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Introduction: There are major new advancements in the fields of stem cell
biology, developmental biology, regenerative hair cycling, and tissue engineer-
ing. The time is ripe to integrate, translate, and apply these findings to tissue
engineering and regenerative medicine. Readers will learn about new progress
in cellular and molecular aspects of hair follicle development, regeneration,
and potential therapeutic opportunities these advances may offer.

Areas covered: Here, we use hair follicle formation to illustrate this progress
and to identify targets for potential strategies in therapeutics. Hair regener-
ation is discussed in four different categories: i) Intra-follicle regeneration
(or renewal) is the basic production of hair fibers from hair stem cells and
dermal papillae in existing follicles. ii) Chimeric follicles via epithelial-
mesenchymal recombination to identify stem cells and signaling centers.
iii) Extra-follicular factors including local dermal and systemic factors can
modulate the regenerative behavior of hair follicles, and may be relatively
easy therapeutic targets. iv) Follicular neogenesis means the de novo
formation of new follicles. In addition, scientists are working to engineer
hair follicles, which require hair-forming competent epidermal cells and
hair-inducing dermal cells.

Expert opinion: ldeally self-organizing processes similar to those occur-
ring during embryonic development should be elicited with some help
from biomaterials.

Keywords: alopecia, biomaterials, dermal papilla, regenerative medicine, stem cells, tissue

engineering, wound, wound healing
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1. Introduction: current issues in hair loss-related disorders

Hair loss or alopecia can result either from a failure to regrow hair fibers from
existing hair follicles (HFs), from extra-follicular environmental factors that
affect follicular stem cell activity, or alternatively from the loss of HFs themselves
(Figure 1). Different therapeutic strategies are required for each condition.

Hair loss is most frequently caused by a failure to activate existing hair stem
cells during hair cycling and may be associated with aging in both males and
females. This condition may be rescued if the general follicular structure is pre-
served and the causative factor is removed. In androgenetic alopecia (AGA), hair

10.1517/14712598.2013.739601 © 2013 Informa UK, Ltd. ISSN 1471-2598, e-ISSN 1744-7682 1

All rights reserved: reproduction in whole or in part not permitted

RIGHTS LI



Expert Opin. Biol. Ther. Downloaded from informahealthcare.com by University of Southern California on 01/16/13
For personal use only

S-C. Chueh et al.

Article highlights.

 Hairs cycle through phases of anagen, catagen, telogen
and exogen during the normal hair cycle.

The contribution of the epithelium and mesenchyme can
be dissected using epithelial-mesenchymal
recombination.

Hair follicle neogenesis is induced in response to wound
healing.

o Neogenesis can occur in tissue engineered skin
suggesting reprogramming can be applied toward the
treatment of alopecia.

The hair cycle is influenced by intrinsic, micro-environmental
as well as extrinsic, macro-environmental factors.

This box summarizes key points contained in the article.

fibers become progressively thinner. AGA is reversible at
carly stages but may become irreversible after continued dis-
ease progression. Hair stem cells in AGA seem to be normal,
but activation to form hair germs is defective 1] due to the
micro-environment within the HF, or macro-environment
outside the HF. We will discuss the progress and potential
therapeutic strategies for this category of disease (Figures
1,2 and 3). Since the basic follicle architecture is preserved
and previous hair stem cells and dermal papilla cells remain,
some, such as those in the tooth field call this process
“renewal” not regeneration.

Another category of hair loss is due to severe wounding. This
can be caused by burns, accidents, or major surgery in which
patients suffer from loss of skin in a large region. Epidermal
transplantation from other regions of the body or skin grafts
has been used to help save patients’ lives [2,3]. However, patients
heal their skin via repair type wound healing. The scars which
form provide a protective cover to prevent infection and fluid
loss. But this skin does not look, feel, or function normally.
Much of the reason for this is that scar tissue does not contain
skin appendages such as hair, sebaceous glands, sweat glands,
etc. Glands lubricate the skin and allow for thermal regulation.
Hair, while no longer essential for maintaining endothermy in
humans, still plays a major role in a person’s appearance. The
formation of skin appendages requires regenerative wound
healing (i.c., the replacement of an injured area not only with
reparative connective tissues and re-epithelialized epidermis
but also with normal functional components). We will discuss
the possible reprogramming of cells to form new HFs (Figures
1,4) or to develop tissue engineering methods to generate
hair germs from stem cells. We will also explore the role of extra-
cellular matrices and the aid of biomaterials in this process
(Figure 5). However, to succeed in tissue engineering, we must
first familiarize ourselves with the basic biology of HF develop-
ment and regeneration. We can then mimic these principles
and guide stem cells to do what we wish them to do in
regenerative medicine.

In some inherited forms of alopecia, hair loss is due to
genetic mutations in molecules involved in hair keratin

architecture or failure to differentiate properly [4]. These are
difficult to correct. In contrast, acquired alopecia is com-
monly classified into non-scarring alopecia and scarring/cica-
tricial alopecia. In cicatricial alopecia, HF structure is
destroyed by inflammation of various etiologies and replaced
by fibrosis with the HF permanently lost. These defects are
hard to correct and will not be discussed further here.

