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Abstract
The dermal papilla comprises mesenchymal cells in hair fol-
licles, which play the main role in regulating hair growth.
Maintaining the potential hair inductivity of dermal papilla
cells (DPCs) and dermal sheath cells during cell culture is the
main factor in in vitro morphogenesis and regeneration of
hair follicles. Using common methods for the cultivation of
human dermal papilla reduces the maintenance require-
ments of the inductive capacity of the dermal papilla and the
expression of specific dermal papilla biomarkers. Optimizing
culture conditions is therefore crucial for DPCs. Moreover,
exosomes appear to play a key role in regulating the hair fol-
licle growth through a paracrine mechanism and provide a
functional method for treating hair loss. The present review
investigated the biology of DPCs, the molecular and cell sig-
naling mechanisms contributing to hair follicle growth in hu-
mans, the properties of the dermal papilla, and the effective
techniques in maintaining hair inductivity in DPC cultures in
humans as well as hair follicle bioengineering.

© 2020 S. Karger AG, Basel

Introduction

Hair loss is one of the most common complaints for
which both male and female patients seek treatment. In
general, hair is a feature of mammalians that plays a great
role in their beauty, social acceptance, and self-esteem.
Over the last decade, patent-pending statistics have
shown increasing costs. The common treatments for hair
loss include conventional chemical approaches such as
minoxidil [1, 2], finasteride [2], herbal extracts [3-5],
platelet-rich plasma (PRP) [6-9], adipose-derived stem
cells [10-12], keratinocyte-conditioned media [13], and
hair transplantation [14]. None of these methods, how-
ever, have been able to bring satisfactory results. The cur-
rent advances in the field of cell therapy, tissue engineer-
ing, and regenerative medicine have brought new hope
for hair loss treatment. Different research groups have
carried out projects to create the hair organoid structure
in the laboratory. Although research findings suggest that
using stem cells and mice dermal papilla cells (DPCs)
helps create the hair structure, these studies have not been
successful in humans. The main reasons for the failure of
human studies include the loss of trichogenic ability of
the hair DPCs, the insufficient number of hair in people
with severe hair loss, and the lack of appropriate medical
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culture media. The dermal papilla consists of mesenchy-
mal cells in the hair follicle, which plays the main role in
the regulation of hair growth. Maintaining the potential
hair inductivity of the DPCs and the dermal sheath cells
during cell culture is the most important factor in in vitro
hair follicle morphogenesis and regeneration. In addi-
tion, the procedure of hair follicle morphogenesis and re-
generation includes Wnt, Shh, Notch, bone morphoge-
netic protein (BMP), and other cell signaling pathways
interaction between epithelial cells and DPCs [15]. The
B-catenin signaling of dermal papilla controls other sig-
naling pathways, including fibroblast growth factor (FGF)
7 and FGF10, which regulate the growth of epithelial cells
in hair follicles. The Wnt cell signaling is the primitive
dermal induction pathway for developing hair placodes.
As an inhibitor of the Wnt signaling, Dickkopf-1 (Dkk-1)
lies in the interfollicular dermis [16].

Subsequent studies have demonstrated that rodent
DPCs lose their inductive properties after extended pri-
mary cell culture [17]. After in vitro subculture of hair
DPCs expression, alot of specific genes of these cells, such
as Akp2, Alx3, and Alx4, reduced rapidly, accompanied
by a loss of hair follicle inductivity [18]. The most signif-
icant changes in the DPC transcriptome occurred after
only a brief period of in vitro two-dimensional (2D) cul-
ture, accounting for the rapid loss of their capacity for
hair follicle induction [19].

Insufficient and weak functionality of the cultured hu-
man DPCs and development of appropriate in vitro DPC
culture conditions are main challenges that restricted ap-
plication of commonly developed cell-based strategies in
hair loss clinical applications. In order to solve these
problems, scientists are studying the procedure to modify
the methods of in vitro DPC culture, which really stimu-
late the growth environment of hair follicles in vivo and
maintain the hair inductive properties of DPCs.

