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Simple Summary: Hair follicles are mini-organs in the skin that have regenerative cycles of growth,
regression, and rest. The disruption of each phase in the hair cycle may cause hair-related issues such
as hair loss. These defective events that occur in the hair cycle are well-studied in mice, but they
are pending validation in humans due to limitations of current in vitro human hair models, whose
improvement will add significant value to human hair research and hair loss treatment. However, it
has been challenging to recreate the structural organization of highly diverse cell types that make up
the hair follicle and its surrounding tissue in vitro. This review discusses the current knowledge of
hair follicle formation and efforts to bioengineer hair follicles or hair-bearing skin in vitro.

Abstract: The hair follicle is a specialized appendage of the skin that is critical for multiple functions,
including thermoregulation, immune surveillance, and sebum production. Mammals are born with a
fixed number of hair follicles that develop embryonically. Postnatally, these hair follicles undergo
regenerative cycles of regression and growth that recapitulate many of the embryonic signaling
pathways. Furthermore, hair cycles have a direct impact on skin regeneration in homeostasis,
cutaneous wound healing, and disease conditions such as alopecia. Here, we review the current
knowledge of hair follicle formation during embryonic development and the post-natal hair cycle,
with an emphasis on the molecular signaling pathways underlying these processes. We then discuss
efforts to capitalize on the field’s understanding of in vivo mechanisms to bioengineer hair follicles
or hair-bearing skin in vitro and how such models may be further improved to develop strategies for
hair regeneration.

Keywords: human hair models; hair follicle development; signaling pathways

1. Background

The hair follicle is part of the pilosebaceous unit which also consists of the sebaceous
gland and arrector pili muscle. It is made up of cells of both epithelial and mesenchy-
mal origins and comprises the infundibulum (uppermost region that connects it to the
interfollicular epidermis), bulge (where hair follicle stem cells [HFSCs] reside), isthmus
(which connects the sebaceous gland and bulge), lower follicle, and bulb (where progenitor
cells divide and differentiate into its specialized lineages) (Figure 1) [1,2]. Together with
other parts of the pilosebaceous unit, the hair follicle serves as a sensory organ that pro-
tects us from the external environment through thermoregulation, immune surveillance,
and sebum production [1–3]. It also plays important functions in skin regeneration by
supporting pigmentation [4–6], as well as wound healing processes, including epidermal
re-epithelialization [7–10] and dermal remodeling [11,12].
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Figure 1. The pilosebaceous unit consists of the arrector pili muscle, sebaceous gland, and hair fol-
licle. 

Hair follicles are maintained by undergoing cyclical phases of growth, regression and 
rest known as the hair cycle (Figure 2). The growth phase, also called “anagen”, is primar-
ily driven by hair follicle stem cells and their progenitors that proliferate and differentiate 
in response to their major signaling centre, the dermal papilla (DP), to give rise to elon-
gating hair follicles and hair shafts. After a period of active growth, hair follicles undergo 
“catagen”, a regressive phase in which most of the lower follicles below the bulge die by 
apoptosis. Thereafter, hair follicles enter a resting dormant phase known as “telogen”, 
before re-initiating a new round of anagen [1,13,14]. A fourth phase that is also actively 
regulated but occurs independently of the hair cycle is “exogen”, in which the hair fiber 
is shed from the follicle [15]. 

 

Figure 1. The pilosebaceous unit consists of the arrector pili muscle, sebaceous gland, and hair follicle.

Hair follicles are maintained by undergoing cyclical phases of growth, regression
and rest known as the hair cycle (Figure 2). The growth phase, also called “anagen”,
is primarily driven by hair follicle stem cells and their progenitors that proliferate and
differentiate in response to their major signaling centre, the dermal papilla (DP), to give
rise to elongating hair follicles and hair shafts. After a period of active growth, hair follicles
undergo “catagen”, a regressive phase in which most of the lower follicles below the
bulge die by apoptosis. Thereafter, hair follicles enter a resting dormant phase known as
“telogen”, before re-initiating a new round of anagen [1,13,14]. A fourth phase that is also
actively regulated but occurs independently of the hair cycle is “exogen”, in which the hair
fiber is shed from the follicle [15].

