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Abstract

Human skin progenitor cells will form new hair follicles, although at a low efficiency,
when injected into nude mouse skin. To better study and improve upon this regen-
erative process, we developed an in vitro system to analyse the morphogenetic cell
behaviour in detail and modulate physical-chemical parameters to more effectively
generate hair primordia. In this three-dimensional culture, dissociated human neona-
tal foreskin keratinocytes self-assembled into a planar epidermal layer while fetal
scalp dermal cells coalesced into stripes, then large clusters, and finally small clusters
resembling dermal condensations. At sites of dermal clustering, subjacent epidermal
cells protruded to form hair peg-like structures, molecularly resembling hair pegs
within the sequence of follicular development. The hair peg-like structures emerged
in a coordinated, formative wave, moving from periphery to centre, suggesting that
the droplet culture constitutes a microcosm with an asymmetric morphogenetic field.
In vivo, hair follicle populations also form in a progressive wave, implying the summa-
tion of local periodic patterning events with an asymmetric global influence. To fur-
ther understand this global patterning process, we developed a mathematical
simulation using Turing activator-inhibitor principles in an asymmetric morphoge-
netic field. Together, our culture system provides a suitable platform to (a) analyse
the self-assembly behaviour of hair progenitor cells into periodically arranged hair
primordia and (b) identify parameters that impact the formation of hair primordia in
an asymmetric morphogenetic field. This understanding will enhance our future abil-

ity to successfully engineer human hair follicle organoids.
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1 | INTRODUCTION

The basic tenet of plastic surgery is the restoration of form and
function. However, replacing skin and functional appendages re-
mains challenging. The hair follicle is a mini-organ, which, in asso-
ciation with the attached sebaceous gland, plays a crucial role in
skin moisture, thermal regulation, protective sensation and aes-
thetic appearance. For burn patients, the loss of pilosebaceous
units leads to dry, brittle skin which is more susceptible to injury.
While transplantation is currently the best option for hair follicle
replacement, the process requires a large number of donor folli-
cles, which burn patients typically lack, and targets only the scalp.
The ability to tissue engineer an unlimited source of pilosebaceous
units for transplantation, either singly or appropriately patterned
within bioengineered skin, would provide a much-needed solution
for many patients.

Multiple different approaches have attempted to produce re-
constituted skin with hair in mouse and humans.”) In the mouse,
we demonstrated that dissociated epidermal and dermal cells from
newborn mouse skin self-assemble in vitro into multi-layered skin or-
ganoids containing placodes and dermal condensates, the two stem
cell populations necessary for hair follicle development.[2'3] When
grafted onto a full thickness dermal wound on a nude mouse, the
cultured organoids formed mature, cycling hair follicles within a pla-
nar skin configuration. Transcriptomic analysis of the murine skin or-
ganoids has identified factors that can rescue the hair forming ability
of adult mouse cells.) However, similar success with human cells
has been more difficult. Adult human scalp cells will produce new
follicles in in vivo mouse models, albeit at low rates.®% The use of
fetal, rather than adult, scalp enhances the efficiency of human hair
follicle regeneration but a persistent lag time of 3 months to follicle
formation indicates that more must be understood about follicular
morphogenesis.”’sl Despite several different approaches, efficient,
large-scale, therapeutic tissue engineering and transplantation of
reconstituted human skin with pilosebaceous units remains a chal-
lenge to the field.

There are two different strategies to produce hair follicles
from dissociated cells. One is to use 3D printed tissue scaffolds
and place cells at key positions for further morphogenesis;[9] the
other is to rely on the self-organizing ability of skin progenitor
cells. Different progenitor cell states can be utilized for the self-
organizing strategy, such as induced pluripotent cells (iPs)."% on
some occasions, cells need “help” to interact with other cells or
require particular molecular signals to move forward to the next
stage. Currently, in the emerging field of synthetic biology, meth-
ods are under development to provide cells with “help” in topo-
logical arrangement[“'ul or molecular signalling at the right time
and place.m]

But, to effectively adopt the synthetic biology approach, we
must learn more about organoid cultures made of cells from dif-
ferent ages, locations or species, so we can apply key molecules to
restore hair forming ability.[‘” To this end, we sought to develop a

three-dimensional, culture system in which different types of skin

progenitors, such as epidermal- or dermal-like somatic cells, embry-
onic stem cells or iPS cells, can be guided to form ectodermal organs
in a planar configuration (Figure Sl).[i‘” We hope that this culture
model may serve as a platform to identify the critical factors needed,
step by step, for the development of individual ectodermal organs.
Here, we present our progress towards the formation of human hair
follicle organoids. Within this in vitro model, we observed two dis-
tinct and novel phenomena. First, hair peg-like structures emerged
after only 4 days in culture and possessed molecular and cellular
characteristics similar to authentic human hair pegs. Second, the
formative process of periodic patterning was quite apparent: dis-
sociated dermal cells assembled into stripes, clusters, then distinct
dermal condensations, followed by epidermal “stalks” with dermal
papilla-like “caps.” The process reproducibly began at the droplet
boundary and emanated as a circumferential wave towards the cen-
tre of the culture.

In vivo, periodic hair and feather placodes form in a progressive
wave, propagating in different directions depending on body site (e.g
scalp and trunk). This implies that the process is a combination of
local periodic patterning events and an asymmetric global influence
that make the morphogenetic field asymmetric. The local periodic
patterning event may involve chemical and mechanical feedback be-
tween cells and their environment.*>%¢! Several models have been
proposed, ranging from chemical-based reaction-diffusion models
to ones where the “reactants” are cells themselves to mechano-
chemical models which couple cell interactions with chemical sig-

[17-191 The self-organizing patterns observed experimentally in

nals.
our culture system resemble patterns most simply illustrated by the
Turing activator-inhibitor model.?%?* The global behaviour of the
system can be described by the occurrence of a Turing instability on
an asymmetric morphogenetic field. Such asymmetry is speculated
to be caused by mechanical or chemical forces or uneven cell prolif-
eration or death.?2%%!

