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Abstract

Introduction—There are major new advancements in the fields of stem cell biology,
developmental biology, regenerative hair cycling, and tissue engineering. Thetimeisripeto
integrate, trandlate 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 regeneration is discussed in four different
categories. (1) Intra-follicle regeneration (or renewal) is the basic production of hair fibers from
hair stem cells and dermal papillaein existing follicles. (2) Chimeric follicles via epithelial-
mesenchymal recombination to identify stem cells and signaling centers. (3) Extra-follicular
factorsincluding local dermal and systemic factors can modulate the regenerative behavior of hair
follicles, and may be relatively easy therapeutic targets. (4) Follicular neogenesis means the de
novoformation of new follicles. In addition, scientists are working to engineer hair follicles,
which require hair forming competent epidermal cells and hair inducing dermal cells.
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Expert opinion—Ideally self-organizing processes similar to those occurring during embryonic
development should be elicited with some help from biomaterials.
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1. Introduction: Current issues in hair loss related disorders

Hair loss or alopecia can result either from afailure to regrow hair fibers from existing hair
follicles (HFs), from extrafollicular environmental factors that affect follicular stem cell
activity, or aternatively from the loss of HFs themselves (Fig. 1). Different therapeutic
strategies are required for each condition.

Hair lossis most frequently caused by afailure 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 preserved and the causative factor is
removed. In androgenetic alopecia (AGA), hair fibers become progressively thinner. AGA is
reversible at early stages but may become irreversible after continued disease progression.
Hair stem cellsin AGA seem to be normal, but activation to form hair germsis 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 (Fig. 1,
2, 3). Since basic follicle architecture remains and previous hair stem cells and dermal
papilla cells remain, some, such asthose 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 mgjor surgery in which patients suffer from loss of skin in alarge region.
Epidermal transplantation from other regions of the body or foreskin grafts have been used
to help save patients' lives 2 3. However, patients heal their skin viarepair type wound
healing. The scars which form provide a protective cover to prevent infection and fluid loss.
But this skin does not look, fedl, or function normally. Much of the reason for thisis that
scar tissue does not contain skin appendages such as hair, sebaceous glands, or sweat glands,
etc. Glands lubricate the skin and allow for thermal regulation. Hair, while no longer
essential for maintaining endothermy in humans, still plays amajor role in aperson's
appearance. The formation of skin appendages requires regenerative wound healing (i.e.,
the replacement of an injured area not only with reparative connective tissues and re-
epithelialized epidermis but with normal functional components). We will discuss the
possible reprogramming of cellsto form new HFs (Fig. 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 biomaterialsin this process (Fig. 5). However, to
succeed in tissue engineering, we must first familiarize ourselves with the basic biology of
HF devel opment 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 alopeciais commonly classified into non-scarring alopecia
and scarring/cicatricial alopecia. In cicatricial aopecia, 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.
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2. Basic biology of hair follicles

Human HFs devel op through complex morphogenetic processes resulting from reciprocal
molecular interactions between epithelium and underlying mesenchyme during embryonic
development -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 2. 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 maintained
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 cellsin the bulge give rise to hair germs, then the transient amplifying cells
in the matrix of the new follicle proliferate rapidly to form anew hair filament 11, After
catagen, follicles undergo apoptosis. The hair filament remainsin the telogen follicle to
become aclub 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 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 4. Knockout
of Tcll, which is highly expressed in the secondary hair germ and bulge cells during the
catagen-telogen transition, resultsin aloss of the bulge stem cell surface marker CD34 and
disturbs HF homeostasis 1°. The role of other moleculesin hair cycling were 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 anagen re-entry 17.
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 usto 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
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 1°. Earlier work showed that hair stem
cells are slow cycling, enriched in the hair bulge region, and can give rise to HFs when
isolated from adult follicles 29 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 rolesin regulating the reciprocal epidermal and mesenchymal interactions.
Furthermore, scientists have recently found that molecules 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 asingle HF 11 17 Here, we will
focus on a potential strategy to alter HF cycling states based on extra-follicular modulation.
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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
different physiological conditionsin the same individual 2°. Although the intrinsic molecular
rhythm within the HF organ micro-environment that regulates HF cycling is poorly
understood, there are clues that macro-environmental factors from adjacent dermis/adipose
tissue or systemic hormones can regulate the HF cycles (Fig. 3, 26 27).