Evaluation of hair inductivity of three-dimensional
(3D) spheroid cultures of human DPCs in the mice
showed hair follicle formation but no new hair follicles
were observed with 2D cultures [20]. Maintenance of hair
inductivity of DPCs during in vitro subculture can be res-
tituted if appropriate molecular substances are provided;
for example, Wnt and BMP cell signaling have been dem-
onstrated to maintain hair follicle inductivity in cultured
rodent papilla cells [21, 22]. Similar strategies such as sol-
uble growth factors or keratinocyte-conditioned medium
have been used to maintain the hair inductivity of human
DPCs [13] However, using these effective mice methods
into the human model has been a rate-limiting step with
this approach.
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In recent years, the therapeutic potential of different
sources of exosomes, such as mesenchymal stem cells
(MSCs) and appropriate molecular substances, has
been evaluated in regenerative medicine. Among the
different effective approaches for maintaining the in
vitro and in vivo hair inductivity of the DPCs, exo-
some-based treatment may be the most efficient meth-
od. The advantages of using exosomes in hair experi-
ments and clinical application include induction of en-
dogenous mechanisms, simple processing, long-term
storage, and reduced risk of immune reactions. The re-
sults of studies have shown that exosomes can induce
cell proliferation, migration, and angiogenesis and
promote tissue repair.

The Structure of Hair Follicles

Hair follicles are living mini-organs that comprise der-
mal (mesenchymal) and epidermal (epithelial) cells. As a
dermal fibroblast cell derived from the mesoderm layer,
the DPC plays the main role in developing human hair
follicles. The primary aggregation of DPCs in the dermal
layer occurs in humans at approximately 60 days of age.
The differentiation of epidermal matrix cells into diverse
sheath and hair fiber compositions occurs with the prop-
agation of the epidermal plug above the dermal papilla
[23]. Three different buds, namely, sweat glands, the fol-
licle bulge, and the sebaceous glands, extend out of the
hair plug. The “arrector pili” muscle attaches to the bulge
stem cell area and connects hair follicles to the connective
tissue. The differentiation of the upper layers of the der-
mal papilla into the inner root sheath (IRS) and the outer
root sheath (ORS) of the hair induces epidermal plug and
communicates with DPCs. Undifferentiated cells play a
major role in follicle formation in the surrounding matrix
of the dermal papilla. According to Figure 1, the develop-
ment process of a hair follicle comprises a continuous
pathway involving induction, initiation, elongation, and
differentiation. The basic construction of hair follicles is
completed within 160 days of embryonic skin develop-
ment. The skin consists of 3 types of hair follicle including
lanugo, vellus, and mature hair. The lanugo hairs grown
in the fetus replaced by vellus hairs after 9 months. The
mature hair follicle due to androgen hormones substi-
tuted with vellus hair follicle [24]. Hair follicles in hu-
mans consist of the ORS, the IRS, the hair shaft, the bulge
region, and the dermal papilla [25].
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Fig. 1. The schematic steps of hair follicle morphogenesis. Step 0:
no morphological indications of hair follicle formation; Step 1:
placode induction; Step 2: condensation of the dermal fibroblast
and elongation of the hair placode into the hair germ; Step 3: col-
umn arrangement of epidermal cells and hair peg formation; Step
4: development of the dermal condensate as the dermal papilla and
covering it by the IRS; Step 5: development of hair follicles as the

Hair Follicle Stem Cells and the Hair Cycle

A major part of the slow-cycling ORS in the hair fol-
licle with multipotent stem cells contributes to both the
growth of hair follicles and the repair of a damaged epi-
thelial layer. The morphogenesis of hair follicles and se-
baceous glands is blocked in the absence of hair follicle
stem cells (HFSCs). In the embryonic development stag-
es, the hair follicle interaction between the skin epithelial-
mesenchymal section and the underlying dermal papilla
plays a fundamental role in regulating the hair follicle cy-
clical activity [26]. Hair growth cycles of each mature fol-
licle separate into 3 phases, that is, anagen (the growing
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hair peg and formation of the first melanin; Step 6: formation of
the hair shaft and enclosing the dermal papilla by epidermal cells;
Step 7: the entry of the hair shaft into the hair canal; Step 8: finally,
maximum elongation of hair follicles and emergence of hair
through the epidermis. IRS, inner root sheath; SG, sebaceous
gland.