Alopecia, a condition in which excessive hair loss occurs, stems from dysfunctional
hair follicles. Two common forms of alopecia are androgenetic alopecia (AGA) and alopecia
areata (AA). AGA is caused by excessive activation of androgen receptors (AR) in the
DP [1]. This in turn causes progressively shorter anagen, prolonged telogen, and even-
tually hair follicle miniaturization. Increased AR activity is a consequence of increased
AR expression, mutations in the AR gene, and/or increased DP expression of Type II
5-alpha-reductase, which converts testosterone to dihydrotestosterone (DHT) that then
stimulates AR with higher affinity than testosterone [16–20]. On the other hand, AA is an
autoimmune disease whose key feature is immune cells attacking the anagen hair follicle
bulb, inducing its premature entry into catagen and causing bald patches on the scalp
and other body sites [21,22]. Other causes of alopecia include aging, physical trauma,
infections, stress, medications, and chemotherapy [23]. While not life-threatening, alopecia
can be emotionally and psychologically stressful. Being able to restore hair growth will
vastly improve health outcomes. This necessitates a deep understanding of the biological
mechanisms underlying hair follicle development, homeostasis, neogenesis, and disease
pathogenesis that can then be deployed both in vivo and in vitro.
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Figure 2. Embryonic hair follicle development and adult hair cycle, and the main signaling pathways
involved. BMP, bone morphogenetic protein; DP, dermal papilla; EDA, ectodysplasin; EDAR,
ectodysplasin receptor; EGF, epidermal growth factor; FGF, fibroblast growth factor; HFSCs, hair
follicle stem cells; IRS, inner root sheath; ORS, outer root sheath; SHH, sonic hedgehog; TGFβ,
transforming growth factor beta.

Mice have been classically employed as model systems to understand hair follicle
biology. Murine hair follicles, like their human counterparts, also undergo cycles of growth,
regression, and rest. In addition to their high genetic similarity to humans, mice can be
easily manipulated by gene editing tools, allowing the study of genes through loss- and
gain-of-function with precise spatial and temporal control. Further, with the skin being
the largest and most accessible organ, hair follicle activity can be conveniently tracked
by simply observing hair coat recovery and wound healing capabilities [2]. However,
apparent differences in hair cycle durations and hormonal responses exist between mouse
and human hair follicles (discussed further in Section 2.3 below) to preclude the direct
translation of findings in mice to therapeutic strategies for human hair loss conditions [24].

Therefore, there is an urgent need for sophisticated in vitro models of human hair
follicles to deepen our understanding of their induction, development, and regeneration,
as well as to elucidate disease mechanisms. Here, we review the current knowledge of
hair follicle formation during embryonic development and post-natal hair cycles, with
an emphasis on the underlying molecular signaling pathways. We then discuss efforts to
capitalize on the field’s understanding of in vivo mechanisms to bioengineer hair follicles
or hair-bearing skin in vitro. Finally, we will share our insights on how we can trans-
late knowledge gained from mouse models into the establishment of human models for
biological and therapeutic discoveries.

2. Hair Follicle Development and Regeneration
2.1. Signaling Pathways

Between mouse embryonic day 9.5 (E9.5) and E12.5, the skin epidermis exists as a
single layer of ectoderm-derived epithelial cells and begins to establish signaling crosstalk
with its underlying mesenchymal cells that originate from either neural crest (in the cranio-
facial region) or mesoderm (in the rest of the body) (Figure 2). At ~E13.5, some of these
epithelial cells respond to mesenchymal WNT signaling and become specified to form hair
placodes in a spatially organized manner. WNT signaling is critical to this process, as mice
that express high levels of WNT inhibitor Dickkopf 1 (DKK-1), or lose downstream WNT
signaling effectors such as β-catenin and LEF1, display an early and complete block in hair
follicle development [25–28]. In addition to WNT, several other signaling pathways are
also required for hair follicle induction. WNT signaling induces the expression of EDAR in
hair placodes. In turn, EDA/EDAR signaling leads to downstream NF-κB signaling, which
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triggers transcriptional regulation for hair placode development [29,30]. FGF20 is the only
“first epithelial signal” identified thus far that specifies mesenchymal fibroblasts to migrate,
aggregate, and form dermal condensates (DC) beneath individual hair placodes [31]. While
WNT, EDA/EDAR, and FGF20 signals are active, BMP signaling must be inhibited to allow
for hair follicle specification. Dermal SHH signaling maintains DC expression of the BMP
inhibitor, Noggin, which promotes placode formation [32]. At the same time, DC-derived
BMP4 and placode-derived BMP2 act to inhibit surrounding interfollicular epithelial cells
from taking on a hair follicle fate, thereby maintaining proper spacing between developing
hair follicles [33].