The local macro-environment can also regulate HF stem cell activity 30, We found that

BMPs from the local dermal and adipose tissue play an important role in regulating
physiological murine hair cycles 26, BMPs serve asinhibitors that prevent entry into anagen.
Such inhibitory factors from the local macro-environment have not been investigated under
physiological and pathological conditions. Some adipocyte derived PDGF can stimulate hair
growth?’. More intra-dermal adipocyte layer factors are being characterized for their ability
to enhance or suppress hair regeneration?6: 27- 96,

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 reinitiated until after lactation 26. Murine DPs express the estrogen
receptor during telogen and exogenous estrogen can keep HFs from entering a new

anagen 28, However, 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 2°.
About 3 to 6 months after labor, hair lossin 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.
Experimental data show the mouse skin goes through different phases 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: 9. 97 T¢ 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 changesin hair cycle and regeneration, systemic factors also
lead to pathological changesin susceptible patients. Testosterone can induce the growth of
axillary, facial and pubic hair. Hirsutism isahair disorder of women presenting with
unwanted excessive male-pattern terminal hair growth 31 32, |n 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 |engthened and pigmentation is induced due either
to stimulation by excessive circulating androgen levels 33, 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
prolonged telogen, and shortened anagen 34 35, DPs from balding scalp have both higher
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levels of androgen receptor (AR) 36 and type 11 5-alpha reductase which converts
testosterone to dihydrotestosterone (DHT). DHT can induce DPs to secrete factors including
TGF- betal and DKK-1 that inhibit keratinocyte growth 37 38, Hence, the locally high levels
of DHT and ARsin DPs from balding scalp may explain the patterned distribution of
alopecia. It also explains the clinical response of AGA to Finasteride, a potent type Il 5-
alpha reductase inhibitor that reduces the conversion of testosterone to DHT.

DP volume shrinks and DP cells adopt a senescent phenotype in balding follicles 3% 40, This
may be because high levels of DHT can be cytotoxic and induce DP cell apoptosis 1. DPs
from balding scalp aso can secrete inhibitory autocrine factors 42, These results may help
explain the reduced size of DPsin AGA, but how DP cells become senescent 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 beillustrated by the
absence of male pattern baldness in individual s lacking androgens (such as eunuchs),
functional AR, or 5 alpha reductase 4345, Balding scalp regions also tend to have altered
blood flow and alower rate of oxygen delivery than that found in non-balding scalp 46.

The causes of AGA are assumed to be polygenic. Genome-wide association studies
demonstrated polyglycine repesatsin exon 1 of the AR increases the propensity towards
AGA 47, The finding that modifications of the AR are involved in AGA is not surprising.
AR isx-linked and suggests that it is inherited through a matrilineal lineage. An SNPina
region on Chromosome 20 (20p11) is associated with AGA in a study of German males 8.
There is no apparent link with this locus and either the AR or hormones and the nature of its
function in AGA remains to be identified.