phase), catagen (the regression phase), and telogen (the
resting phase). In the catagen phase, hair stem cells are
retained in the bulge region. The DPC signaling stimu-
lates the activation of quiescent bulge stem cells in the
catagen phase and increases the apoptotic rate of epithe-
lial cells in the bulb and ORS regions. In the anagen phase,
the interaction between bulge stem cells and hair germ
stimulates the proliferation matrix of the new follicle to
create a new hair filament [26, 27]. According to Figure
2, hair follicles are inactive in the telogen phase of the hair
cycle while a new hair starts to grow. Many paracrine fac-
tors and cell signaling molecules contribute to hair cycle
stages in humans.
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Fig. 2. The schematic of hair cycle stages. The intermittent cycles of the hair follicle growth include a growth phase
(anagen), in which the interaction between bulge stem cells and DPCs creates a new hair filament; a regression
phase (catagen), in which hair stem cells are retained in the bulge region and the apoptotic rate of epithelial cells
increases; and a quiescent phase (telogen), in which hair follicles are completely inactive.

The Signaling Pathway in the Morphogenesis and
Development of Hair Follicles

The development and morphogenesis of human hair
follicles initiate with the main cell signaling pathways, in-
cluding Wnt, sonic hedgehog (Shh), Notch, and the BMP.
The Wnt pathway plays the role of a master regulator in
the induction stage of the morphogenesis of hair follicles.
At this stage, the Wnt cell signaling induces the overlying
epithelial cells to develop the placode. At the organogen-
esis stage, the complex of epithelial cell signaling induces
the proliferation of dermal cells, the formation of the der-
mal condensate, and the migration of dermal condensate
into the dermal layer [15, 28]. At the cytodifferentiation
stage, covering the dermal condensate by follicular epi-
thelial cells develops distinct dermal papilla. The Shh
pathway plays the main role in the late-stage differentia-
tion [29]. The prospects of HESCs are determined by the
Notch pathway. According to Figure 3, the BMP signaling
regulates the cellular differentiation of hair follicles. Dis-
orders of hair follicles are associated with the dysregula-
tion of these signaling pathways [30].
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Growth Factors Involved in the Development of Hair
Follicles

A lot of growth factors and receptors regulate the de-
velopment of hair follicles. Some of the growth factors
contributing to the hair follicle growth and cell cycle reg-
ulation include epidermal growth factor (EGF), trans-
forming growth factor-f (TGEF-p), insulin-like growth
factor-1 (IGF-1), hepatocyte growth factor (HGF), kera-
tinocyte growth factor (KGF), and vascular endothelial
growth factor (VEGEF). Any changes in the distribution of
the relevant growth factor receptors and their expression
levels can cause abnormalities in the growth and develop-
ment of hair follicles [31, 32].

Growth Factors

Epidermal Growth Factor

As the main EGF receptor that regulates the hair fol-
licle growth cycle, ErbB1 lies in the ORS of mature hair
follicles. EGF binding to the ErbB1 receptor induces the
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Fig. 3. The signaling pathway in the morphogenesis of hair folli-
cles. The cell signaling pathway from major cell types, including
the dermal papilla, bulge stem cells, and the adipose tissue, which
control the morphogenesis and development of hair follicles. The
Wt cell signaling induces the proliferation of dermal cells and the
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formation of the dermal condensate. The BMP4 signaling pathway
stimulates the growth of DPCs through BMP inhibitors during the
anagen phase. Identifying the HFSClineage is possible through the
nerve-derived Shh signaling. BMP, bone morphogenetic protein;
DPCs, dermal papilla cells; HFSC, hair follicle stem cell.
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DNA synthesis in the ORS cells and differentiates hair
bulb cells into ORS cells. EGF and TGF-f play an inhibi-
tory role in the hair follicle formation at the initial stages
of the hair follicle growth [33]. The ErbB1 receptor plays
a fundamental role in regulating the development of the
skin cell signaling, migration, proliferation, and differen-
tiation.

Transforming Growth Factor-3

The TGF-p plays a major regulatory role in the catagen
phase of the hair cell cycle. Evidence suggests that the epi-
dermal repair depends on the expression of TGF-p1 in
hair follicle cells. In mature hair follicles, TGF-p1, TGF-2,
and TGF-B3 mRNAs are expressed in the IRS and ORS
[34, 35].

Hepatocyte Growth Factor

The HGF can regulate the interaction between epi-
thelial keratinocytes and DPCs. The HGF plays the
main role in the proliferation, differentiation, and
apoptosis of keratinocytes in the morphogenesis of hair
follicles. Moreover, injecting the HGF into the dorsal
skin of newborn mice has been proposed to induce hair
follicles [36].