Continuous epithelial–mesenchymal crosstalk remains essential for hair placodes to
subsequently invaginate into the dermis, downgrow, and develop into hair germs, hair
pegs, and eventually hair follicles. Here, SHH and TGFβ signaling are crucial, as loss
of either signaling pathway arrests hair follicle invagination and downgrowth [32,34–37].
SHH signaling, driven by high WNT activity in basal placode cells, is also essential to
induce symmetric division of the overlying suprabasal cells. These suprabasal placode
cells, marked by high SOX9 expression, are set aside as HFSCs that will drive future hair
cycles during adulthood [38]. As hair follicles downgrow, the DC becomes encased by
epithelial cells and matures into a DP. In contrast to its earlier role in inhibiting hair follicle
fate, active BMP signaling in the DP is now pivotal for it to instruct surrounding epithelial
cells to differentiate into various lineages of the mature hair follicle, including hair shaft
and inner root sheath layers [39].

Many of these developmental signaling pathways are subsequently re-employed by
post-natal and adult hair follicles during homeostasis. BMP signaling originating from the
dermis, subcutaneous adipose tissue, and inner bulge layer of differentiated cells, is key
to maintaining hair follicle stem cell quiescence during telogen [14,40]. As in embryonic
development, inhibition of BMP signaling through DP-derived noggin, along with WNT,
TGFβ, and FGF signaling, are key events that initiate anagen and hair follicle downgrowth
by sequentially triggering hair germ and bulge HFSCs to proliferate and give rise to the
matrix and outer root sheath (ORS) respectively [13,14,40–42]. SHH signaling originating
from the matrix reinforces the proliferative state of both the matrix and ORS and drives
hair follicle elongation [43]. BMP and WNT signaling in the DP then orchestrate the
differentiation of matrix transit amplifying cells (TACs) into various layers of the mature
hair follicle [44–46].

2.2. Complex Regulation of Hair Cycling beyond Epithelial-Mesenchymal Cross-Talk

Hair cycling in mice is increasingly known to be heavily influenced by various other
constituents of the skin microenvironment. A distinct subset of TREM2+ macrophages
in the dermis has been identified as producing Oncostatin M (OSM), which binds its
receptor and induces JAK-STAT5 signaling in HFSCs to maintain their quiescence [47]. On
the other hand, regulatory T cells (Tregs) preferentially reside close to the telogen bulge
where they induce Notch signaling in HFSCs and promote their activation [48]. Likewise,
intradermal adipocyte precursor cells produce PDGFA that acts via the DP to induce HFSC
activation [49].

Bulge HFSCs themselves also influence their niche to regulate their activity. They
share their niche and tightly coordinate their activity with melanocyte stem cells, which
differentiate into melanocytes to result in hair pigmentation during hair cycling [6,50].
During telogen, HFSCs produce ANGPTL7, promoting their physical association with
lymphatic vessels which contribute to their quiescence. During early anagen, HFSCs
produce ANGPTL4 instead. This causes lymphatic vessels to become dissociated from the
bulge, allowing for HFSC activation [51]. In addition to lymphatic vessels, blood vessels
that span under hair follicles also act to reinforce HFSC quiescence and telogen through the
production of BMP4. During early anagen, bulge HFSC-derived hair germ cells express the
transcription factor RUNX1, which acts to reduce vasculature density, thereby creating a
more permissive environment for HFSC activation [52].
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To perform their function as a sensory organ, hair follicles are richly innervated.
Nerves, in turn, have also been found to be essential constituents of the HFSC niche.
Sensory nerves are in contact with the upper part of the bulge and are a source of SHH.
SHH signals to HFSCs specifically in this region of the bulge and enables them to take on
an interfollicular epidermal cell fate and contribute to re-epithelialization during wound
healing [53]. On the other hand, sympathetic nerves loop around the arrector pili muscle
(APM) that is connected to the HF bulge, and form synapse-like connections with HFSCs,
allowing hairs to “stand on end” upon environmental stimuli, nerve stimulation, and
APM contraction. Sympathetic nerve-derived norepinephrine serves to modulate HFSC
activity by keeping them poised for activation. Upon stimulation, sympathetic nerves
trigger HFSCs and HFs to enter anagen. In fact, HFs already play a role in shaping their
future stem cell niche from very early on when developing HFs express SHH to regulate
APM development and sympathetic innervation to future HFSCs [54].