2. Basic biology of hair follicles

Human HFs develop through complex morphogenetic pro-
cesses resulting from reciprocal molecular interactions
between epithelium and underlying mesenchyme during
embryonic development [5-8]. It is generally believed that no
new HFs form after birth in humans though this general
assumption was challenged more than half a century ago [9).
Each HF goes through regenerative cycling. The hair cycle
consists of phases of growth (anagen), degeneration (catagen),
and rest (telogen). In catagen, hair follicle stem cells are main-
tained in the bulge. Then the resting follicle re-enters anagen
(regeneration) when proper molecular signals are provided.
During late telogen to early anagen transition, signals from
the dermal papilla (DP) stimulate the hair germ and quiescent
bulge stem cells to become activated [10]. In anagen, stem cells
in the bulge give rise to hair germs, then the transient ampli-
fying cells in the matrix of the new follicle proliferate rapidly
to form a new hair filament [11]. In catagen, follicles undergo
apoptosis. The hair filament remaining in the telogen follicle
becomes a club hair, which later is detached during exogen [12].
These regenerative cycles continue repetitively throughout the
lifetime of an organism [12,13].

Several molecules have been implicated in the regulation of
phase transition during hair cycling. Many of these molecules
were explored using a gene deletion strategy. For example, the
skin of FGF18 conditional knockout mice (K5creFGF18flox)
utilizing the Keratin 5 (KRT5) promoter precociously enters
anagen via a shortened telogen [14]. Knockout of Tcll, which
is highly expressed in the secondary hair germ and bulge cells
during the catagen-telogen transition, results in a loss of the
bulge stem cell surface marker CD34 and disturbs HF
homeostasis (15]. The role of other molecules in hair cycling
was demonstrated by exogenous gene delivery. For example,
adenovirus-mediated Shh delivery induced anagen re-
entry [16]. These approaches were used to show that the bulge
and hair germ are kept in quiescence by BMPs, NFAT, and
FGF18 signaling. Wnts, FGF7, SHH, and neurotrophins
exert activation signaling and stimulate the hair germ for ana-
gen re-entry 17l. FGFs, SHH, TGF-Bs, Wnts, IGFs, EGFs,
and HGFs favor anagen growth [18], while their down-
regulation signals the end of anagen [12]. Knowledge of these
molecular targets will help us to identify potential therapeutic
molecular pathways to explore.

The development and regeneration of HFs results from the
delicate molecular balance as well as from reciprocal and
sequential interactions between the follicular epithelium and
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Figure 1. Categories of hair regeneration. A. Hair cycle activation. This is regeneration within the same follicle and some
named it as “renewal.” A single HF cycles through anagen, catagen, telogen, and exogen phases in the normal hair cycle.
Regeneration can be under physiological control or regenerate after hair plucking, which inflicts a micro-injury. The
progression of cycling is modulated by stem cell niche, which is affected by micro- and macro-environmental factors (please
see Figure 2). B. Chimeric follicles. The epithelial vs mesenchymal contributions to the hair cycle can be analyzed by epithelial:
mesenchymal recombination. C. Wound-induced follicle neogenesis. New HF formation after large wounding. This also occurs
physiologically such as after the shedding of deer antlers. Please see Figure 4. D. Tissue engineering-based follicle neogenesis.
Reconstitution of new HF from dissociated epidermal stem cells and hair-inducing dermal cells. Please see Figure 5.

C. Adapted from [69].
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Figure 2. Concept chart showing multi-layered environ-
mental regulation on hair regeneration. A. HF activation or
quiescence is regulated by factors within the intra-follicular
microenvironment and extra-follicular macro-environment.
Hair stem cells sum up the positive and negative input and
"decide" to get activated or remain quiescence. B. The
many layers of regulation can be illustrated with concentric
rings. They also show the potential targets for diseases and
therapeutic strategies.

A. Adapted from [25]. B. Modified from [28].

mesenchymal DP (5. The DP, located at the base of the HF, is a
group of specialized dermal fibroblast cells that can induce new
hair formation [19]. Earlier work showed that hair stem cells,
enriched in the hair bulge region, are slow cycling, and can
give rise to HFs when isolated from adult follicles [20.21]. They
are kept in a quiescent state in telogen, but get activated by
the DP and others to enter hair germ and hair matrix states in
anagen [10]. Wnt, BMP, and Shh signaling are critical for DP

function (17.22.23]. These molecular pathways play similar roles
in regulating the reciprocal epidermal and mesenchymal inter-
actions. Furthermore, scientists have recently found that mole-
cules such as Sox-2 in the DP may modulate hair subtypes [24].

Molecules regulating interactions between epidermal hair
stem cells and DP cells have recently been reviewed. Due to
space limitations, we refer interested readers to these reviews
which focus on how to regulate hair cycling within a single
HF (11,17). Here, we will focus on a potential strategy to alter
HF cycling states based on extra-follicular modulation.