The droplet culture system described here provides a unique
opportunity to study both periodic patterning and global events in
human hair follicle formation. The formation of hair peg-like struc-
tures occurs more rapidly than other current methods and, yet, is
slow enough to permit the analysis and optimization of the sequence
of cellular events. Mathematical modelling of the formation wave in
the hair peg population allows us to analyse the self-assembly pro-
cess and predict conditions that may enhance organoid formation.
Translationally, this culture system provides proof of concept that
structures resembling human hair follicle precursors can be engi-
neered in vitro in a time-efficient manner and serves as a platform
to identify the optimal conditions with which to efficiently engineer

human hair follicles for transplantation.

2 | METHODS

2.1 | Invitro hair follicle reconstitution assay

Epidermal and dermal cells were enzymatically and mechanically
separated from neonatal foreskin and second-trimester fetal scalp
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(estimated gestational age (EGA) 17-19 weeks), respectively. 2 x 106
cultured neonatal foreskin keratinocytes and 3 x 10° fresh fetal
scalp dermal cells were resuspended in 140 ul of F12:DMEM (1:1)
medium with 5% FBS and P/S/A and plated as a droplet on a six-well
cell culture insert. The droplets were incubated at 37°C and 5% CO,
for 4-7 days. Growth factors were added daily. See supplemental
methods for details.

2.2 | Patch assay

2 x 10% neonatal foreskin keratinocytes and 3 x 10° fetal scalp der-
mal cells were injected subcutaneously into the deep dermis of 6- to
12-week-old hairless nude mice. Subcutaneous nodules with formed

hair follicles were harvested 8 weeks later.

2.3 | Immunostaining, lentiviral vectors and live
cell imaging

See supplemental method, Tables S1 and S2.

2.4 | Mathematical modelling

A reaction-diffusion model was developed to simulate the interac-
tion of two, as of yet, experimentally unidentified, different mor-
phogen populations. Details, equations and parameter definitions

are included in supplemental methods.

3 | RESULTS

3.1 | Human fetal scalp dermal cells induce the
self-organization of hair peg-like structures in droplet
culture

Dissociated neonatal human foreskin keratinocytes and 17- to
19-week EGA human fetal scalp dermal cells were mixed and
co-cultured in three-dimensional droplets (Figure 1A). Within
24 hours, the epidermal and dermal cells segregated into two
layers, with epidermal cells adhering to the cell culture insert
membrane at the base of the droplet and dermal cells overlying
the keratinocytes in a more superficial layer (Figure 1B). Around
48 hours, dermal cells began to organize, forming a trabecular
mesh pattern, which then evolved into punctate cell clusters. By
72 hours, keratinocytes abutting the dermal clusters rearranged
into a concentric pattern and, within 96 hours, keratinocyte
“stalks” protruded, against gravity, into the droplet space, in asso-
ciation with a dermal cell “cap” (Figure 1B, Movie S1A-C). In com-
parison with 17-week EGA fetal scalp sections, the newly formed
structures resemble early hair pegs, a stage in follicle develop-
ment in which the invaginating keratinocytes protrude downward
into the dermal plane, guided by the dermal papilla (Figure 1C). Of
note, while there was a clear and early segregation of epidermal
and dermal cells, we frequently encountered scattered, large, in-
tensely keratin-positive cells interspersed within the dermal layer,
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FIGURE 1 Human neonatal foreskin keratinocytes and fetal
scalp dermal cells self-organized to form hair peg-like structures in
vitro. A, Schematic of the in vitro hair follicle reconstitution assay.
Follicular organoids, composed of epidermal (green) and dermal
cells (red), protrude from a multi-layered keratinocyte sheet (green).
hNFKs = human neonatal foreskin keratinocytes, hFSDs = human
fetal scalp dermal cells. B, Serial brightfield and confocal images of
the culture droplet taken every 24 h demonstrated the formation
of periodically arranged three-dimensional configurations by 96 h,
corresponding to hair peg-like structures composed of an epidermal
stalk and dermal cap. Whole mount confocal images in the second
and third rows, with pancytokeratin denoting epidermal cells in
green and nuclei in red, were taken from the periphery of the
droplet, as represented by the white dotted box in the brightfield
image in the first row. In the second row, the white dotted line
demarcates the periphery of the droplet. The fourth row of

images is triple-stained sections, with pancytokeratin (panCK)
marking epidermal cells (green), vimentin marking dermal cells

(red) and nuclei (blue) stained with TO-PRO-3 iodide. The scale

bar is the same for all images per row. The large green lobules in
the 48 h sample are dead cell artifacts which have trapped the
fluorescent antibody (n = 25). C, In vitro structures at 96 h (left
panel) resembled hair pegs found in 19-wk human fetal scalp (right
panel). p63 is a marker of epidermal progenitor cells (n = 25). D,
Human fetal scalp dermal cells alone and adult scalp dermal cells
mixed with neonatal foreskin keratinocytes did not produce any
hair peg-like structures after 96 h in culture. The images are taken
from the periphery of the culture droplet, as exemplified by the
black dotted box in B. hASDs = human adult scalp dermal cells. E,
When injected subcutaneously into a nude mouse, human neonatal
foreskin keratinocytes and fetal scalp dermal cells produced mature
hair follicles composed of cells of human origin. Pancytokeratin
(green) and vimentin (cyan) antibodies are human-specific. Sections
of mouse skin were included to confirm species specificity of the
antibodies (bottom panels) (n = 3)

which exhibited characteristics consistent with terminally differ-
entiated, anucleated keratinocytes. These “cells” do not appear to
participate in the morphological events.

Dermal fibroblasts are known to self-aggregate in non-adherent
culture. To demonstrate that the hair peg-like structures were not
an artifact of the culture system or simply a result of dermal fibro-

blast self-aggregation, human fetal scalp dermal cells, in the absence
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of foreskin keratinocytes, were cultured under identical conditions.
Fetal scalp dermal cells also formed a trabecular pattern but did
not form any three-dimensional structures (Figure 1D). Similarly,
adult dermal cells, from hair-bearing adult scalp, were cultured with
neonatal foreskin keratinocytes. Adult scalp dermal cells formed
thick, dense sheets. Neither combination produced hair peg-like
structures.