KGF (FGF7)

The KGF is part of the FGF family that induces the
proliferation of epithelial cells. The KGF can induce the
hair follicle proliferation and the differentiation of pro-
genitor cells and promote epithelialization and wound
healing, making it a key determinant of skin regeneration
[37].

Insulin-Like Growth Factor-1

The IGF-1 is a multifunctional regulatory growth fac-
tor that controls cell proliferation and the survival of hair
follicle cells [38]. The DPC can secrete IGF-1, IGFR-1,
and IGFBPs. The results of the experimental research
have shown that the exogenous IGF-1 not only changes
the level of protein kinase C but also it is essential for
maintaining hair growth.

Vascular Endothelial Growth Factor

The VEGF is a type of heparin-binding glycoprotein
that stimulates the proliferation and migration of endo-
thelial cells. During the hair growth cycle (anagen), the
VEGF induces the proliferation of the capillary network
[39]. The VEGF overexpression in the ORS of hair folli-
cles accelerates the hair regrowth.
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Other Growth Factors

Alarge body of literature shows that DPCs increase the
FGF expression during hair development [40]. The exog-
enous FGF7 or FGF10 can also stimulate the proliferation
of hair follicle keratinocytes [16].

Role of the Dermal Papilla Signaling in the Hair
Morphogenesis

DPCs cannot divide by themselves; the number of
neighboring cells of the dermal sheath, however, increas-
es during the hair growth cycle [41]. Disruptions to the
B-catenin signaling of DPCs inhibit the growth of hair
follicles [41]. The B-catenin signaling of dermal papilla
controls other signaling pathways, including FGF7 and
FGF10, which regulate the growth of epithelial cells in
hair follicles.

The Wnt cell signaling is the primitive dermal induc-
tion pathway for developing hair placodes. As an inhibi-
tor of the Wnt signaling, Dkk-1 lies in the interfollicular
dermis [16]. Other dermal signaling pathways with a key
role in the hair morphogenesis include the FGF, the BMP,
and the Noggin. The indirect function of Noggin inhibits
the activity of the BMP4 and induces telogen-anagen
transition [42]. In addition, the Shh signaling and the
platelet-derived growth factor-A (PDGF-A) can induce
the formation of dermal papilla and dermal sheath [29,
43].

Isolation and Culture Methods of DPCs

Surgical microdissection and explant culture consti-
tute common techniques for isolating DPCs. In the surgi-
cal microdissection and explant culture, an inverted end
bulb of hair follicles is placed onto a 35-mm dish. These
techniques are, however, difficult and time-consuming
[44]. Enzyme digestion is a more effective method than
enzymatic microdissection in the isolation of DPCs from
hair follicles and their cultivation. Compared to micro-
dissection, enzymatic isolation has shown a much higher
adherence rate and growth for dermal papilla. In enzy-
matic isolation, human hair follicles were digested by
common enzymes such as dispase and collagenase with a
minor disruption [45, 46], and part of the hair (one-third
inferior) as the dermal papilla was rinsed in collagenase I
(0.1%) at 37°C for 4 h. Figure 4 shows how DPCs were
cultivated in a humidified atmosphere of 5% CO, at 37°C
on 6 wells using DMEM/F12, 10% FBS, 50 pg/mL of pen-
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Fig. 4. A schematic view of enzymatic methods used for the isolation and cultivation of human DPCs. The hu-
man hair dermal papilla is digested by collagenase type I. DPCs, dermal papilla cells.

icillin/streptomycin, and 50 pg/mL of L-glutamine [46].
Cultured DPCs also showed multilayered aggregates in
the first few passages. The inductivity and proliferative
capacity of DPCs gradually decreased with the number of
passages [47, 48]. However, enzymatic method would
disrupt specified extracellular matrix microenvironment,
which is fundamental for maintaining hair inductive fea-
tures. Therefore, lots of effort has been made to find out
an alternative in vitro expansion procedure to preserve
hair inductive ability of DPCs [49].

One approach for preserving hair inductive ability of
DPCs consists in the establishment of 3D sphere cultures.
The hair inductivity of dermal papilla appears to be cor-
related with the aggregate formation in the DPC culture.
According to Figure 4, approximately 3,000 DPCs per 10
pL in the 3D spheroid culture were placed onto 96 low-
adherent wells or inverted lids of petri dishes.