2.3. Differences in Mouse and Human Hair Biology

Much of our afore-described knowledge in hair follicle development and homeostasis
originated from studies in mice. How much of this is recapitulated in humans remains to
be validated, as human and murine hair follicles do show apparent differences. In humans,
lanugo hair is the first hair type that is made during development. This becomes replaced
by vellus and terminal hairs towards the end of gestation and postnatally, with vellus hairs
at certain body sites becoming terminal hairs in response to androgens during puberty. In
mice, there are at least eight different hair types, including vibrissae (whiskers), tail hair,
and dorsal guard, awl/auchene, and zigzag hairs, all of which originate from embryonic
development and persist into adulthood [2].

The hair cycle in humans also differs from that in mice. Human scalp hair follicles
largely exist in anagen, which lasts several years and is comparatively longer than telogen
(typically 2–3 months, becoming progressively longer with age). In contrast, mouse dorsal
hair follicles largely reside in telogen, which lasts for months, rather than in anagen, which
is only 2–3 weeks long [55,56].

Gene signatures that have been characterized for various mouse hair follicle regions, in
particular, bulge HFSCs (CD34+, Keratin 15 [K15]+) [57–59], might not be fully recapitulated
in humans (putative stem cells are CD34− but K15+ and CD200+) [60–62]. While the
signaling pathways governing mouse hair follicle development and cycling are well-
elucidated, many of these still require investigation and validation in humans. Importantly,
mouse hair follicles respond to hormones differently from human hair follicles. Estrogen
and prolactin inhibit mouse anagen but prolong human anagen [63,64]. On the other hand,
androgens do not elicit hair loss in mice like they do in humans [65,66]. These distinctions
have hampered efforts to model human hair loss conditions in mice, such as AGA which
is caused by excessive AR activation in human DP, and to translate findings from mouse
models into therapeutic strategies.

3. Current In Vitro Human Hair Models

There is keen interest in creating models of human hair follicles to facilitate studies of
human hair morphogenesis and regeneration in normal and aging homeostatic or disease
conditions. Efforts to generate human hair follicles or hair-bearing skin models involve
understanding and replicating, in full or partially, the complex cellular interactions and
inductive signaling in the hair follicle niche in vitro. Existing models can be broadly classi-
fied into two categories: those that are cultured in free-floating, scaffold-free conditions,
and those that are cultured on skin-mimetics (Figure 3).
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(depicted in grey sector) or on skin mimetics (depicted in purple sector). Scaffold-free models include
dermal papilla (DP) spheroids [67,68], keratinocyte (Kc)-DP co-cultured spheroids [69], hair peg-like
structure in droplet system [70], Kc-DP spheroids with melanocytes [71], and skin organoid [72].
Skin mimetic models are based on epidermal-dermal skin constructs with DP spheroids [73], Kc-DP
spheroids [74] or pre-patterned grooves [75].

3.1. Scaffold-Free Models
3.1.1. DP Spheroids

Reciprocal signaling between the DP and hair follicle progenitor cells, including
TGFβ2, Noggin, FGF7, FGF10, and BMP signals, are required for hair follicle genera-
tion [13,39,41]. Maintaining the ability of DP cells to induce hair follicle formation and
differentiation is, therefore, a key goal of any effort to generate in vitro hair follicle models.
Human DP cells, typically isolated from fetal or adult scalp follicles, rapidly lose inductive
capacity in culture. DP inductivity was shown to be better preserved when cells are cultured
as 3D spheroids rather than 2D monolayers [67]. Dissociated DP cells made to aggregate
in hanging drops reactivated the expression of key signature genes such as BMP2, HEY1,
FGF7, and SFRP2 [67,68]. DP spheroids formed by aggregating isolated adult DP cells, but
not DP cells maintained in 2D cultures, were found to induce hair follicle formation when
implanted onto the dorsal skin of nude mice [68,76]. Extensive research has since gone
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into improving the hair-inducing properties of cultured DP spheroids by culturing them in
keratinocyte-conditioned media [76] or supplementing culture media with extracellular ma-
trices (ECM). These include natural additives such as Matrigel [77] and synthetic ECM such
as silk-gelatin [78], self-assembling peptide scaffold [79], and fibrin-microgel derived from
blood plasma [80]. These strategies could enhance BMP and WNT/β-catenin signaling [78],
improve cellular functions such as proliferation and migration [77,78], induce a secretome
profile that resembles that of anagen DP [76], and support the cellular organization and
viability of DP cells by further promoting their production of other ECMs such as collagen
IV and versican [79,80].