3.2 | Hair peg-like structures in vitro displayed
cytoarchitecture and molecular markers similar to
those observed in vivo

Under defined conditions, epidermal and dermal cells rapidly self-
assembled and transitioned through stages reminiscent of follicular
development to form hair peg-like structures but failed to progress
further in vitro. To verify that the human neonatal foreskin keratino-
cytes and human fetal scalp dermal cells possessed full regenerative
potential, the same ratio of epidermal and dermal cells was injected
subcutaneously into nude mice in a traditional patch assay.[zl Eight
weeks later, complete hair follicles, including hair shafts, were clearly
visible in the subcutaneous tissue encircling a central keratinized
mass (Figure 1E). Immunostaining with human-specific antibodies
confirmed that cells of the epidermal outer root sheaths and dermal
papillae were of human origin (Figure 1E).

Akin to hair pegs in developing fetal skin, the reconstituted hair
peg-like structures were keratin-14 positive and keratin-10 negative
(Figure 2A). Keratin-10 and involucrin, markers of suprabasal cells,
were expressed in all cells of the epidermal sheet except the basal
layer, consistent with normal patterns of epidermal stratification
(Figure 2A). While epidermal cells originally stratified with basement
membrane facing the insert, the polarity of stratification was altered
once epidermal downgrowth began, with epidermal “stalks” and as-
sociated dermal “caps” projecting upwards into the culture through
more differentiated layers of epidermis. We suspect this is due to
physical limitations of the droplet culture system. Keratinocytes of
the epidermal stalk expressed K17, K18 and E-cadherin, all known
to be expressed in the inner or outer root sheath layers of mature
follicles, though at the hair peg stage, distinct epidermal sheath lay-
ers have not yet formed and less is known about the expected loca-
tions for expression of these proteins (Figure 2A). Some of the larger
hair peg-like structures displayed longer, curving epidermal stalks,
which when viewed at the right angle, appeared to possess a central
keratin-positive core surrounded by concentrically oriented epider-
mal cells, possibly indicating progression in development towards
the bulbous peg stage (Figure 2A). These advanced hair peg-like
structures occurred infrequently, however, making further charac-
terization difficult.

p63, a marker of epidermal stem cells, was initially present in all
keratinocytes at 24 hours. As is seen in normal hair follicle develop-
ment, p63 expression became limited to the basal layer following
epidermal stratification and pé63-positive cells were reproducibly
noted at the leading edge of the epidermal stalk, adjacent to the der-
mal cap (Figure 2B). PCNA immunostaining demonstrated active cell

division in both the epidermal basal layer and the leading edge of
the stalk, while the remaining epidermal cells within the stalk were
quiescent (Figure 2B). The presence of focal, replicating epidermal
progenitor cells at the leading edge of the stalk suggests that local-
ized proliferation may contribute to downgrowth and we hypothe-
size that these proliferating cells may be putative hair matrix cells.
However, we cannot rule out the possible contribution of cell mi-
gration from the adjacent stratified epidermis in hair peg formation
and the mechanism by which epidermal downgrowth occurs is not
yet known.

Consistent with a dermal lineage, dermal cap cells synthesized
collagens | and Il (Figure 2C). Basement membrane proteins, colla-
gen IV and laminin, typically located at the interface between epi-
dermal and mesenchymal cells within the hair follicle, were present
at the junction of epidermal stalk and the dermal cap (Figure 2C,
Movie S2A). Furthermore, the dermal cap cells associated with the
hair peg-like structures displayed markers also present in the der-
mal condensate and dermal papilla. The dermal cap was composed
of a heterogeneous mixture of dermal cells with a central compart-
mentalized area positive for alpha-smooth muscle actin (a-SMA,
Figure 2C, Movie S2B). While alkaline phosphatase is a classic marker
of the murine dermal papilla and is expressed in the dermal papillae
of 17-week human fetal scalp, there is limited and conflicting data
regarding the expression of alkaline phosphatase vs a-SMA in human
dermal papilla cells in culture. Some publications show persistent al-
kaline phosphatase expression in cultured human dermal papilla cells
but others demonstrate rapid loss of alkaline phosphatase expression
and upregulation of a-SMA expression.[z“’”] In reality, the expres-
sion of dermal papilla marker genes is easily influenced by culture
conditions. In our system, a-SMA expression was present while al-
kaline phosphatase expression was not. Versican, another commonly
used marker for the dermal condensate and papilla, was strongly ex-
pressed in the dermal cap (Figure 2B, C). While these dermal caps
represent the developmental progression of dermal stripes to clus-
ters to condensations and dermal papillae-like aggregates, which
can functionally induce hair peg-like structures, we believe they are
incomplete or immature dermal papillae because they express some,
but not all, dermal papilla molecular markers and induce the forma-

tion of hair peg-like structures instead of complete hair follicles.

3.3 | The formation of hair peg-like structures
in vitro mimics the sequential stages of development
in vivo

Foreskin keratinocytes and fetal scalp dermal cells progressed
through stages similar to native hair follicle development.BO]
Between 48 and 72 hours in culture, epidermal cells underlying
focal dermal cell collections formed a concentric pattern, distinct
from the cobblestone pattern of the surrounding epidermal sheet
(Figure 2D, Movie S3A,B).[31] B-catenin, known to be expressed in
the epidermal placode and required for hair follicle morphogen-
esis, was focally enriched in epidermal cells abutting the clustered
dermal cells, but absent from the adjacent epidermis at the time of
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epidermal downgrowth (Figure 2E).3234 Cells within the dermal
clusters expressed CD34, a marker of the human dermal condensate
and early dermal papilla (Figure 2E).[35] The formation of hair germ-
like structures and, then, hair peg-like structures ensued between 72
and 96 hours in culture.

Live cell confocal imaging of the droplet culture was developed
to visualize the cell-cell interactions and collective cell move-
ments during hair peg formation. Visual discrimination between
epidermal and dermal cells was achieved using epidermal-specific
promoters. Lentiviral transduction to express lineage-specific flu-
orescent markers did not perturb hair peg development in vitro
(Figure S2). A view from the top of a two-colour, live cell culture
droplet demonstrated distinct spherical dermal caps are shown in
the Supplement Material (Figure S2, Movie S4). Nuclei of cells at
the periphery of the dermal cap exhibited a curved morphology,
and cells near the centre of the dermal cap displayed increased
local cell motion while cells at the periphery were more stationary,
suggesting a heterogeneity of dermal cell function. In contrast,
cells within the epidermal sheet remained static. Three-colour live
imaging distinguished K14+ epidermal cells (yellow), p63+ epider-
mal precursor cells (magenta) and dermal cells (cyan) within the
hair peg and adjacent epidermal sheet (Figure S2, Movie S5A, B).
As seen in static confocal images, p63-positive cells were noted
within the epidermal sheet as well as the epidermal stalk of the
hair peg. Several strongly positive p63 cells were present at the
leading edge of the epidermal stalk, abutting the dermal cluster,
and 1-2 cells were consistently noted at the opposite pole of the
dermal cluster, a unique position which could suggest an instruc-
tive role in directional epidermal downgrowth.