3. Physiological regeneration: modulating the
regeneration of existing hair follicles by the
extra-hair follicle environment and systemic
hormone factors

3.1 Dermal macro-environment including
intra-dermal adipose tissue can modulate hair
regeneration

HF stem cells must be released from a quiescent state to an
activated state to initiate a new anagen phase of the hair cycle.
The duration of hair cycle phases can be modulated by differ-
ent physiological conditions in the same individual [25).
Although the intrinsic molecular rhythm within the HF organ
micro-environment that regulates HF cycling is poorly under-
stood, there are clues that macro-environmental factors from
adjacent dermis/adipose tissue or systemic hormones can
regulate the HF cycles (Figure 3, 26.27]).

The local macro-environment can also regulate HF stem cell
activity [28]. We found that BMPs from the local dermal and
adipose tissue play an important role in regulating physiological
murine hair cycles (26. BMPs serve as inhibitors that prevent
entry into anagen. Such inhibitory factors from the local
macro-environment have not been investigated under physio-
logical and pathological conditions. Some adipocyte-derived
PDGF can stimulate hair growth [271. More intra-dermal
adipocyte layer factors are being characterized for their ability
to enhance or suppress hair regeneration [26,27,29].

Circulating hormones associated with pregnancy were found
to act as systemic factors that can modulate murine hair cycling.
During pregnancy, hairs are held in telogen, and entry into
anagen is not reinitated until after lactation [26]. Murine DPs
express the estrogen receptor during telogen and exogenous
estrogen can keep HFs from entering a new anagen [30). How-
ever, which systemic pregnancy-associated hormone arrests
HFs in telogen remains to be clarified. Interestingly, in contrast
to the mouse, human hairs are induced to enter a prolonged
anagen phase upon hormonal stimulation associated with
pregnancy [31]. About 3 - 6 months after labor, hair loss in
the form of telogen effluvium can often be seen.

One practical note here. Scientists have used mouse skin to
screen for small molecules or drug candidates for effects on
hair growth, tumor formation, skin homeostasis, etc. Experi-
mental data show the mouse skin goes through different phases
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Figure 3. Effects of macro-environmental factors on the regenerative hair wave. A. Different temporal stages laid out
spatially across a skin strip shows HFs and BMP2 in situ hybridization (white speckles). B. Visualization of hair molting by
observing changes in hair pigmentation. C. Control and KRT14-NOG mice. Hair cycle domains in two different stages show
domain boundaries. D. Schematic summary of the hair cycle rhythm (black) and dermal rhythm (gray) which together define
four new functional stages. Catagen is omitted for simplification.

Panel B is from [98]. All other panels are from [26].

of hair cycling. In the first month, they are synchronized. As
intradermal adipose tissue develops, the hair cycles become
asynchronized in different parts of the mouse skin [26,29,32]. To
obtain more consistent experimental results, one should take
this into consideration. Otherwise, it is possible to produce a
synchronized region by large-scale waxing of the skin.

3.2 Effects of sex hormones and other systemic
factors on hair regeneration diseases such as
androgenic alopecia
In addition to physiological changes in hair cycle and regenera-
tion, systemic factors also lead to pathological changes in suscep-
tible patients. Testosterone can induce the growth of axillary,
facial, and pubic hair. Hirsutism is a hair disorder of women
presenting with unwanted excessive male-pattern terminal hair
growth [3334]. In androgen-dependent regions such as the face,
chest or lower abdomen, vellus hairs are turned into coarse
terminal pigmented hairs in which anagen phase is lengthened
and pigmentation is induced due either to stimulation by exces-
sive circulating androgen levels [35], enhanced local androgen
production or possibly increased local androgen sensitivity.

In striking contrast to this type of androgen-dependent hair
growth promotion, in AGA, androgen stimulation can lead to

a patterned distribution of miniaturized hairs which have pro-
longed telogen, and shortened anagen (36,57). DPs from balding
scalp have both higher levels of androgen receptor (AR) [38] and
type II 5-alpha reductase which converts testosterone to dihy-
drotestosterone (DHT). DHT can induce DPs to secrete factors
including TGF-betal and DKK-1 that inhibit keratinocyte
growth [39.40]. Hence, the locally high levels of DHT and ARs
in DPs from balding scalp may explain the patterned distribu-
tion of alopecia. It also explains the clinical response of AGA
to finasteride, a potent type II 5-alpha reductase inhibitor that
reduces the conversion of testosterone to DHT.

DP volume shrinks and DP cells adopt a senescent pheno-
type in balding follicles [41,42). This may be caused by high lev-
els of DHT that can be cytotoxic and induce DP cell
apoptosis [43]. DPs from balding scalp also can secrete inhibi-
tory autocrine factors [44]. These results may help explain the
reduced size of DPs in AGA, but how DP cells become senes-
cent and the effect of senescent DP on HF biology still needs
to be resolved.