Cellular and Molecular Characterization of DPCs

As shown in Figure 5, the following marker proteins
are commonly used to identify DPCs.

Alkaline Phosphatase
The hair follicle inductivity in human dermal papilla
has been detected with alkaline phosphatase (ALP). The

Maintaining Hair Inductivity in Human
Dermal Papilla Cells

maximal level of ALP activity in the dermal papilla has
been found in the early anagen. A decreased expression
of ALP in the cultured DPCs after the passage has been
reported as the loss of the hair inductivity in dermal pa-
pilla and dermal sheath [21].

a-Smooth Muscle Actin

The expression of a-smooth muscle actin (a-SMA) has
been identified in part of the DS rather than in the dermal
papilla [50]. a-SMA is therefore an in vivo marker of the
DS and an in vitro marker of both the dermal papilla and
DS.

Versican

As a specific marker of the dermal papilla, versican is
expressed during the anagen phase. The dermal papilla
loses the versican expression in the androgenetic alope-
cia, as a low expression of versican has been reported in
DS cells in this condition [51, 52]. The induction and
maintenance of the anagen stage constitute the main role
of versican in hair growth [53].

CD133

The expression of CD133 in the dermal papilla induc-
es the hair follicle neogenesis. CD133 is a stem cell mark-
er that is expressed in DPCs in the early anagen [54].
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Fig. 5. A summary of different markers of
the DPC population. Marker proteins
commonly used to identify dermal papilla
include ALP, a-SMA, versican, and CD133.
DPC, dermal papilla cell; ALP, alkaline
phosphatase; a-SMA, a-smooth muscle ac-
tin.
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Effective Methods for Maintaining the Potential Hair
Inductivity in the DPC Culture

DPCs generally cause the loss of the inductive capacity
of hair follicles after a few passages [55, 56]. Several in vi-
tro approaches have been used to maintain the hair in-
ductive capacity of DPCs, which are classified as follows:

3D Sphere Culture System

One of the alternative in vitro approach to multiply
trichogenic ability of DPCs is the establishment of 3D
sphere cultures, which help to reestablish cell-cell con-
tacts and increase in vivo DP hair inductive ability [20,
57].

The cell aggregation of dermal papilla and the activa-
tion of certain cell signaling pathways were found to en-
hance the inductive capacity of hair follicles. 3D culture
methods, including culture systems such as HydroCell
plate for sphere formation or hanging drop method, offer
appropriate systems for the cultivation of DPCs, the
maintenance of the inductive capacity of hair, and the ex-
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pression of specific markers of the dermal papilla in both
humans and rodents [58]. However, there are some main
obstacle in these methods such as controlling the size and
cell density and the problems in the commercialization or
mass production for clinical therapy.

Tissue Engineering Strategies for Human Hair Follicle

Regeneration

Biodegradability, biocompatibility, and cost-effec-
tiveness are essential features of scaffolds for hair folli-
cle regeneration, which has been performed using dif-
ferent natural and synthetic scaffolds, including hydro-
philic polyvinyl alcohol, chitosan and hydrogel [59-61]
silk-gelatin, hyaluronic acid, and collagen [62]. In an-
other study, in vitro human hair follicles similar to vel-
lus were recreated with a mixture of DPCs, keratino-
cytes, and melanocytes in a collagen scaffold, and
named “microfollicles” [49]. In a recent study, combi-
nation of hydrogel scaffold with mouse adult DPCs and
epidermal cells enhances de novo hair follicle forma-
tion in mice model.
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Some of the natural and individual biomaterials used
as scaffolds for the ingenious treatment of hair loss in-
clude PRP [6, 63, 64]. The components of PRP include the
PDGF, the FGF, and the VEGF, which can induce prolif-
eration, differentiation, and maintenance of the hair in-
ductivity in DPCs [65].

Conditioned Medium and Cell Signaling Approach

Under conventional cell culture conditions, DPCs
rapidly lose their inductivity for new hair formation. The
limitations of conventional DPCs culture have made
them commercially infeasible. Recent improvements in
the cultivation of DPCs have helped maintain the hair in-
ductivity; for instance, the co-culture of DPCs with kera-
tinocyte-conditioned media can support both the expan-
sion of DPCs and the maintenance of the trichogenic abil-
ity through multiple passages. Appropriate cell types
obtained from the keratinocyte-conditioned medium
such as keratinocytes or ADSCs can be more convenient
and accessible for inducing trichogenicity in hair follicles
(66, 67].