3.4 | Hair peg-like structure formation
in the organoid droplet culture displays
spatiotemporal patterning

Large-scale dermal cell patterns within the droplet culture dem-

onstrated a spatiotemporal progression, which initiated at the
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FIGURE 2 Hair peg-like structures formed in vitro expressed
appropriate epidermal and dermal markers and progressed
through reproducible stages reminiscent of early hair follicle
development. A, Staining of sections of hair peg-like structures
with keratin-14 (green) demonstrated clear separation between
epidermal and dermal cells (top left). Consistent with patterns of
keratin expression in human fetal scalp, epidermal cells within the
in vitro hair peg-like structures did not express keratin-10 (red).
Involucrin (green), a marker of keratinocyte terminal differentiation,
was highly expressed in only a portion of the epidermal sheet,
which, along with keratin-10 expression, suggests stratification
(bottom left). Involucrin also strongly marked cells believed to

be terminally differentiated, anuclear corneocytes that became
inappropriately trapped within the dermal cell cap. The epidermal
stalks were keratin-17 (green), keratin-18 (magenta) and E-cadherin
(green) positive (whole mount, top right). Several of the larger

hair peg-like structures appeared to have epidermal stalks with
central lumens and concentrically organized keratinocytes, marked
by keratin 14 (green) (whole mount, bottom right). B, At 24 h,

all keratinocytes expressed p63 (green), a marker of epidermal
stemness (sections, top panel). By 72 and 96 h, p63-positive cells
were localized to the basal layer of the epidermal sheet and the
leading edge of the epidermal stalk abutting the dermal cap (middle
panel). 96-h images are whole mount specimens. PCNA-positive
(green), actively proliferating cells were present within the basal
layer of the epidermal sheet, the epidermal stalk at the interface
with the dermal cap and the periphery of the dermal cap, similar
to 17-wk second-trimester human fetal scalp (sections, bottom
panel). C, The cells of the dermal cap expressed collagen | (green,
section and whole mount) and collagen Il (green, whole mount)
(top left). K10 = keratin-10. Collagen IV (red) and laminin-332
(green), markers of the dermal papilla basement membrane, were
expressed at the interface between epidermal and dermal cells
within the hair peg-like structures in vitro (whole mount, bottom
left). PanCK = pancytokeratin, nuc = nuclei, vim = vimentin. a-
SMA (green), a marker of human dermal papilla cells in culture,
was expressed within the centre of the dermal cap (whole mount,
top right). Human dermal papilla cells in vivo express alkaline
phosphatase (alk phos (green), left image), a marker which is
typically lost during in vitro culture. The dermal cap was also
positive or versican, a commonly used dermal condensate or
dermal papilla marker (whole mount, bottom right). D, Serial optical
sections of a dermal aggregate at 48 h imaged at increasing droplet
depths demonstrated a rounded, dense dermal cluster atop an
epidermal sheet with concentrically arranged nuclei, reminiscent
of the epidermal placode. E, p-catenin was expressed throughout
the epidermal sheet at 48 h but was restricted to those epidermal
cells associated with the dermal cap by 72 h (sections, top panels).
Dermal cells within the dermal cap were positive for CD34, a
marker of the early dermal papilla stem cell (bottom panels). The
48-h image is a whole mount specimen. All other images are
sections. All staining was performed on multiple hair peg-like
structures from at least three biological replicates (n = 3)

droplet periphery and advanced towards the centre (Figure 3A).
At 24 hours postplating, dissociated dermal cells remained dis-
tributed in a homogeneous layer without a distinct macroscopic
pattern. Over the next 12 hours, dermal cells coalesced into long
undulating stripes of higher dermal cell density. By 48 hours in

culture, long stripes had subdivided into shorter stripes and, over
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FIGURE 3 Collectively, a stripe-to-dot formative gradient forms
from the centre to periphery of the culture droplet and suggests

a Turing periodic pattering process on an asymmetric field. A,
Brightfield images of a single culture droplet taken every 12 h
demonstrated the formation of an initial trabecular pattern, which
then gave way to the periodically arranged stripes and cell clusters
(top row). Line drawings created from brightfield images (middle
row) and a schematic where red represents dermal cells and green
represents epidermal cells (bottom row) emphasize the transitions
in distinct periodic patterns as they relate to developmental
stages (n = 4). B, High-power magnification demonstrates the hair
peg-like architecture under brightfield imaging (n = 4). C, The field
was divided into five concentric zones. Anatomic hair peg-like
structures developed at a higher density in zones 4-5, towards

the periphery of the droplet. In paired t test comparisons, the
average density of hair peg-like structures at the periphery of the
culture droplet was statistically different from more central zones

(*P < 0.05). Error bars represent standard error of the mean (n = 11).

D, Dermal clusters of a smaller diameter were more likely to be
associated with single stalked hair peg-like structures than were
larger dermal clusters found at the centre of the droplet. Average
cluster diameter is plotted. Paired t test comparisons were used to
examine statistically significant differences between groups. Error
bars represent standard error of the mean. *P < 0.05, **P < 0.01