3.1.2. Co-Culture of DP Spheroids with Keratinocytes and Melanocytes

Capitalizing on these observations, 3D co-cultures of human keratinocytes and DP cells
were developed in attempts to induce hair follicle formation in vitro. In the simplest system,
dissociated skin epithelial keratinocytes and DP cells were co-cultured in low-attachment
wells or 3D droplets to facilitate direct cell interaction and cross-signaling [69,70]. Cells
in these mixed aggregates spontaneously re-organized into distinct DP and keratinocyte
compartments in 3D structures that resembled hair germs or pegs. However, while the
polarization of spheroids occurred within days, no further hair follicle development was
observed with longer times in culture. Further development of immature hair pegs into
cellularly complex hair follicles may require additional signaling factors that are absent
from typical keratinocyte-DP co-cultures. To test this, researchers have added in growth
factors known to contribute to in vivo hair follicle development, including SHH, TGFβ2,
FGF2, FGF7, FGF10, and WNT7A [70]. However, these attempts still did not result in fully
mature hair follicle formation in vitro.

Of note, keratinocytes derived from neonatal or adult interfollicular epidermis were
used in these keratinocyte-DP co-culture systems [69,70]. Greater success was achieved
when cells derived from hair follicles were used instead. Three-dimensional co-cultures of
outer root sheath keratinocytes, melanocytes, and DP cells, in proportions similar to that
in early anagen follicles, were shown to result in hair fiber formation [71]. The findings
that follicle-derived keratinocytes could support the formation of mature hair follicles
suggest that the in vitro culture conditions lack essential factors that can fully drive the
re-specification of epidermal keratinocytes into the follicular lineage [10]. The inclusion
of more cell types in the co-cultures, such as melanocytes, which have been shown to
participate in cross-talk with epithelial cells in mice, may provide the necessary additional
signaling [6,50]. However, obtaining a single media formulation that is compatible with
the survival and growth of different cell types is challenging and a major deterrent for
co-cultures of multiple cell types. Taken together, these studies demonstrate a requirement
for the programmability of keratinocytes in response to the complex signaling within the
microenvironment for hair follicles to form in vitro.

3.1.3. Skin Organoid

Lee and colleagues overcame these limitations by using pluripotent stem cells that can
differentiate into cells of all three embryonic lineages, and successfully generated hair-bearing
skin organoids [72] with a protocol that has been successfully adopted by others [81–85].
Through stepwise addition of growth factors, they coaxed human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) to form skin organoids, first by inducing
development of epidermis (BMP4, TGFβ-inhibitor), followed by cranial neural crest cells that
gave rise to dermis (FGF2, BMP-inhibitor), thereby creating spatial and temporal cues that
closely mimic embryonic skin development. Over time, hair placodes formed and developed
into lanugo hair follicles within these skin organoids, which notably comprised various
other skin cell types as well, including melanocytes, sensory neurons, and sebaceous glands.
While these hair-bearing skin organoids have an inside-out orientation (epidermis facing
inwards, dermis exposed outwards) that is the opposite of in vivo skin (epidermis exposed
outwards, dermis facing inwards), they formed planar skin and adopted the right orientation
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when grafted onto the dorsal back of mice [72]. This suggests that signaling cues dictating
proper spatial organization of the skin might still be missing from such free-floating culture
systems. The inside-out orientation may also be the reason that limited the lifespan of these
hair-bearing skin organoids to at most ~150 days, as epidermal stratification with potential
shedding of stratum corneum cells, as well as lengthening of the hair shaft, both occur
towards the interior core. Nonetheless, taking into consideration the fact that it takes about
~100 days for hair follicles to fully form, a time window of ~50 days to study homeostatic and
disease processes involving hair follicles in full anagen may be sufficient. Further, the current
technology generates hair-bearing skin organoids with characteristics of face skin and scalp,
with the potential to be modified for generating hair-bearing skin organoids that resemble
other body sites.