Conditioned media can be isolated from allogeneic
and 3D cell cultures of tissues and organs. Being frozen
and concentrated through ultrafiltration prior to their use
constitutes a feature of conditioned media. The concen-
tration of different cell-secreted factors can be optimized
in terms of the number of cells and the duration of cul-
ture. Establishing a master cell bank can help with the
manufacture of large amounts of conditioned media,
which can be obtained from monolayer cultures, 3D cell
cultures, and tissue cultures. The concentration optimi-
zation of cell-secreted factors for conditioned media de-
pends on the culture duration, the number of cells, and
the volume of the culture medium. Concentrated condi-
tioned media made through ultrafiltration can induce
and maintain the trichogenicity of hair follicles [36]. Con-
ditioned media derived from terminally differentiated
cells or committed progenitor cells from a source other
than epidermal cells can also maintain the inductivity of
the dermal papilla during the expansion phase of cell cul-
ture.

ADSC-conditioned media containing different types
of growth factors, including KGF, VEGF, PDGF and
HGEF, facilitate hair growth. The advantages of using con-
ditioned media compared to the application of cell ther-
apy in hair regeneration include simple production, pack-
aging, and storage. The short half-life of conditioned me-
dium growth factors is considered a disadvantage in
regenerative medicine [36].

Maintaining Hair Inductivity in Human
Dermal Papilla Cells

The optimal plating density of the dermal papilla al-
lows the maintenance of the hair inductivity with the der-
mal papilla in long-term cultures. Using a co-culture sys-
tem and epidermal and non-epidermal feeder cells, for
example, mesoderm-derived cells such as prostate epithe-
lial cells and/or endoderm-derived cells, helps retain the
hair inductive phenotype of DPCs with a cell-cell contact
and hair inductive cell factors [68, 69]. Using transwell
plates in co-culture systems prevents the contamination
of hair inductive cells by feeder cells.

Another technique is to use a co-culture of DPCs with
an increased amount of the Wnt protein or a factor induc-
ing the Wnt cell signaling in the culture medium [70, 71].
During the period of losing hair inductivity of DPC, this
feature can be restituted if appropriate molecular sub-
stances are provided; for example, Wnt and BMP cell sig-
naling have been demonstrated to maintain hair follicle
inductivity in cultured rodent papilla cells [15, 21]. Simi-
lar strategies such as soluble growth factors or keratino-
cyte-conditioned medium have been used to restore the
hair inductivity of human DPCs [18, 62].

Using these 2 methods entails a series of problems in-
volving the manufacturing process and costs. The co-cul-
ture of human dermal papilla with keratinocytes is costly
and requires the establishment of a cell bank and accurate
quality control tests for safety. The co-culture of DPCs
with the exogenous Wnt protein is associated with poten-
tial problems and the stability of the Wnt gene expression
during the cell culture expansion [49, 50].

Normal CD133+ DPCs have been found to possess the
properties of inductive hair follicles. The maintenance of
the trichogenicity of CD133+ DPCs has not been yet eval-
uated in in vitro cultures [72]. The relationship between
the overexpression of p-catenin cell signalingand CD133+
dermal papilla enhances the maintenance of the tricho-
genic ability of cultivated dermal papilla and in vivo hair
formation.

Using activated 5% PRP enhances the hair follicle in-
ductivity and the proliferation of dermal papilla culture
in humans and mice. Higher concentrations of 5% PRP
have been found to be ineffective in the proliferation and
maintenance of the dermal papilla hair inductivity. Cer-
tain secretion growth factors, including the FGF2 and
PDGEF, in activated PRP can play the main role in the pro-
liferation and hair inductivity of DPCs [73, 74].

Encapsulating the dermal papilla in PRP gel scaffolds
with endogenous growth factors can support the tricho-
genicity of DPCs in hair follicle tissue engineering. Low
mechanical properties and rapid degradation constitute
the main shortcomings of PRP scaffolds [34]. Cross-link-
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ing and fibrinogen content regulation improve the me-
chanical properties and stiffness of PRP gel scaffolds in
hair tissue engineering.