(n = 3). E, Numerical simulations of reaction-diffusion equations
are presented in the methods section. The top row illustrates how
the density of activator (u) alters over time, with darker colours
presenting high-density regions and lighter colours representing
low-density regions. The bottom row illustrates the radially
symmetric spatiotemporal gradient field that alters the properties
of the reaction-diffusion equations heterogeneously across the
domain. As time increases, the value of the field at the boundary
increases to a maximum value and the gradient gets steeper. We
see that as the gradient steepens, the activator pattern transitions
from spots at the periphery to labyrinthine patterns in the centre,
which recapitulates the in vitro periodic patterns. Additional
parameter values are given in Table S3

time, short stripes became rounded, CD34-positive dermal clus-
ters (Figure 2F). Between 72 and 96 hours, hair peg-like structures
formed (Figure 3B), first at the droplet periphery. In addition to
forming earliest, elongated structures approximating more mature
hair peg-like structures formed more densely at the periphery
(Figure 3C, D). Centrally, dermal aggregates were 60% larger in
diameter, which correlated with the formation of less mature hair
peg-like structures and, in many cases, abnormal aggregates pos-
sessing multiple epidermal stalks (Figure 3D). The formative wave
of “long stripe—short stripe—rounded cluster—peg-like structure”
advanced from the periphery towards the centre of the droplet,
with each new change in morphology, and the stripe and spot pat-
terns are reminiscent of the periodic patterns predicted by Turing

activator-inhibitor principles.[36'37]

3.5 | Mathematical modelling simulates the
observed spatiotemporal patterns

Reaction-diffusion systems are capable of spontaneously producing
sustained spatial patterns. Specifically, spots, stripes and labyrinthine
patterns are all possible within the framework of diffusion-driven
instability, known as Turing patterns. Once formed, generally only
one of these patterns is selected and remains fixed.®® In contrast, in
our droplet culture, multiple distinct patterns occur simultaneously
and are formed in serial progression at different locations within the
droplet. As mentioned, such patterning complexity can arise from
several different sources. We chose to use a reaction-diffusion de-
scription because the transition between spots and stripes is well
understood.*83% Critically, in two dimensions, Turing patterns can
produce spots and/or stripes, but typically not at the same time.2!
It is simply the competition between the quadratic and cubic terms
of the activator kinetics that determine which pattern mode is ob-
tained.?Y Thus, if the correct pattern kinetics are chosen to produce
in phase, or out of phase, concentration patterns, then any Turing
system can be guided to give rise to spots and/or stripes. Further,
a parameter's influence is extremely local in Turing patterns.m]
Thus, all we require to convert a system from spots to stripes is to
use a gradient that influences the competition between the cubic
and quadratic term. Hence, this is a completely general and robust
mechanism for producing such dynamics. Based on this, we propose
that an asymmetric spatiotemporal gradient is present to explain the
mixed spectrum of patterns within the space (organoid droplet) and
the transition of patterns over time. The work implies that the drop-
let represents an asymmetric morphogenetic field. Indeed, in embry-
onic development, hairs and feathers form in propagative waves in
different body domains, rather than simultaneously.[4°’42] This gave
us the motivation to develop a simulation of Turing patterning occur-
ring in an asymmetric morphogenetic field (Figure 3E).

To make the simulation model more broadly applicable, we pur-
posely assigned the morphogens generic activator or inhibitor func-
tions, rather than focusing on specific signalling molecules (please
refer to the supplemental methods for a more detailed description).
Critically, this work is not about specifying the exact underlying
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kinetics. Indeed, we do not have sufficiently detailed information to
determine the system to this accuracy. The specific use of our model
is to highlight that the transition seen in the experiments can be
captured, quite generally, using a simple radially symmetric, linear,
time-dependent gradient. The observed result could be obtained in
an infinite number of more complicated ways. However, our results
have put a lower bound limit on the complexity required to make a
model consistent with the observed results.

Since we observe that hair peg-like structures first form in the
periphery, the asymmetry suggests that the activator becomes in-
creasingly sensitive to the inhibitor morphogen v, at the periphery,
or, alternatively, the activator becomes decreasingly sensitive to
the activator's self-activation response. Such a gradient can easily
arise as the experimental droplet is anisotropic, and could be due to
chemical signalling (e.g growth factors) or physical forces in nature,
or both. Thus, the principles of Turing activator and inhibitor remain
the same, but in different regions, we anticipate the field can be het-
erogeneously predisposed with parameters that favour or suppress
periodic patterning. As time progresses, the gradient increases to-
wards the periphery (bottom simulations of figure “simulation”), and
patterns transit from labyrinthine stripes to spots (top simulations
of figure “simulation) (Figure 3E). The spatiotemporal heterogeneity
is modelled as a linear spatial gradient that increases at the droplet
boundary and fixes over time (Figure 3E, Movie S6). The visualiza-
tion of the gradient exhibits itself as a hair peg formative wave trav-
elling from the periphery towards the centre of the field, matching
experimental results observed in the droplet cultures. Critically, the
proposed asymmetry could be wrapped up inside the equations, but
this would obscure the essential requirement of a spatiotemporal
gradient appearing. Thus, we choose to be explicit with the addition

of such complexity.

3.6 | A platform to modulate hair peg
morphogenesis in vitro

To increase the number of hair peg-like structures and to stimulate
development beyond the hair peg stage, we modulated multiple pa-
rameters within the droplet culture system. The greatest number
of hair peg-like structures per droplet culture was generated with
a 150 pL volume droplet, 5% FBS concentration and epidermal to
dermal cell ratio of 2:3 (Figure 4A). An average of 286 hair peg-like
structures (+138) per cm? with an interfollicular distance of 350 pm
was produced under optimal conditions (Figure 4B). For comparison,
endogenous hair pegs from 17-week fetal scalp are spaced, on aver-
age, 235 pm apart. The in vitro hair peg-like structures were similar
in overall shape to hair pegs of 17-week fetal scalp but exhibited
significantly different structural proportions. The reconstituted hair
peg-like structures possessed shorter, narrower keratinocyte stalks
and wider dermal caps while the height of the dermal cap remained
consistent with endogenous fetal hair pegs (Figure 4B). Native fetal
scalp exhibited hair pegs of various epidermal stalk heights. The re-
constituted hair peg-like structures were, on average, shorter than
the endogenous hair pegs but more closely resembled the shorter,
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FIGURE 4 Modulation of hair peg morphogenesis in vitro. A,
Here, we examine the conditions that can influence the number,
size and progression of the hair peg-like structures. Hair peg-like
structures formed more frequently when culture medium contained
5% FBS and when an epidermal to dermal cell ratio of 2:3 was
used. The average number of hair peg-like structures formed per
condition is plotted, with error bars representing standard error of
the mean and statistical significance assessed with paired t tests.
*P < 0.05 (n = 6). B, The in vitro hair peg-like structures (black bars)
show similar architecture to hair pegs in 17-wk human fetal scalp
(grey bars). However, the average stalk height, stalk width and

cap width of the in vitro hair peg-like structures were significantly
smaller. While the in vitro hair peg-like structures formed at
regular intervals, there was a larger average interfollicular distance
than is found in fetal scalp tissue. An asterisk denotes a P-value

of <0.05, when compared to native human fetal scalp, via paired

t tests. Error bars represent standard error of the mean (n = 5).