Thelogical therapeutic approach for AGA treatment addressing the underlying pathology
should be complete reversal of follicle miniaturization and de-pigmentation either by
suppression of testosterone to DHT conversion, or by blockage of ARs. However, drug
treatment involving increasing blood flow (Minoxidil) or decreasing androgen formation
(Finasteride) did not effectively serve these purposes. Recently, it was found that the scalp
of male AGA patients retain norma number of HF stem cells but the progression from stem
cells to progenitors cellsis 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 isan injury, abeit minor. Aslong 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,
followed by cell proliferation which leads to synchronized anagen in the plucked area 49-51,
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 processisless clear. The label-retaining stem
cellsinthefollicle bulge are believed to remain intact after plucking to serveitsrolein
future regeneration 5254, 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 . Very recently, label retention
and lineage tracing experiments demonstrated that in telogen a*“ new bulge” forms and
coexists with the “old bulge” to which the club hair anchors 11. The new bulge contains a
certain number of label retaining cells. Asaterminally differentiated companion layer
marker, KRT6+ cellsin the well formed telogen bulge is ultrastructurally similar to CD34+
bulge stem cells. Lineage tracing with Lgr5-CreER/Rosa-LacZ mice, showed KRT6+ cells
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are derived from actively cycling cellsin 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+ cellslocated in the inner bulge.
The CD34+ outer bulge cells are theinitial source for new HF down growth during
regeneration. Proliferative signals are only detected at the outer bulge and hair germ during
wound hesaling, 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
functional differently than KRT6+ cells even though they are located in the same niche. K6+
cells keep the bulge more quiescent, loss of which will trigger a precocious anagen.11: 55,
The origin 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 epithelial-mesenchymal interactions
for hair regeneration, much effort has been invested on experimental manipulation of dermal
and epidermal components to study follicle development and growth (Fig. 1, see detailed
review 19.96), Different in vivotissue and cellular recombination assays with same-species
(allograft) 57-60 or trans-species (xenograft) 6163 models have been employed to probe hair
follicle regeneration. 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 components come from the
same or different body sites such as vibrissa, ear, scalp and forearm and are also derived
from tissues at different ages (ie., 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 7. This pioneering
study incited continuous expl oration on tissue engineering of HF regeneration 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 (all ograft) them onto shallow
skin wounds on the inner forearm of an immunologically incompatible and genetically
unrelated female recipient 9. Strikingly, such trans-gender and trans-region implantation of
agrafted DS generated a new DP! Thisinduced 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 HF 64 65 However, the failure of the implanted DP to
induce a new HF is probably due to itsinability to anchor appropriately in the shallow and
structurally loose wound environment, and to its weaker immuno-tolerance than that of a
DS 62, 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 2. A nude mouse vibrissae DP was exchanged for a human DP. The isolated DPs
from groin hair or occipital hair of female and male donors were exchanged for DPsin
isolated nude mouse vibrissafollicles. 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 anew 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 (1) The maintenance of inductive capacity of human DP and DS even under trans-
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species (xenograft), trans-gender (allograft) and across- body site (autograft) scenarios, but
the immuno-tol erance issue must be further investigated and resolved; (2) The
demonstration of trans-species similaritiesin epithelial-mesenchymal signaling and
recognition properties between humans and rodents will give researchers more tools for in-
depth understanding of the mechanism of human follicle regeneration; (3) 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 HFsis that they should show basic follicular architecture, have stem
cells, DP, transient amplifying cells as well as differentiating hair shafts and sebaceous
glands. They aso 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 novohair formation in adult
rabbit and mouse dorsal skin when the initial wound bed is greater than 1cm in diameter 66,
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 isremarkable that hair growth can occur in thisway. These findings imply that we should
be able to facilitate 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 um distance). Thisled us to suggest that repair and regeneration arein
competition and the wound margin may secrete some molecules that suppress regeneration,
enabling repair. Whereas cells at the wound center, far away from the wound margin, are
permitted to be reprogrammed successfully to regenerate new hair (Fig. 1, 7). This further
suggests that it should be possible for a reprogramming strategy to work in organized tissues
invivo.

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
extracel lular matrix was |ess organized and tension may play arole in wound healing .
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 isinvolved in the efficiency of
this process 9. Practically, authors found different strains have different efficacy in
producing new follicles, with amixed strain being of higher efficiency % . For example,
C57BI6 mice have a moderateresponse. For now, scientists who study this should use the
same inbred strain. This sometimes 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 failsto regenerate 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 %8-70, These observations were not seriously
recognized due to alack 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 adult mammals. In this recent re-discovery
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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 mesenchymal cell differentiation and proliferation, sebaceous glands, and hair
shaft formation, as well as successive hair cycling indicative of the presence and function of
stem cells %6 . The investigators noted the de novofolliculogenesis resembled embryonic
follicle development at morphogenic and molecular levels, with formation of epidermis and
dermis, and subsequent down growths of epidermisinto 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 6 that control embryonic
follicle development and hair cycling /1. The study indicated suppression of such pathways
by the Wnt antagonist DKK1 blocked folliculogenesis after wound closure and regenerated
hair numbers increased considerably for mice with enhanced Wnt activity inits

epidermis 56,

Wound healing is a complex process and the active participation of epidermisand HF
dermiswith intact HFs isimportant. Thisisillustrated by the observation of faster wound
healing in hair-bearing regions of humans 72 73 and the delayed acute wound healing in the
hair-less tail epidermis of mutant mice with an impaired Eda receptor 7.

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
proliferative capability that can regenerate and permanently replenish the epidermis 7. On
the other hand, the bulge stem cells respond promptly and efficiently by migrating upwards
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 7678, However,
the recent discovery of de novohair regeneration in healing wounds of miceimplied that
inter-follicular epidermal cells, with a HF stem cell phenotype in the wound and not the
existing HF bulge stem cellsin the neighboring skin, play asignificant rolein
folliculogenesis after wound repair 7678, But the question of whether the origin of the new
hair follicle is due to epidermal stem cells or infundibular cells requires further clarification
by efficient markers.

