that some 
DOPA-negative “inactive” melanocytes (proposed to be melanocyte 
stem cells) were found to reside in the outer root sheath and bulge 
areas of the hair follicle. These melanocytes did not produce melanin 
under normal conditions but became active to produce melanin 
when stimulated either by ultraviolet radiation or dermabrasion. This 
was a landmark observation which proposed the hair follicle to be 
the reservoir of “inactive” melanocytes (or the so called melanocyte 
stem cells). It was also observed that in vitiliginous lesions, there was 
destruction of only the active (DOPA-positive) melanocytes while the 
inactive melanocytes in the ORS of the hair follicle were undamaged. 
It was these melanocytes that were proposed to lead to repigmentation 
in vitiligo by dividing and migrating upward along the surface of hair 
follicle to the nearby epidermis where they continued to move radially 
and lead to repigmentation of surrounding skin as observed by Cui et 
al. [34]. The finding that not only did melanocyte stem cells reside in 
hair follicles but could also in addition, migrate to surrounding skin 
was another landmark observation.

These findings suggested that inactive melanocytes in the ORS of 
the hair follicle divide proliferate and mature during the process of 
repigmentation in the vitiligo and may be potentially harvested and 
cultivated for therapeutic purposes in vitiligo. The findings of the 
Cui et al. [34] have been proved by several groups and the inactive 
melanocytes are now taken as melanocyte stem cells [24,61-71]. 
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Transplantation of Hair Follicle ORS Cells Suspension 
in Vitiligo

In a quest to further concentrate pigment cell population in the 
non-cultured cell suspension for transplantation in vitiligo, the major 
breakthrough came with the paper of Vaenscheidt and Hunziker [72], 
in a small case series, they have used single cell suspension of ‘plucked’ 
hair follicles in the treatment of vitiligo. They found almost complete 
(>90%) repigmentation in 3 of 5 patients with vitiligo, around 50% 
repigmentation in one patient and less than 10% repigmentation in 
one patient. Their technique is simple, non-invasive and allows easy, 
immediate and repeated application. However the cell yield is less in 
case of plucked hair follicles and optimization of cell harvest from the 
hair follicular unit needs to be standardized for optimum yield. 

Our group has devised a very innovative method of harvesting the 
follicular tissue by the FUE method for cell based therapy in vitiligo. 
The ORS cells suspension of the hair follicles obtained by FUE method 
was used for autologous transplantation in vitiligo patients. This 
method resulted in significant repigmentation in the majority of the 
patients [73]. 

Future Direction
Although many questions remain to be answered, it is clear that 

because of their plasticity and accessibility, hair follicle stem cells 
provide a major resource for therapeutic applications in tissue repair 
and regeneration. The methodology to culture stem cells has opened-up 
its application in several areas of research and therapeutic applications. 
Their fantastic growth capacity can be successfully exploited to 
produce epithelial cells that may be transplanted to treat extensive 
autologous deep burn wounds and pigment disorders [74]. In addition 
to their multi-potency, stem cells can be genetically engineered using 
viral vector constructs [75], which allows for usage in gene therapy. 
Reprogramming the cells i.e. generation of induced pluripotent stem 
cellls (iPSCs), represents an ideal cell source for future cell therapy and 
regenerative medicine [76,77]. Recently, Novak et al. have described 
a detailed and reproducible method to derive iPSCs from plucked 
human hair follicle keratinocytes [78], to make the derivation of iPSC 
from a noninvasive tissue source. 

The recent advances in biotechnology, such as genomics, 
proteomics, in vivo epidermal targeting, green fluorescent protein 
(GFP) labeling and adeno-viral and retro-viral gene transfers, will 
allow for much better understanding of stem cell biology. These novel 
technological approaches will allow the identification of specific 
molecular markers which will aid further in the isolation of stem cells, 
thus, opening unlimited possibilities for therapeutic approaches.
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