C, The addition of growth factors to the droplet cultures caused
significant changes in certain aspects of the epidermal stalk and
dermal cap dimensions, but did not induce further development
into a bulbous peg structure. Dimensions measured the following:
1) epidermal stalk width, 2) epidermal stalk length, 3) epidermal
stalk area at the structure midpoint, 4) dermal cap width, 5) dermal
cap height, 6) epidermal stalk-dermal cap overlap and 7) dermal
cap area at the structure midpoint. Growth factors: A) negative
control, B) Shh 1 pg/mL, C) Tgfp2 0.5 pg/mL, D) RAR antagonist
ER50891 1 umol/L, E) FGF7+ FGF10 1 ug/mL, F) FGF2 1 ug/mL, G)
FGF2+ Shh 1 pug/mL, H) FGF2+ Wnt7a 1 pg/mL, 1) PKCi 660 nmol/L
chelerythrine chloride and 10 nmol/L bisindolylmaleimide | and

J) Noggin 1 pg/mL. All measurements were normalized to the
negative control, and average dimensions are shown. Error bars
represent standard error of the mean. Statistical significance
between two groups was calculated using paired t tests. An asterisk
denotes a P-value < 0.05, compared to the negative control without
added factors (n = 3)

early hair pegs in native skin, suggesting that, according to normal
developmental patterns, the reconstituted hair peg-like structures
could be expected to elongate further before transitioning to the
bulbous peg stage. However, our reconstituted hair peg-like struc-
tures failed to progress further when they were maintained for three
additional days in culture. Clearly, other factors are required.
Although we have not been able to achieve more mature hair
follicle formation, the self-organization of periodically arranged hair
peg-like structures from dissociated cells is a remarkable process.
Detailed analysis of the process enables this droplet culture to serve

as a platform for large-scale screening of experimental conditions
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to optimize in vitro follicle formation. We identified four possible
signals that might support developmental progression: (a) increased
dermal signalling for epidermal downgrowth (Shh, Tgfp2), (b) stron-
ger dermal papilla inductivity (Wnt7a, FGF2), (c) inhibition of pre-
mature keratinocyte differentiation (protein kinase C (PKC), Noggin,
retinoic acid receptors (RAR)) and (d) stimulation of keratinocyte dif-
ferentiation and/or stratification (FGF2, FGF7/1O).[43'50]

Exogenous growth factors were added to the culture medium
every 24 hours. A range of concentrations was tested for each pro-
tein; results for the concentration which produced the greatest
effect are shown (Figure 4C). Thus far, none of the added factors
have resulted in progression to the next stage, the bulbous hair
peg. However, a detailed analysis of dermal cap and epidermal stalk
width, height and area identified significant changes mediated by the
added growth factors, which, with more investigation, may hold the
key to stimulating true follicle formation in culture. Cap and stalk
sagittal areas maintained a linear relationship with the total cap and
stalk volumes, emphasizing the radial symmetry of these structures
and allowing us to simplify analysis by measuring the area of each
structure at the midpoint corresponding to maximal width (Figure
S3). During the early peg to bulbous peg transition, the dermal cap
becomes more compact and is encapsulated by the base of the elon-
gating epidermal sheath.*® The addition of 1 pmol/L Shh stimulated
epidermal downgrowth, resulting in longer epidermal stalks, as well
as a change in the dermal cap shape, with an increased width and
cap-stalk overlap, suggesting that Shh may stimulate dermal cell mi-
gration proximally along the epidermal stalk or, conversely, epider-
mal stalk displacement of dermal cap cells (Figure 4C). The protein
kinase C inhibitors, chelerythrine chloride and bisindolylmaleimide
I, produced a similar effect, with increased epidermal stalk length
and overall stalk area, as well as increased dermal cap area and cap-
stalk overlap. FGF2, in combination with Shh, decreased dermal cap
height and area and the retinoic acid receptor antagonist ER50891
enhanced total stalk area. Though subtle changes were evident
when exogenous factors were added, they were insufficient to alter
the gross morphology of the hair peg-like structure and push devel-

opment into the bulbous peg stage.

4 | DISCUSSION

The ability to tissue engineer human hair follicles for transplantation
would eliminate a treatment gap for numerous patients. Over the
years, our group's research has focused on the morphogenesis of
skin appendages. Recently, we examined the self-organizing behav-
iour of dissociated epidermal and dermal newborn mouse cells and
their ability to reconstitute functional follicles.” Similar studies of
human follicular morphogenesis have been difficult to achieve, due
to the low efficiency of follicle formation from readily available adult
cells and the long time to follicle formation. Here, we demonstrated
the production of human hair peg-like structures in vitro from a well-
defined mixture of progenitor cells. In this three-dimensional orga-
noid droplet culture, dissociated neonatal epidermal and fetal dermal

cells progressed, via self-organization, through the following repro-
ducible and recognizable stages akin to early follicle development
to reach cellular configurations similar to hair pegs in situ: (a) mixed
dissociated cells, (b) cell sheets, (c) dermal stripes and clusters, (d)
dermal clusters with associated epidermal placode-like collections
and (e) distinct hair peg-like structures with spatial periodicity.[3°]
The developmental process proceeded rapidly within 96 hours and
was dependent on epidermal:dermal cell ratio and factor concentra-
tion, suggesting the need for an appropriate balance of epithelial-
mesenchymal signalling factors or cell-cell interactions. This in vitro
culture system demonstrates the initiation and rapid progression of
early stages of human follicle-like development. It also shows that
human and mouse cells utilize different morphogenetic paths in the
morphospace of epidermal-dermal multicellular configurations and
may explain why it has been difficult to achieve robust human hair
reconstitution. We hypothesize that the differences between human
and mouse hair follicle reconstitution may be due to three factors:
epidermal cell plasticity, the inducing ability of dermal cells and morpho-

genetic field competence.