6.2. Source of dermal cells

During wound healing and de novofollicle neogenesis, the replenished epidermis will
proceed to interact with its underlying dermal component. However, the origin of de novo
regenerated follicular dermal cellsis unknown. They could be generated from mesenchymal
stem cells. Thisissue 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 novohair
regeneration of adult mice during skin wound healing, would prompt devel opment of
optional hair loss treatment strategies. These strategies would take advantage of the principle
of anatural re-epithelialization process, and if the true underlying mechanism and signaling
molecules can be clearly identified, then these can be re-established and modul ated
effectively and safely in the future clinical setting.

Recently, skin derived progenitor cells (SKPs) have been expanded /7 vitrofrom the dermis
and share certain characteristics of DP cells 21 79. 80, Sk Ps are highly plastic even after
long-term expansion /n vitroand can differentiate into multiple lineages from different germ
layers including neuron, adipocytes, sebaceous glands, etc. It was later demonstrated that
SKPs can be more effectively cultivated from DP cells. Surprisingly, SKPs are also able to
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induce HF formation in away similar to cultured low passage DP cells. It isnot clear if the
hair inducing ability is an epigenetic memory of the follicular cell origin, or if the SKPs
derived from hairless dermis are also endowed with this ability. Since SKPs can be serialy
expanded /n 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
reprogramming of dermal fibroblastsinto 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 81 82, |n this process, a promoter specific to DP
cellsis needed to drive areporter transgene for high throughput screening of cocktails of
transcriptional factors. Though versican and corin have been reported to be highly expressed
in DP cells relative to dermal fibroblasts 83 84, they are not specific to the DP. Until a
specific promoter for DP cells is available, using the versican and corin promoters to drive 2
different reporter transgenes (such as GFP and YFP) is agood alternative choice for
screening purposes.

In addition to direct reprogramming viatranscriptional factors, indirect reprogramming by
environmental cues or paracrine factors is another approach. The observation of neogenesis
of HFs after wounding 6 and dee novo generation of DP cells 8 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 isto apply stem cell engineering technology to form areconstituted 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 engineering to produce reconstituted skin that can grow hair. Hair
grows on the surface of the skin making it easy to measure HF density, as well asthe
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 cellsto form a piece of
skin with proper architecture and skin appendages. Scientists have made some progressin
animal modelsthat lead to hair formation. Notable progress along these lines comes from
Lichti's grafting chamber assay and Zheng's patch assay 0: 86: 87 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. Y et, these methods provide a baseline for improvement.

In order to achieve aclinically relevant means of regenerating functional skin for wound and
trauma patients, we recently developed a much improved hair reconstitution procedure. The
hair precursor cells are placed upon a supportive matrix scaffold prior to their application to
the wound site (Fig. 5, 88). This new method is simple to set up and produces 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 cellsin high
density suspension are allowed to reconstitute /n vitroto generate their own matrix, or
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seeded into a scaffold-like matrix already used clinically. These cells self-organize and form
areconstituted skin with proper proportions and topological organization of different
components. Large numbers of HFs form. The cellular and molecular events are
characterized, showing adistinct but parallel 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 one year after transplant to the mouse. This procedure also enables flexibility in
producing an appropriately sized and shaped reconstituted skin.

Thisis apromising procedure for the high throughput screening of therapeutic agents. This
procedure also produces topologically correct hairs with a clinically acceptable appearance.
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 fallicles are expected to be regenerated for
asingle patient to achieve a good cosmetic appearance. Hence, the procured DP cells need
to be expanded. DP cells grow very slowly /n vitroand their HF inducing ability is quickly
lost. There has been progress in tackling this drawback by refining culture

conditions 22 8991 |n 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 .

To tackle the issue of efficiency and HF inductivity, and to facilitate clinical transplantation,
we proposed three key steps to engineering HFs; first, /n 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 %2 93, We found that relatively low adhesivity of
the biomaterials surface, such as poly (ethylene-co-vinyl acohal), is able to maintain DP
cellsin high motility and can promote the spontaneous assembly of dissociated DP cellsinto
thousands of aggregated inductive DP cell aggregates within 3 days after one single