The close association of AGA with androgen, especially
DHT, can also be illustrated by the absence of male pattern
baldness in individuals lacking androgens (such as eunuchs),
functional AR, or 5 alpha reductase [45-47]. Balding scalp
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Figure 4. Programming and reprogramming in development
and regeneration. Cells with high developmental potential
progressively become progressively programmed toward
differentiation (black triangle) as they move from A1 to
A6. At early steps along this pathway cells can move
equally in both directions (toward differentiation and
de-differentiation). As they progress, their propensity to
de-differentiate decreases until they become terminally
differentiated cells (A6). Terminally differentiated cells have
the highest cell specificity (gray triangle). At certain points
along the differentiation cascade, cells can move into other
lineages (B1 to B3 or C1 to C3). Recently, progress has been
made in reprogramming (straight arrows). Just a few factors
were required to engineer these iPS cells (long curved
arrow). We wish to reprogram committed adult cells back to
an earlier stage of their progression toward differentiation
(short curved arrow).

regions also tend to have altered blood flow and a lower rate
of oxygen delivery than that found in non-balding scalp [48].

The causes of AGA are assumed to be polygenic. Genome-
wide association studies demonstrated polyglycine repeats in
exon 1 of the AR increases the propensity toward AGA [49].
The finding that modifications of the AR are involved in
AGA is not surprising. However, AR is x-linked and suggests
that AGA is inherited through a matrilineal rather than the
usually observed patrilineal lineage. An SNP in a region on
Chromosome 20 (20p11) is associated with AGA in a study
of German males [50]. There is no apparent link with this locus
and either the AR or hormones and the nature of its function
in AGA remain to be identified.

The logical therapeutic approach for AGA treatment
addressing the underlying pathology should be complete
reversal of follicle miniaturization either by suppression of
testosterone to DHT conversion, or by blockage of ARs.
However, available drug treatment involving increasing blood
flow (Minoxidil) or decreasing androgen formation (finaste-
ride) did not completely serve these purposes. Recently, it
was found that the scalp of male AGA patients retain normal
number of HF stem cells but the progression from stem cells
to progenitors cells is severely blocked (1. This stem cell

inactivation coincides with the known phenomenon of
progressive follicle miniaturization during hair cycling.

4. Regeneration of hair fibers from existing
follicles after hair plucking

Plucking of a hair fiber is an injury, albeit minor. As long as
stem cells and the DP remain, the existing HFs can respond
to regenerate a new hair filament. Though the molecular
mechanism underlying plucking-regeneration is not fully
understood, research in cell dynamics demonstrated that cell
death takes place in the dermal and epithelial remnant, fol-
lowed by cell proliferation which leads to synchronized ana-
gen in the plucked area [51-53]. This observation stresses the
complimentary and coordinated roles of degeneration and
regeneration in tissue and organ repair and regeneration. In
contrast to physiological cycling, the cell dynamics of HF
stem cells during this process is less clear. The label-
retaining stem cells in the follicle bulge are believed to
remain intact after plucking to serve its role in future
regeneration [54-56.. However, evidence also suggests that HF
stem cells are susceptible to apoptosis after plucking, and
some remaining label-retaining hair germ cells will migrate
to the damaged stem cell region and reconstruct the bulge [57).
Very recently, label retention and lineage tracing experiments
demonstrated that in telogen a “new bulge” forms and coex-
ists with the “old bulge” to which the club hair anchors [11].
The new bulge contains a certain number of label retaining
cells. As a terminally differentiated companion layer marker,
KRT6" cells in the well-formed telogen bulge are ultrastruc-
turally similar to CD34" bulge stem cells. Lineage tracing
with Lgr5-CreER/Rosa-LacZ mice showed KRT6" cells are
derived from actively cycling cells in the lower outer root
sheath [11]. However, for normal hair homeostasis, it is the
outer bulge CD34" slow-cycling stem cells that contribute
to wound healing and hair regeneration and not the KRT6"
cells located in the inner bulge. The CD34" outer bulge cells
are the initial source for new HF down growth during regen-
eration. Proliferative signals are only detected at the outer
bulge and hair germ during wound healing, indicating the
wound healing response originates from CD34" cells. Under
more extreme conditions when the CD34" stem cell reservoir
is depleted, KRT6" cells do not respond to this CD34" bulge
cell ablation. This suggests CD34" bulge cells are functionally
different from KRTG6" cells even though they are located in
the same niche. KRTG6" cells keep the bulge more quiescent,
loss of which will trigger a precocious anagen [11,57]. The ori-
gin and homeostasis of the bulge stem cells after hair plucking

should be further clarified.

5. Regeneration of chimeric hair follicles
following tissue recombination

Given the inductive capacity of DP cells and reciprocal epi-
thelial-mesenchymal interactions for hair regeneration,
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much effort has been invested on experimental manipulation
of dermal and epidermal components to study follicle devel-
opment and growth (Figure 1, see detailed review [19,58]). Dif-
ferent in vivo tissue and cellular recombination assays with
same-species (allograft) [59-62] or trans-species (xenograft) [63-65]
models have been employed to probe hair follicle regenera-
tion. In these bioassays, the inductive component of intact
freshly dissected or cultured DP or dermal sheath (DS) cells
from rodents or humans were recombined with its receptive
epidermal counterpart. These dermal and epidermal compo-
nents come from the same or different body sites such as
vibrissa, ear, scalp and forearm and are also derived from tis-
sues at different ages (i.e., neonatal vs adult).