1. The plasticity of foreskin keratinocytes is known to wane with
prolonged culture, resulting in reduced hair follicle formation."
We hypothesized that a loss of epidermal plasticity inhibited
further follicle organoid development in vitro beyond the peg
stage. Protein kinase C (PKC) and retinoic acid pathways play
a role in epidermal differentiation and stratification during skin
development. Excessive retinoic acid causes cessation of hair
follicle development at the germ stage in mice, while inhibition
of PKC promotes folliculogenesis from adult mouse cells.[*4747]
The addition of PKC inhibitors and an RAR antagonist exhibited
positive effects on the length and diameter of the epidermal
stalk but was insufficient to drive further folliculogenesis, sug-
gesting that other factors are required for progressive devel-
opment. We suspect that the less primitive epigenetic state
of the keratinocytes used may be the molecular basis for
suboptimal competence. In future studies, we will search for
factors that can “reprogram” these keratinocytes or use more
responsive keratinocytes.

2. The inducing ability of dermal cells is a second critical component
for folliculogenesis. The dermal papilla releases multiple factors,
which participate in epidermal-mesenchymal signalling during fol-
liculogenesis. Shh and Tgff3 are necessary for epidermal down-
growth and mice which lack Shh signalling possess hair follicles
which are stalled at the germ/peg stage.[43’44] The addition of Shh
to the droplet cultures stimulated additional epidermal down-
growth but did not cause structural progression to the bulbous
peg stage. We also examined Wnt7a and FGF2, which have been
shown to maintain proliferation and inductivity in cultured murine

[4546] vet, we did not observe significant pro-

dermal papilla cells.
gress in organoid development. The dermal papilla-like cells in our
culture do not appear fully functional as they can only support the
induction of hair peg-like structures, not mature follicles.

However, this system provides a promising platform for the
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continued search for factors or conditions which enhance
inductivity.

3. The morphogenetic field, comprised of epidermal cells, dermal cells
and extracellular matrix together, must enter a competent stage
for periodic patterning to begin. The developing embryo is a het-
erogeneous morphogenetic field with anisotropic growth in which
chemical factors, cell types and mechanical forces are unevenly
distributed in three spatial dimensions and one temporal dimen-
sion. Here, our organoid culture demonstrates obvious asymme-
try within the droplet, as patterns began at the periphery and
migrated centrally. Labyrinthine stripes of dermal cells were noted
initially, which subsequently transformed into periodically ar-
ranged dermal cell clusters. Both stripes and dermal clusters can
be produced by a simple Turing model and can reflect an interme-
diate stage of the final periodic patterns if there is an uneven mor-
phogenetic field.*® What can account for the difference in
progression through the periodic patterning process? While a
simple generic radial gradient effected by one component may be
sufficient for a Turing activator-inhibitor system to produce the
pattern here, it may not be sufficient to produce the complex spa-
tiotemporal patterning transitions we observed experimen-
taIIy.[36'37] Here, we purposely designed a generic model, to have
wider conceptual application. Simulation with mathematical mod-
elling suggests similar patterning sequences can be achieved
through uneven chemical signalling activities®? (e.g higher con-
centration of activator morphogens at the droplet periphery or
higher sensitivity of cells at the droplet periphery) or uneven me-

chanical forces?? (

e.g cellular tension or matrix rigidity favour
periodic formation at the droplet periphery). The mathematical
and experimental models presented here will help us identify the
molecular basis of these patterning processes in the analysable
droplet in vitro and in the complex developing embryo in vivo in

the future.

In vivo, chicken feather buds form exquisite hexagonal patterns
progressively from the midline to the flank. Earlier works have sug-
gested this results from a local Turing event and a global propagating
event.l®4 However, the nature of the global event was unknown. This is
part of the motivation for this study, to use the organoid droplet to un-
derstand more about the nature of the sequential appearance of hair or
feather primordia. It is timely that a paper reporting a global Eda wave
spreading from the midline to the flank is just reported, which suggests
Eda induces FGF20, followed by dermal cell aggregate formation, thus
facilitating Turing patterning via mechano-chemical coupling.[55] Based
on this and other studies, we propose a new understanding on the pro-
cess of propagative formation of feather arrays in vivo: a local Turing
periodic patterning occurs and works together with a global propaga-
tion mechanism.®% In this new study, progressive expression of Eda
and activation of Eda signalling from the midline to the flank is shown
to mediate the global process by lowering the threshold of dermal con-

densation.®®

] Yet, what is upstream to Eda remains unclear. Thus, the
global mechanism can be chemical or mechanical in nature, as long as it

can tilt the Turing activator/inhibitor system ratio.”® The asymmetric
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morphogenetic field in the organoid culture studied here presents a
good model to further investigate how this global asymmetry mech-
anism works.

With two cellular components, the initial epidermal and dermal
cell ratio will influence the final stable position in the morpho-space
of two-component multi-cellular assemblies.”! The initial condi-
tions, determined by the probability of cell collision and the relative
strength of cell adhesion, control the initial multi-cellular configu-
ration. In the human cell culture droplet, epidermal-matrix adhe-
sions appear to dominate, leading to the formation of the epidermal
layer first. Dermal-dermal interactions are stronger than epidermal-
dermal adhesions, leading to the formation of dermal stripes and
dermal clusters. However, during morphogenetic processes, there
can be “qualitative changes” of cellular collectives. Following the
formation of dermal condensations, epidermal-dermal condensate
adhesion increases and can induce the formation of hair peg-like
structures, up to the extent that epidermal basement membrane po-
larity is reversed. Thus, the high-resolution analysis of the process
of hair peg formation provides an excellent opportunity to fine-tune
key cellular events.

In summary, we have demonstrated that human fetal scalp der-
mal cells, in association with competent epidermal cells, can direct
the rapid regeneration of human hair peg-like organoids in vitro.
The opportunity to study the asymmetric spatiotemporal sequence
of periodic patterning within the droplet provides insights into the
self-organizing behaviour of skin progenitor cells. Furthermore, this
in vitro culture system provides an opportunity to study ways to re-
store and optimize hair follicle regeneration from easily obtainable
adult dermal cells and may support the production of complete hair

follicles for transplantation in the future.”!
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Supporting Information section at the end of the article.