Despite the limitations of available scaffold-free models, studies using these models
have provided much insight into the biology underlying the initial stages of human hair
follicle development. As these cultures are relatively easy to set up, the 3D keratinocyte-DP
co-cultures and skin organoids are attractive models for high throughput assays for cellular
components and bioactives that support hair follicular specification and maturation.

3.2. Skin-Mimetic Models
3.2.1. Epidermal-Dermal Skin Construct with DP or Keratinocyte-DP Spheroids

Apart from scaffold-free hair follicle models, DP and/or keratinocyte-DP aggregates
have been embedded in 3D skin organotypics in vitro (rather than grafted onto mice
in vivo) to provide structural and spatial relevance to enhance the maturation of hair fol-
licular lineages. The basic 3D skin organotypic models are generated with a base layer
of dermal fibroblasts embedded in an extracellular matrix (typically collagen), and an
overlying layer of keratinocytes which are induced to differentiate into a stratified epi-
dermis at the air–liquid interface [86]. These organotypics, often referred to as “human
skin equivalents”, provide a more accurate spatial arrangement of the skin cells, poten-
tially allowing for physiologically relevant directionality in intercellular communications.
Indeed, Vahav et al. showed that DP spheroids embedded in the bottom of fibroblast-
infused hydrogel expressed chemokines such as CXCL1 and CXCL8, which attracted
the downward migration of epidermal keratinocytes in the upper layers of the 3D skin
organotypic culture [73]. Notably, the invaginating keratinocytes formed hair follicle-like
structures with the engulfed DP spheroids at the base. Similarly, Tan et al. incorporated
keratinocyte-DP heterotypic spheroids into 3D organotypics by sequential layering of
fibroblasts-, spheroids-, and keratinocytes-infused cell matrixes [74]. The keratinocyte-DP
spheroids sandwiched between the dermal and epidermal layers were found to re-organize
into downward outgrowths in which CD133+ DP cells were segregated to the base while
KRT17+KRT75+ follicle-like cells clustered above them. Cell viability in these outgrowths
was also extended beyond the 20 days observed in free-floating spheroids [74]. While no
mature hair follicles were generated in these organotypics, these studies demonstrated
that spatial cues achieved in these 3D models could drive physiologically relevant cellular
reorganization and structural remodeling of the tissues in vitro.

3.2.2. Epidermal-Dermal Skin Construct with Pre-Patterned Grooves

Building upon the concept of having the right cells in the right place, Abaci et al. made
hair follicle-shaped “microwells” in the dermal fibroblast layer of 3D skin organotypics [75].
DP cells were seeded at the base of these microwells and formed aggregates. Keratinocytes
were then seeded over the DP aggregates. These keratinocytes grew and differentiated into
a hair follicle-like column that engulfed the DP, filled up the microwells, and expressed
various hair follicle lineage markers. Strikingly, these hair follicle-like units grew deeper
into the dermis and shifted from being perpendicular to a more obtuse angle reminiscent
of in vivo skin. A small number of these follicles even produced hair fibers that protruded
from the 3D skin organotypic. Of note, foreskin-derived keratinocytes were used to generate
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these constructs. It is likely that the use of keratinocytes isolated from hair follicles, rather
than the foreskin, could improve the rate of hair fiber production in this model.

4. Improving Hair Follicle Models

At present, none of the in vitro models fully recapitulate the cellular diversity, intricate
structural organization, and compound crosstalk of hair-bearing skin. However, they pro-
vide a starting point for enhancements to create better and specific models for investigating
hair follicle biology in normal and diseased conditions.

4.1. Immune Cells

Immune cells have been conspicuously absent from afore described hair follicle mod-
els, be it epidermal-dermal co-culture systems or hair-bearing skin organoids that already
have increased cellular complexity [72]. Indeed, immune cells regulate hair follicle func-
tion [47,48] and drive inflammatory hair loss, notably AA [21,22]. There have been efforts
to incorporate immune cells into 3D skin organotypics, either by embedding immune cells
directly into the dermal layer and the insert membrane [87,88] or by perfusing organotypics
with immune cells via channels using skin-on-a-chip technologies [89]. In both cases, the
immune cells, be they monocyte-derived dendritic cells, CD4+ T cells, or neutrophils, be-
haved dynamically, migrated through the skin organotypics, and interacted with epidermal
keratinocytes. Incorporating disease-relevant immune cell types into skin-mimetic models
with hair follicle-like units, or simply co-culturing scaffold-free keratinocyte-DP spheroids
and hair-bearing skin organoids with immune cells of interest, could potentially induce
further maturation of these various in vitro models.