Results from these different approaches vary in producing a
new DP or regenerating a hair follicle and its components. In
same-species studies, for instance, the cultured rodent vibrissa
DP was implanted beneath the upper half of the transected
host rodent vibrissa follicle, and active HF induction and hair
fiber growth were observed [59]. This pioneering study incited
continuous exploration on tissue engineering of HF regenera-
tion using inductive DP tissue. The same research group
micro-dissected the lower dermal sheath (DS) or DP from
the scalp of a human male donor and transplanted (allograft)
them onto shallow skin wounds on the inner forearm of an
immunologically incompatible and genetically unrelated female
recipient [61]. Strikingly, such trans-gender and trans-
region implantation of a grafted DS generated a new DP!
This induced overt larger, thicker and often pigmented hairs
against small, thin and unpigmented arm hairs of the host,
and the results displayed the immunological privilege of the
donor DS [66,67]. However, the failure of the implanted DP
to induce a new HF is probably due to its inability to anchor
appropriately in the shallow and structurally loose wound envi-
ronment, and to its weaker immuno-tolerance than that of a
DS (64]. To further evaluate the inductive capacity of isolated
human DPs, a trans-species (xenograft) study using athymic
nude mice as hosts was performed by the same research
group [64]. A nude mouse vibrissal DP was exchanged for a
human DP. The isolated DPs from groin hair or occipital
hair of female and male donors were exchanged for DPs in iso-
lated nude mouse vibrissa follicles. The recombinant constructs
were then grafted into nude mice, either in the kidney capsule
or in a subcutaneous graft pocket (created by implanting a glass
disk) of well vascularized granulation tissue in the lower

dorsum. These implanted recombined associations resulted
in induction of a new bulb and fiber-producing follicle
through the interaction of a human DP with a directly and
well-attached mouse upper whisker epithelium.

These allograft and xenograft recombination studies display
several significant findings including: i) The inductive capa-
city of human DP and DS even under trans-species (xeno-
graft), trans-gender (allograft) and across- body site
(autograft) scenarios is maintained, but the immuno-
tolerance issue must be further investigated and resolved;
ii) The demonstration of trans-species similarities in epithe-
lial-mesenchymal signaling and recognition properties
between humans and rodents will give researchers more tools
for in-depth understanding of the mechanism of human folli-
cle regeneration; iii) The availability of diverse combinations
of epidermal-dermal components and reconstitution methods
gives flexibility for future clinical treatment approaches. The
formed chimeric follicles may not show all the characteristics
of HFs. These findings support prospective studies and
inspire future biological therapies for hair disorders.

The basic criteria of HFs are that they should show basic
follicular architecture, and have stem cells, DP, transient
amplifying cells as well as differentiating hair shafts and seba-
ceous glands. They also must show an ability to do repetitive
regenerative cycling, and respond to plucking to regenerate
new hair filaments (Table 1).

6. Wound-induced hair follicle neogenesis in
the adult

Another major advance in wound healing is the finding of de
novo hair formation in adult rabbit and mouse dorsal skin
when the initial wound bed is greater than 1 c¢m in diame-
ter [68]. This represents a physiological reprogramming of
endogenous cells, since no external cells, or molecules were
introduced. While the origin of these cells has not been fully
established, it is remarkable that hair growth can occur in
this way. These findings imply that we should be able to facil-
itate this process. It is also interesting to note that new hairs
emerge only from the center of these large wounds, not
from the zone adjacent to the wound margin (about
300 - 400 pm distance). This led us to suggest that repair
and regeneration are in competition and the wound margin
may secrete some molecules that suppress regeneration,

Figure 5. Tissue engineering of new hairs (continued). A. Schematic drawing illustrating the hair reconstitution process [91].
Epidermal cells (round) and dermal cells (triangle) are randomly mixed in a three-dimensional matrix. These cells self-
organize and form periodic hair germs which grow into HFs. B. Oil red O stains sebaceous glands and subcutaneous adipose
tissue. C. Anti-Versican antibody highlights DP. C. Schematic showing the hair reconstitution process. D. Hairs grow from the
grafted region by 21 days. Reconstitution of hairs on a stiff matrix enables us to create specific shapes and sizes for cosmetic
applications. E. The strategy to engineer new hairs with the generation of hair-forming epidermal stem cells and

hair-inducing dermal cells via reprogramming.
D. Adapted from [91].
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Table 1. Defining engineered hair follicles.

1. The proximal end of the skin appendages shows a follicle
configuration, with an epithelial filament extending from the
distal end of the follicle and DP sitting at the base of the
follicle

2. It has proliferating cells (TA cells) positioned proximally, and
differentiating cells positioned distally, forming a
proximal-distal growth mode

3. The follicle is made of concentric layers of outer and inner
root sheath, cuticle, cortex, and medulla. Although in
different hair types, variations can occur with the basic
design, all follicles have a distinct internal root sheath

4. The product of a follicle, the shaft is made with a unique

molecular constitution.

. The follicle is associated with sebaceous glands.