seeding 92. Fibronectin can further enhance the DP self-aggregation process by enhancing
the cell substrate adhesiveness while maintaining high cell motility 93. Such biomaterials
surfaces can be further devel oped 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 surfaceis
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 4. In
addition to a structural similarity to the hair bulb, adult epidermal keratinocytes also start to
differentiate toward afollicular fate in such cell aggregates. Compared to dissociated adult
keratinocytes and DP cells that are unable to grow into HF /11 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 interactions 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 (Fig. 1), we have to realize hair follicles are two component
organs, made of epithelium and mesenchyme. Also, they undergo regenerative cycling under
physiological conditions 2°. So it is best to take advantage of this knowledge and modulate
hair growth.
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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 till there, this
should be relatively easy to achieve (Fig. 1, 2). Recent work demonstrated that in AGA,
human hair stem cells are present but cannot get activated to form the hair germ - 95, Our
work in the mouse demonstrates that altering the dermal environment is sufficient to
modulate hair growth (Fig. 3, 26 27.97) Sp it is optimistic 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 a opecia shows that the prostaglandin pathway is aso
involved in modulating hair growth 9, adding another layer of possibilities.

For the de novoformation 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 provide
both epidermal and dermal progenitors. In the laboratory mouse, newborn skin happens to
be of the right competent stage (Fig. 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 follicles.
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 aswell asthis
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 reprogramming of skin fibroblasts into neurons 81 or hepatocytes 82, the
search for the proper factorsin skin progenitors remains to be found (Fig. 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 exampl e is the endogenous reprogramming observed after large wounding
(Fig. 1; %6:67). In this case, new hair germs are able to be formed de novofrom the center of
the large wound. We discussed this possibility in the above sections. The important message
isthat this new HF formation 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 thereis still much work to do, the logic and path are clearer than ever.

9. Conclusion

Regenerative medicine is at the forefront of 21st century medicine. In the skin field,
scientists strive to devel op 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” areality for patients who suffer from burns and other trauma.
We strive toward devel oping a reconstituted functional skin for high throughput analyses
and toward areadiness for clinical applications; however, thisis amajor undertaking. For
now we wish to focus on amajor road block in current therapies for wound healing; the
inability to form HFs. The goal isto produce skin with appendages that can help patients
who suffer from severe burns, wounds and other forms of alopecia.
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Fig. 1. Categories of hair regeneration

I. Hair cycle activation. Thisis regeneration within the same follicle and some named it as
“renewal”. A single HF cycles through anagen, catagen, telogen and exogen phasesin 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 Fig. 2). 11.
Chimeric follicles. The epithelial vs mesenchymal contributions to the hair cycle can be
analyzed by epithelial: mesenchymal recombination. 111. Wound induced follicle neogenesis.
New HF formation after large wounding. This also occurs physiologically such as after the
shedding of deer antlers (from 7). Please see Fig. 4. |V. Tissue engineering based follicle
neogenesis. Reconstitution of new HF from dissociated epidermal stem cells and hair
inducing dermal cells. Please see Fig. 5.
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Fig. 2. Concept chart showing multi-layered environmental 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 (from ).
The many layers of regulation can be illustrated with concentric rings (modified from 30).

They also show the potential targets for diseases and therapeutic strategies.
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Fig. 3. Effects of macro-environmental factors on the regenerative hair wave

A. Different temporal stageslaid out spatially across a skin strip shows HFs and BMP2 in
situ hybridization (white speckles). B. Visualization of hair molting by observing changesin
hair pigmentation. C. Control and KR714-NOG mice. Hair cycle domainsin two different
stages show domain boundaries. D. Schematic summary of the hair cycle rhythm (black) and
dermal rhythm (gray) which together define 4 new functional stages. Catagen is omitted for
simplification. Panel B isfrom %8, All other panels are from 25,
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Fig. 4. Programming and reprogramming in development and regeneration

Cedlswith high developmental potentia progressively become progressively programmed
toward differentiation (black triangle) as they move from A1to A6. At early steps aong this
pathway cells can move equally in both directions (towards differentiation and de-
differentiation). Asthey 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 towards differentiation (short curved arrow).
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Periodic patterning and Hair reconstitution
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Fig. 5. Tissue engineering of new hairs

A. Schematic drawing illustrating the hair reconstitution process 8. 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. Qil 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 usto create specific shapes and
sizesfor cosmetic applications. (From 88). E. The strategy to engineer new hairs with the
generation of hair forming epidermal stem cells and hair inducing dermal cellsvia
reprogramming.
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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 Thefoallicleis 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 adistinct internal root sheath

The product of afollicle, the shaft is made with a unique molecular constitution.
Thefoallicleis associated with sebaceous glands.

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

N o o s

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

Adopted from Chuong CM, Cotsarelis, G, and Stenn, K. Defining hair folliclesin the age of stem cell bioengineering J. Invest. Dermatol. 2007.
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