Figure S1. A generic working model for planar skin reconstitution
with hair formation. Epidermal and dermal cells are mixed and plated
on tissue culture insert in high cell density as a droplet. Different
epidermal and dermal cells can be used, those derive from new-
born skin, adult skin, adult hair follicle, and ES or iPS derived cells
FigureS2.Livecellimagingofhairpeg-likestructures. A,Overexpression
of fluorescent proteins did not affect the ability to form hair peg-like
structures. In this image, epidermal cell nuclei were marked with green
fluorescent protein and dermal cell nuclei were preferentially marked
with orange fluorescent protein. The dotted line outlines the epider-
mal stalk. Epi = epidermal, D = dermal, E = epidermal (n = 7). B, A still
image from a two-color live imaging video (Figure S5A), looking down
from the top of the culture droplet, demonstrates a dermal cap. p63-
positive keratinocyte nuclei are magenta, dermal cell nuclei are cyan.
Epi SC = epidermal stem cell (n =5). C, A single lateral image taken
from a three-color live imaging video (Figure S5B) demonstrates a hair
peg-like structure. Keratinocyte nuclei are orange, p63-positive ke-
ratinocyte nuclei are magenta, and dermal cell nuclei are cyan (n = 5)
Figure S3. Reconstituted hair peg-like structures displayed radial sym-
metry. Cap and stalk sagittal areas maintained a linear relationship
with the total cap and stalk volumes, emphasizing the radial symmetry
of these structures and allowing us to simplify analysis by measuring
the area of each structure at the midpoint corresponding to maximal
width

Movie S1 Three-dimensional z-stack reconstructions of human
hair peg-like structures formed in culture. A, Whole mount con-
focal z-stack images of multiple hair peg-like structures immu-
nostained with keratin-14 (green), vimentin (red), and TO-PRO-3
iodide (nuclei, blue) demonstrate the periodic patterning and for-
mation of distinct structures within a 425 pm? area. Cells within
the keratinized sheet were difficult to stain with pancytokeratin
due to poor antibody penetration. B, Whole mount confocal z-
stack images of hair peg-like structures immunostained with pan-
cytokeratin (green) and propidium iodide (nuclei, red) demonstrate
the spherical configuration of the dermal cap and the tubular
structure of the epidermal stalk. Sandwiching of the whole mount
culture beneath a coverslip for confocal imaging caused the hair
pegs to appear bent or flattened against the keratinocyte sheet.
C, Higher magnification view of a single reconstituted human hair
peg-like structure immunostained with pancytokeratin (green) and
propidium iodide (nuclei, red). Note epidermal cells start to wrap
around the dermal cap

Movie S2 Three-dimensional z-stack reconstructions of reconsti-
tuted human hair peg-like structures demonstrate markers of dermal
papilla gene expression. A, Whole mount confocal z-stack imaging
demonstrates a-SMA staining in a central location within the dermal
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cap of a hair peg-like structure. a-SMA (green), propidium iodide
(red). B, Whole mount confocal z-stack imaging demonstrates the
presence of extracellular collagen IV at the epidermal-dermal inter-
face. CD34 - an early dermal papilla marker (green), collagen IV (red),
TO-PRO-3 iodide (blue). The large green lobules are artifacts repre-
senting dead cells which have trapped the dye

Movie S3 Three-dimensional z-stack reconstructions of epidermal
placode-like structures and dermal clusters at 48 hours. A, Whole
mount confocal z-stack imaging demonstrates multiple dermal clus-
ters atop a keratinocyte sheet and altered keratinocyte arrangement
pattern around the dermal clusters. Pancytokeratin (green), propid-
ium iodide (red). The large green lobules are artifacts representing
dead cells which have trapped the dye. B, Whole mount confocal
z-stack imaging demonstrating vimentin-positive immunostaining
of the dermal clusters at 48 hours post-plating. Vimentin (red), TO-
PRO-3 iodide (blue)

Movie S4 Live cell imaging of a reconstituted human hair peg-like
structure. Time-lapse movie highlighting dermal cell shape and
movement within the dermal cap of a reconstituted human hair peg-
like structure, as viewed from the top of a culture droplet. The epi-
dermal stalk is not visible in this view. A z-stack image was recorded
every 10 minutes from 101-103 hours post-plating and is replayed at
arate of 5 frames per second. The entire culture descended along the
z-axis during imaging, resulting in partial movement out of the focal
plane over time. p63-positive epidermal cells were labelled with nu-
clear eGFP fluorescent protein (magenta). Dermal cells were labelled
with nuclear mCerulean3 fluorescent protein (cyan). Note the varied
dermal cell movement and nuclear shape within the dermal cap. Few
p63-positive epidermal cells are visible in this top-down view, as the
epidermal stalk is obscured by the cells of the dermal cap. However,
reproducibly, 1-3 p63-positive epidermal cells were noted within the

dermal cap, frequently at the apex, as seen here

Movie S5 Live cell imaging of a reconstituted human hair peg-like
structure. Time-lapse movie of a reconstituted human hair peg-like
structure, viewed from top-down (A) and lateral (B) orientations.
A z-stack image was recorded every 10 minutes from 83-85 hours
post-plating and is replayed at a rate of 10 frames per second. All
epidermal nuclei were pre-labelled with mOrange2 fluorescent pro-
tein (yellow). p63-positive epidermal nuclei were labelled with eGFP
(magenta). Dermal nuclei were labelled with mCerulean3 fluorescent
protein (cyan). Note that the entire specimen drifts during imaging.
However, the epidermal cells within the epidermal sheet remain
static, as evidenced by no change in positional relationship with ad-
jacent epidermal cells. The position of the dermal cap does move in
space, relative to the epidermal sheet, because the epidermal stalk is

flexible and sways within the droplet culture medium

Movie S6 Mathematical simulation of human hair follicle periodic
pattern formation in vitro. The changes in periodic patterning from
long stripes to short stripes to punctate clusters, corresponding to
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dermal clusters and then hair peg-like structures, is represented here
by a Turing-based mathematical simulation. The periodic patterns
form sequentially on the left, as the radially symmetric spatiotempo-
ral gradient increases in the middle and right-sided diagrams.

Appendix S1 Supplemental Methods

Table S1 Antibodies

Table S2 Primers for lentiviral vector construction. gDNA = genomic
DNA

Table S3 Parameter values for equations (1)-(4)
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