6. A follicle has the machinery to shed an old shaft while
preserving stem cells and the DP for the next cycle

7. Inherent in the follicle is the ability to regenerate a new hair
organ through repeated hair cycles

Ul

Adopted from Chuong CM, Cotsarelis, G, and Stenn, K. Defining hair follicles
in the age of stem cell bio-engineering J. Invest. Dermatol. 2007.

enabling repair. Whereas cells at the wound center, far away
from the wound margin, are permitted to be reprogrammed
successfully to regenerate new hair (Figure 1, (69]). This further
suggests that it should be possible for a reprogramming strat-
egy to work in organized tissues iz vivo.

Interestingly, recently the African spiny mouse (Acomys)
was found to shed its skin in response to predation as a means
of escape. These mice can rapidly re-epithelialize the wounds
and regenerate hair follicles, sebaceous glands and dermis.
The authors found the extracellular matrix was less organized
and tension may play a role in wound healing (70]. Learning
how wild animals do regenerative skin wound healing can
inspire us to apply their mechanism to regenerative medicine
in the context of biomimetics.

One important fact to notice is that this process is novel
and there are many factors scientists are still studying. For
example, the prostaglandin pathway is involved in the effi-
ciency of this process [29]. Practically, authors found different
strains have different efficacy in producing new follicles, with
a mixed strain being of higher efficiency [29]. For example,
C57Bl6 mice have a moderate response. For now, scientists
who study this should use the same inbred strain. This some-
times poses a problem when transgenic mice of a particular
strain are used for analyses.

6.1 Source of epidermal cells

Normally, the wound healing process after injury fails to regen-
erate lost appendages such as HFs and sebaceous glands. In the
past, certain de novo hair regeneration after wounding was
observed in rabbits, mice, and humans [9,71-73]. These observa-
tions were not seriously recognized due to a lack of conclusive
evidence. These early studies were limited by relatively
primitive research techniques and tools, and the well-accepted
conventional dogma of the impossibility of hair re-growth for

Therapeutic strategy for hair regeneration

adult mammals. In this recent re-discovery, it was found that
new unpigmented hair follicles formed at the center of re-
epithelialized wounds on the mouse’s back. The new follicles
behave like normal ones as they exhibit epithelial and mesen-
chymal cell differentiation and proliferation, sebaceous glands,
and hair shaft formation, as well as successive hair cycling indic-
ative of the presence and function of stem cells [68]. The inves-
tigators noted the de novo folliculogenesis resembled embryonic
follicle development at morphogenic and molecular levels, with
formation of epidermis and dermis, and subsequent down
growths of epidermis into the underlying dermis. It was
believed that the substantial wound size and the relatively
long healing time on the adult mouse dorsum activated the
Wnt-mediated signaling pathways [68] that control embryonic
follicle development and hair cycling (74]. The study indicated
suppression of such pathways by the Wnt antagonist
DKK1 blocked folliculogenesis after wound closure and regen-
erated hair numbers increased considerably for mice with
enhanced Wnt activity in its epidermis [68].

Wound healing is a complex process and the active partic-
ipation of epidermis and HF dermis with intact HFs is impor-
tant. This is illustrated by the observation of faster wound
healing in hair-bearing regions of humans [7576] and the
delayed acute wound healing in the hairless tail epidermis of
mutant mice with an impaired Eda receptor [77].

In response to skin damage, keratinocytes from the upper
isthmus (the middle HF segment) or from the infundibulum
(the upper HF segment) of remnant follicles contain high pro-
liferative capability that can regenerate and permanently replen-
ish the epidermis [78]. On the other hand, the bulge stem cells
respond promptly and efficiently by migrating upward from
the lower isthmus to interfollicular epidermis of the wound
site at the surface, and by recruiting and mobilizing its progeny
into the injured site for acute repair [79-81]. However, the recent
discovery of de novo hair regeneration in healing wounds of
mice implied that inter-follicular epidermal cells, with a HF
stem cell phenotype in the wound and not the existing HF
bulge stem cells in the neighboring skin, play a significant
role in folliculogenesis after wound repair [79-81]. But the ques-
tion whether the origin of the new hair follicle is derived from
interfollicular epidermal stem cells or infundibular cells requires
further clarification by efficient markers.

6.2 Source of dermal cells
During wound healing and de novo follicle neogenesis, the
replenished epidermis will proceed to interact with its under-
lying dermal component. However, the origin of de novo
regenerated follicular dermal cells is unknown. They could
be generated from mesenchymal stem cells. This issue awaits
related investigation by lineage tracing analysis and other tools
to identify and delineate the nature of multipotent adult
skin-derived precursor cells from the mesenchymal niche.
Despite limited knowledge and premature understanding
on precise cellular and molecular mechanisms or signaling
pathways, such intriguing findings like the de novo hair
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regeneration of adult mice during skin wound healing would
prompt development of optional hair loss treatment strate-
gies. These strategies would take advantage of the principle
of a natural re-epithelialization process, and if the true under-
lying mechanism and signaling molecules can be clearly iden-
tified, then these can be re-established and modulated
effectively and safely in the future clinical setting.