Treating DPCs with herbal extracts plays a major role
in activating the Akt pathway in humans. This pathway
regulates the survival, proliferation, and inductivity of
DPCs [75]. The result of a recent study has demonstrated
that pharmacological modulation of JAK-STAT pathway
was shown to improve trichogenic ability of cultured hu-
man DPCs.

Cultivation of hDPCs with glycogen synthase kinase-
3B inhibitor showed activation of Wnt/B-catenin signal-
ing and demonstrated stable hair inductive ability when
transplanted with murine epidermal cell suspension [76].
Culture of DPCs with keratinocyte conditioned medium
could maintain hair inductivity after 90 passages without
losing their hair induction [67]. Evidence of experimental
study have shown that basic FGF, same as the Wnt/f3-
catenin signaling, induces hair growth [77, 78].

Exosome Approach for Human Hair Follicle

Regeneration

Exosomes are two-layered micro-sized vesicles con-
taining different types of protein, including fusion pro-
teins and transport proteins, that is, annexins and flotil-
lin; heat shock proteins, that is, HSP and HSP70; CD pro-
teins, that is, CD9 and CD81; and mRNA and microRNA
with a diameter of 40-100 nm, which can communicate
with another cell and induce cellular function in a new
location. Exosomes were isolated from serum-free condi-
tioned media using different methods such as differential
ultracentrifuge, chromatographys, filtration, immunolog-
ical separation, and polymer-based precipitation.

A defective dermal papilla signaling causes hair loss in
the androgenetic alopecia. Mesenchymal stem cell de-
rived extracellular vesicles (MSC-EVs) activate the hair
inductivity of DPCs and stimulate Akt phosphorylation
and increase Bcl-2 in dermal papilla, which regulates the
DPC proliferation [79].

The in vivo results obtained from the MSC-EV's treat-
ment of hair loss in mice showed the conversion of the
telogen phase of hair follicles to the anagen phase and the
induction of hair follicles with dermal papilla. Also MSC-
EV approach promotes the growth of hair follicles with
secretion of VEGF, HGF, and IGF-1 [80]. The report has
shown that the injection of MSC-EVs into C57BL/6 mice
induced the conversion from telogen phase of hair folli-
cles to anagen [79]. However, using these appropriate ro-
dent experiments into the human model has been a rate-
limiting step with these approaches.

10 Skin Pharmacol Physiol
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Conclusion

Hair loss is globally a medical problem from which
many women and men in the world suffer. DPCs play a
key role in regulating hair growth and hair regeneration.
Different issues involved in the hair neogenesis include
the dermal papilla isolation and cultivation, the mainte-
nance of the hair inductivity of the dermal papilla, the
provision of appropriate niche, exogenous growth fac-
tors, and cell signals. Numerous studies have therefore
focused on effective methods in culturing human dermal
papilla and maintaining the induction properties of hair
follicles.

The results of experimental studies have shown that
DPCs rapidly lose their inductivity for new hair forma-
tion in conventional 2D cell cultures [9]. In the surgical
microdissection and explant culture methods, an in-
verted end bulb of hair follicles is placed onto a cell cul-
ture dish. In enzymatic isolation, the human hair folli-
cle is digested by common enzymes such as dispase and
collagenase with a minor disruption. Research suggests
that the hair inductive capacity of the dermal papilla is
significantly reduced by the 2D in vitro expansion. The
results obtained from the 2D culture of vibrissal DPCs
in rats showed loss of the hair inductive activity in later
passages [81, 82]. Losing the hair inductive properties
after over 10 passages is therefore considered a major
problem of the 2D culture of DPCs. The disorders of
two-dimensional DPC cultures to take the appropriate
characteristics of the in-vivo microenvironment, cell
communication, cell signaling, and metabolic functions
extremely affect the hair follicle inductive ability of
DPCs [26].