4.2. Vasculature

Current hair follicle models are also void of vasculature. Like immune cells, blood and
lymphatic vessels also regulate hair follicle stem cell activity during hair cycling [51,52]. In
humans, this regulatory role is suggested in the use of a vasodilator, minoxidil, to treat AGA,
although its direct mechanism of action remains to be clarified [90–92]. It was demonstrated
that dynamic perfusion of nutrients could prolong the lifespan of skin-mimetic constructs
and ex vivo hair models cultured in a bioreactor system and skin-on-chip by maintaining
optimal levels of nutrients for the tissues [93–95]. Nutrient perfusion could be a way to extend
the limited lifespan of current in vitro hair follicle models long enough for physiological
hair cycling to occur, as well as to fuel the energetically expensive anagen [96]. The flow of
the medium through the perfusion system would also facilitate the diffusion of signaling
ligands, creating the gradients and effective concentrations of molecules in the intercellular
space within the models to mimic the natural tissue microenvironments [93,97,98]. Given that
signaling pathways, including WNT, BMP, FGF, and SHH, arise and wean off at different
stages of hair follicle development and homeostasis, a built-in vasculature-like system within
skin mimetics could allow for precise spatiotemporal control of these various signaling
pathways through the perfusion of specific growth factors and inhibitors.

4.3. Biomechanical Forces

Finally, mechanical forces that have been found to govern cellular processes, mediate
organ development and homeostasis, and drive pathophysiological processes [99–101]
could be the key to unlocking the maturation of existing hair peg-like models into hair
follicles. In mice, the creation of large full-thickness wounds induces neogenesis of hair
follicles that is dependent on the WNT, FGF9, and SHH signaling pathways [12,102,103].
Given that such wound-induced hair follicle neogenesis (WIHN) occurs in the middle,
rather than at the periphery, of wounds, and can be triggered only by sufficiently large
wounds, but not smaller ones, it is likely that mechanical forces are at play [104]. Indeed,
WIHN was found to require a relatively soft microenvironment (characteristic of the
center of large wound beds) and was inhibited by increased stiffness (towards the wound
edge) [104,105]. This tissue stiffness-dependent phenomenon of WIHN in mice could also
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explain why DP cells induce de novo hair follicle formation in 3D skin organotypics [106],
and why “inside-out” hair-bearing skin organoids flatten into a planar orientation [72], only
when grafted onto the dorsal back of mice. It is likely that the in vivo presence of (i) a dermis
that is rich in fibroblast-derived ECM and replete with immune cells and vasculature, (ii) a
basement membrane (which is typically absent from skin-mimetic models) that tightly
adheres the dermis to the overlying epidermis, and (iii) the interfollicular epidermis that
bridges individual hair follicles together via their infundibulum collectively create an
interconnected network of adhesive forces, either tensile or compressive, to drive various
phases of hair follicle development and cycling. In vitro, such topological distribution
of mechanical cues could potentially be induced by culturing hair follicle models on
stretchable membranes [107,108] and allowing them to work synergistically with molecular
signaling pathways manipulated through organ-on-chip technologies to recapitulate the
physiological behaviors of hair follicles observed in vivo.

5. Conclusions

In summary, despite apparent structural and biological differences between human
and mouse skin, we are still heavily reliant on mice to study molecular mechanisms
underlying hair and skin diseases, wound healing, and aging. This is due to a lack of com-
prehensive in vitro human hair-bearing skin models that can largely recapitulate the spatial
arrangement, cellular complexity, signaling modules, cell–cell interactions, and mechanical
forces of human skin in vivo. Our understanding of human skin biology in development,
homeostasis, and disease is now increasing exponentially through global collaborative
cell atlasing efforts that employ rapidly advancing single-cell and spatial transcriptomic
technologies. It is important to begin integrating this cutting-edge information to innovate
more sophisticated human in vitro hair follicle models for translating key critical findings
from mice to humans and in the development of therapeutic strategies for hair follicle and
skin regeneration.
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