Recently, skin-derived progenitor cells (SKPs) have been
expanded 77 vitro from the dermis and share certain character-
istics of DP cells [21,82,83]. SKPs are highly plastic even after
long-term expansion 77 vitro and can differentiate into multi-
ple lineages from different germ layers including neuron, adi-
pocytes, sebaceous glands, etc. It was later demonstrated that
SKPs can be more effectively cultivated from DP cells. Sur-
prisingly, SKPs are also able to induce HF formation in a
way similar to cultured low passage DP cells. It is not clear
if the hair-inducing ability is an epigenetic memory of the fol-
licular cell origin, or if the SKPs derived from hairless dermis
are also endowed with this ability. Since SKPs can be serially
expanded 77 vitro, they can be an ample source of inductive
dermal cells for HF regeneration.

In addition to these specified cells, we speculate that local
dermal fibroblasts can also be induced to generate inductive
dermal cells. The most direct way can be specific reprogram-
ming of dermal fibroblasts into DP cells, an approach similar
to the generation of induced pluripotent stem (iPS) cells. This
approach has been used successfully to reprogram fibroblasts
into neurons and cardiomyocytes [84.85]. In this process, a
promoter specific to DP cells is needed to drive a reporter
transgene for high-throughput screening of cocktails of tran-
scriptional factors. Though versican and corin have been
reported to be highly expressed in DP cells relative to dermal
fibroblasts (86,871, they are not specific to the DP. Until a
specific promoter for DP cells is available, using the versican
and corin promoters to drive two different reporter transgenes
(such as GFP and YFP) is a good alternative choice for
screening purposes.

In addition to direct reprogramming via transcriptional
factors, indirect reprogramming by environmental cues or
paracrine factors is another approach. The observation of neo-
genesis of HFs after wounding [68] and de novo generation of
DP cells s8] during hair cycles suggests that local fibroblasts
can be converted to a DP fate. However, the paracrine factors
required to reprogram fibroblasts into DP cells need to be
defined and characterized.

7. Tissue engineering-based follicle
neogenesis: reconstitution of dissociated
epidermal stem cells and inducing dermal
cells to form hair follicles

7.1 A simple planar hair-forming procedure

Our overall goal is to apply stem cell engineering technology
to form a reconstituted skin replacement that functions close
to normal for these patients. This reconstituted skin must

contain the appropriate components in the right ratio with
the correct architecture. Here, we focus on using tissue engi-
neering to produce reconstituted skin that can grow hair.
Hair grows on the surface of the skin making it easy to mea-
sure HF density, as well as the thickness and length of the
hair shaft.

One of the major objectives of tissue engineering is to
reconstitute skin from stem cells. This requires multi-
potent skin stem cells and the ability to guide these cells to
form a piece of skin with proper architecture and skin appen-
dages. Scientists have made some progress in animal models
that lead to hair formation. Notable progress along these lines
comes from Lichti’s grafting chamber assay and Zheng’s patch
assay [62,89,90]. However, the former is cumbersome and not
practical for clinical use. The latter forms nice single hairs,
but the hair pattern is disrupted and HFs form an entangled
hair cyst and do not form the desired outcome. Yet, these
methods provide a baseline for improvement.

In order to achieve a clinically relevant means of regenerat-
ing functional skin for wound and trauma patients, we
recently developed a much improved hair reconstitution pro-
cedure. The hair precursor cells are placed upon a supportive
matrix scaffold prior to their application to the wound site
(Figure 5, [91]). This new method is simple to set up and pro-
duces reconstituted hairs arranged along a single plane with a
common orientation. In this planar hair-forming procedure,
newborn mouse cells are used. Dissociated epidermal and
dermal cells in high-density suspension are allowed to recon-
stitute 77 vitro to generate their own matrix, or seeded
into a scaffold-like matrix already used clinically. These cells
self-organize and form a reconstituted skin with proper pro-
portions and topological organization of different compo-
nents. Large numbers of HFs form. The cellular and
molecular events are characterized, showing a distinct but par-
allel morphogenetic process compared to those occurring in
embryonic development. The formed HFs can cycle and
regenerate, and the reconstituted skin can heal after injury.
The reconstituted skin tissue remains in good condition
1 year after transplant to the mouse. This procedure also
enables flexibility in producing an appropriately sized and
shaped reconstituted skin.

This is a promising procedure for the high-throughput
screening of therapeutic agents. This procedure also produces
topologically correct hairs with a clinically acceptable appea-
rance. Clinical applications can be envisioned for the future
when large numbers of multi-potential skin stem cells
become available.

7.2 Integration of biomaterials

In terms of clinical application, thousands of new follicles are
expected to be regenerated for a single patient to achieve a
good cosmetic appearance. Hence, the procured DP cells need
to be expanded. DP cells grow very slowly iz vitro and their
HF-inducing ability is quickly lost. There has been progress in
tackling this drawback by refining culture conditions [22.92-94].
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In addition to growth factors for cell expansion, the intercellular
organization of DP cells also affects the HF-inducing ability.
HF-inducing ability is better preserved when DP cells are
transplanted as cell aggregates [93].