The hanging drop and sphere culture of the dermal
papilla not only morphologically simulates the dermal
papilla but also provides a similar molecular level of the
normal intact hair dermal papilla. In hanging drop cul-
ture, DPCs in the Matrigel or alginate drop are placed
onto the low-adherent inverted lid of a petri dish. Com-
pared to the conventional 2D culture, the loss of the
a-SMA expression in the spheroid culture of the dermal
papilla showed reductions in the proliferative capacity,
although the re-differentiating properties to papilla-like
phenotypes were maintained. The expansion of the der-
mal papilla in a 3D microenvironment was found to re-
store the expression of versican through the partial recov-
ery of the inductive capacity of DPCs. The 3D culture of
DPCs in the alginate sphere was found to increase the
main development cell signaling of hair follicles (SOX2,
ALPL, Noggin, BMP4, and versican).
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3D cultures appear to be useful for maintaining the po-
tential in vitro and in vivo hair activity of the dermal pa-
pilla; nevertheless, reducing the rate of growth and prolif-
eration of DPCs constitutes a limitation of this method.
Controlling the cell density and size in clinical applications
also constitute the problems of using low-adherent plates
and hanging drop techniques for the 3D culture of DPCs.

The number of growth factors, including HGF, IGF,
VEGF, PDGF, FGF, and KGF, and receptors affecting the
development of hair follicles or the dermal papilla have
been found to be different. The functional mechanism of
the growth factors depends on the phosphorylation of ty-
rosine.

Stem cell-conditioned media containing different
types of cytokine and growth factors such as the HGF, the
PDGTF, the KGF, and the VEGF play a critical role in hair
growth and maintenance of hair inductive properties of
dermal papilla. A growth factor cocktail of keratinocyte-
conditioned media such as VEGF and IGF-1 was found
to significantly increase the proliferation of DPCs and in-
duce hair follicles in mouse models [13]. The results of
experimental studies showed that Wntla- and BM-MSC-
conditioned media stimulate the conversion of hair fol-
licles from the telogen to anagen phase. This cocktail was
also found to significantly increase the number of hair
follicles in mice [45]. The short half-life of cytokines and
growth factors in stem cell-conditioned media is a disad-
vantage of this method from a clinical application per-
spective [83].

Cell-cell interactions play a key role in different phys-
iological processes. Recently conducted research has at-
tributed the efficacy of cell therapy to the paracrine func-
tion. Extracellular vesicles and exosomes can therefore
play the main role in modulating hair growth. The proto-
col of the exosome isolation of conditioned media com-
prises a serial low-speed centrifugation and ultracentrifu-
gation. A conditioned medium was centrifuged at 300 g
for 10 min to remove the cells. The dead cells were re-
moved by centrifuging at 2,000 g for 10 min. The super-
natant was transferred to a 15-mL conical tube and then
centrifuged at 10,000 g to remove the cell debris. In the
next step, the supernatant underwent ultracentrifugation
at 100,000 g for 2 h to obtain exosome containing pro-
teins. The supernatant was again collected in a new tube
and centrifuged at 100,000 g for 2 h at 4°C. The pellet now
including the exosomes was diluted in x1 PBS and stored
at —80°C for future use.

Investigating the effects of MSC-EV's on hair regrowth
in C57BL/6 mice demonstrated the induction of the ana-
gen phase similar to standard methods such as minoxidil

Maintaining Hair Inductivity in Human
Dermal Papilla Cells

therapy. Activating the Akt pathway and increasing the
level of Bcl-2 in DPCs with MSC-EVs can extend the du-
rability of DPCs. Research suggests the positive role of
MSC-EVs in the secretion of VEGF and IGF-1 of DPCs
and the induction of hair follicle growth. Increasing the
gene expression of VEGF and IGF-1 induces hair growth
and the hair inductive capacity of the dermal papilla. The
exosomes derived from human hair dermal papilla acti-
vate the Wnt/p-catenin and Shh cell signaling pathways
to regulate hair follicle growth. The results of the EV
treatment of hair loss in mice appeared promising for im-
proving the hair induction capacity of DPCs. Our result
has shown HHORSC-Exo and ASC-Exo as new methods
to support hair inductivity of DPCs and improve the out-
come for the treatment of hair loss.

Compared to other approaches used for maintaining
the in vitro and in vivo hair inductivity of DPCs, exo-
some-based treatment is recommended as an efficient
method. The advantages of using exosomes in experi-
mental and clinical applications include inducing endog-
enous mechanisms, simple processing, long-term stor-
age, and reduced risks of immune reactions.

Using a different strategy for maintaining the hair in-
ductive capacity of the dermal papilla can provide an ap-
propriate discovering method for therapeutic objectives of
hair regeneration. Further studies are recommended that
be conducted using a different strategy with different com-
pounds and adjuvants to broaden the existing knowledge
on maintaining the hair inductivity of the dermal papilla.
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