To tackle the issue of efficiency and HF inductivity, and to
facilitate clinical transplantation, we proposed three key steps
to engineering HFs: first, iz vitro expansion of DP cells;
second, generation of injectable DP cell aggregates by self-
assembly in a bioreactor; and third, transplantation of DP
cell aggregates [9596]. We found that relatively low adhesivity
of the biomaterials surface, such as poly (ethylene-co-vinyl
alcohol), is able to maintain DP cells in high motility and
can promote the spontaneous assembly of dissociated DP cells
into thousands of aggregated inductive DP cell aggregates
within 3 days after one single seeding [95]. Fibronectin can
further enhance the DP self-aggregation process by enhancing
the cell substrate adhesiveness while maintaining high
cell motility [96]. Such biomaterial surfaces can be further
developed into a bioreactor that is able to generate inductive
DP cell aggregates for clinical transplantation with very
high efficiency.

In addition to homotypic self-aggregation of DP cells,
an appropriate biomaterial surface is able to guide the self-
assembly of heterotypic-dissociated adult-cultured DP cells
and epidermal keratinocytes. These aggregates form thousands
of cell aggregates with a hair germ-like layered structure: a core
of DP cells surrounded by a shell of keratinocytes [97]. In addi-
tion to a structural similarity to the hair bulb, adult epidermal
keratinocytes also start to differentiate toward a follicular fate
in such cell aggregates. Compared to dissociated adult kerati-
nocytes and DP cells that are unable to grow into HF
in vivo, these hair germ-like cell aggregates are able to grow
into new HFs after transplantation. The result indicates that
a structural cue between heterotypic cells conferred by interac-
tions on biomaterials can enhance the epithelial-mesenchymal
interaction, thereby promoting the trichogenesis from adult
keratinocytes and DP cells.

8. Expert opinion

In the study of hair formation (Figure 1), we have to realize
hair follicles are two component organs, made of epithelium
and mesenchyme. Also, they undergo regenerative cycling
under physiological conditions [25]. So it is best to take advan-
tage of this knowledge and modulate hair growth.

To modulate the progression of hair cycling, one will want
to change the duration of anagen for longer hairs or shorter
hairs, or to change the duration of telogen for frequency of
new hair growth. Since the original HF stem cells and signaling
center (DP) are still there, this should be relatively easy to
achieve (Figures 1, 2). Recent work demonstrated that in
AGA, human hair stem cells are present but cannot get
activated to form the hair germ [1.70). Our work in the mouse
demonstrates that altering the dermal environment is sufficient
to modulate hair growth (Figure 3, [26,27,321). So it is optimistic
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that investigators may come up with more small molecules that
can modulate hair growth and help to produce more or less
hairs as one may desire. In addition to perturbing signaling
molecules such as BMP, Wnt, FGF activity, recent work on
human alopecia shows that the prostaglandin pathway is also
involved in modulating hair growth [29], adding another layer
of possibilities.

For the de novo formation of HFs after severe injury, it is
more challenging. Unlike some organs where stem cells can
progress with one cellular component, here we have to pro-
vide both epidermal and dermal progenitors. In the laboratory
mouse, newborn skin happens to be of the right competent
stage (Figure 5). The exciting finding that the African spiny
mouse can produce de novo hair regeneration under natural
conditions suggests the epigenetic status can be arranged so
even adult cells can become competent to regenerate hair fol-
licles. This might make it possible to apply these findings to
human hair follicles. For humans, one would need to induce
embryonic stem cells, use iPS cells or reprogram adult cells
to become competent. One will have to make a population
of hair inducing dermal cells as well as this population of
hair-forming competent epidermal cells.

The choice of reprogramming factors will be a challenge.
While the proof of principle was demonstrated in the reprog-
ramming of skin fibroblasts into neurons [84] or hepato-
cytes [85], the search for the proper factors in skin
progenitors remains to be found (Figure 4). It is not sufficient
to just make them into hair lineage cells. For example, if we
produce a population of differentiated inner root sheath cells,
it will not be useful. We need to produce cells at the stage that
they can undergo self-organization and generate many new
hair germs.

The remarkable example is the endogenous reprogramming
observed after large wounding (Figure 1, [68,69]) . In this case,
new hair germs are able to be formed de novo from the center
of the large wound. We discussed this possibility in the above
sections. The important message is that this new HF forma-
tion event can occur without the addition of exogenous
molecular factors or cells. If we can understand this process
more, we may find clues we can use for application purposes.

Thus, there has been good progress in our understanding of
the molecular and cellular basis of new therapies for alopecia,
hair regeneration and a better regenerative wound healing of
the skin. While there is still much work to do, the logic and
path are clearer than ever.

9. Conclusion

Regenerative medicine is at the forefront of 21st century medi-
cine. In the skin field, scientists strive to develop new methods
and to identify genes that can enhance the regenerative ability
to replace skin damage due to injury or aging. We hope to
make "regenerative wound healing" a reality for patients who
suffer from burns and other trauma. We strive toward develop-
ing a reconstituted functional skin for high-throughput analyses
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and toward a readiness for clinical applications; however, this is
a major undertaking. For now we wish to focus on a major road
block in current therapies for wound healing; the inability to
form HFs. The goal is to produce skin with appendages that
can help patients who suffer from severe burns, wounds, and
other forms of alopecia.
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