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Abstract

Culturing skin cells outside of the body has been a cornerstone of dermatological investigation for
many years; however, human skin equivalent systems typically lack the full complexity of native
skin. Notably, skin appendages, such as hair follicles and sweat glands, remain a challenge to
generate or maintain in cell cultures and reconstruct in damaged skin. Recent work from our lab
has demonstrated methods for generating appendage-bearing skin tissue—known as skin
organoids—from pluripotent stem cells. Here, we will summarize this work and other related
works, and then discuss the potential future applications of skin organoids in dermatological
research.

1| INTRODUCTION

For the past fifty years, human cell culture models have helped to minimize animal use and
diminish the burden of skin diseases 1. However, the mouse remains the model of choice
to study dynamic mechanisms of skin development and homeostasis. A key barrier to
progress is that mouse models do not entirely mimic human biology and that human skin
equivalent systems do not typically contain skin appendages, such as hair follicles (HFs) and
sweat glands, or other skin-related cells, such as dermal fat cells and sensory neurons.
Therefore, there has been a critical need for improved models of human skin generation /n
vitro for use as a research tool and, potentially, as a source of cells for skin reconstruction.
Significant effort has been devoted to recreating hair-bearing skin from patient-derived
epidermal and dermal cells. These studies have shown that, in particular, adult human
dermal papilla cells retain some level of hair follicle inductive capacity and can be coaxed to
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initiate de novo follicle-like structures in 3D cultures 810, Nevertheless, these efforts have
generally failed to fully reconstruct the entire skin architecture and its appendages outside of
the body 11714, Recent work from our laboratory shows that complex hair-bearing human
skin tissue—referred to as skin organoids—can be generated from human pluripotent stem
cells (hPSCs) over a months-long process of guided differentiation. In this Viewpoint, we
will summarize our work on skin organoids and its evolution from our previous work on
inner ear organogenesis and the hPSC work of other researchers in the field. Then, we will
highlight key focus areas where the skin organoid model could accelerate progress.

2| THE CHALLENGE OF GROWING SKIN APPENDAGES IN A DISH

The challenge of de novo hair generation, in a wound or in a culture dish, has stumped
researchers for years. The magnitude of the problem becomes apparent when one considers
the complex integration of cellular, mechanical, and chemical inputs that lead to appendage
induction during fetal development. The number of spatiotemporal variables that need to be
controlled are staggering. In normal development, the dermis and epidermis, the major
layers of the skin, undergo a series of structural and chemical changes in parallel—both
tissues becoming stratified with multiple cell subtypes with distinct gene and protein
expression programs. During the stratification process, the mechanical force at the interface
of the epidermis and dermis is modulated by deposition of extracellular matrix proteins in
the dermis and changes in cell organization in the epidermis. Moreover, a varying
combination of secreted chemical cues (e.g. WNT, BMP, and FGF proteins) are exchanged
between the epidermis and dermis over time, leading to development and maturation of skin.
One major difficulty has been that we have an incomplete knowledge of the epidermal and
dermal cellular players most critical to the establishment of hair placodes and germs. Recent
work using single-cell genomics has made great strides toward elucidating these populations
15-17_Building off of the limited existing knowledge of how skin cells develop, many
research teams have attempted to recreate the epidermis and dermis from hPSCs.

There are two types of hPSCs: embryonic stem cells (hESCs), derived from pre-implantation
embryos, and induced pluripotent stem cells (hiPSCs), derived from reprogrammed adult
cells 18, hPSCs can self-renew indefinitely and generate cells representing any tissue; thus,
hPSCs could be an unlimited source of cells for experimentation or therapy 1920, To guide
hPSC differentiation /n7 vitro, researchers can activate or inhibit cell signaling pathways
known to pattern the vertebrate embryo. Prior to our study, an efficient means to generate
most skin-related cell types from hPSCs remained elusive. It had been well established that
epidermal keratinocytes could be generated from hPSCs using a combination of retinoic acid
(RA) and bone morphogenetic protein-4 (BMP-4) 13.21 This combination treatment induces
surface ectoderm progenitors that mature into various keratinocyte subtypes depending on
the culture conditions. Wild-type or genetically engineered keratinocytes generated using
this approach have been tested in pre-clinical studies for diseases, such as epidermolysis
bullosa 20:22-24_|n contrast, dermal cells have been difficult to generate from hPSCs in a
targeted manner. Previous attempts to generate dermal fibroblasts have started by generating
paraxial mesoderm or cranial neural crest (CNC) progenitors—the two developmental
precursors of dermal fibroblasts in the body and head, respectively 1325, The derived cells
appear to contain a mixture of other related cell subtypes in these lineages and have failed to
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produce the entire dermal fibroblast lineage, which comprises the papillary, reticular, and
hypodermal layers 26. A key limitation of existing methodologies is the use of undefined
factors, such a fetal bovine serum (FBS), and the technical barrier of directing the co-
differentiation of skin progenitor cells in parallel or in tandem in 2D monolayer cultures
21,28 studies in which partial hair follicles have been generated from hPSC-derived cells
have relied on a chimeric approach using human/mouse epidermal/dermal cells,
xenografting onto nude mice to encourage folliculogenesis, or complicated bioengineering
approaches 12:29,

3D organoid cultures have emerged in recent years that exquisitely mimic the structure and
function of native organs, such as the brain and intestines 3931, In the early days of organoid
research, Mototsugu Eiraku, Yoshiki Sasai, and colleagues, published landmark papers on
PSC-derived cerebral 32 and retinal 33 organoid models. Their general approach was to apply
stepwise treatments of small molecules, recombinant proteins, and extracellular matrix
proteins (from diluted Matrigel) to an aggregate of 3,000-10,000 PSCs to induce ectodermal
epithelia. This approach was foundational for our later work on inner ear and skin organoids,
because it allows the cells to dynamically self-organize during differentiation—a critical
requirement for the emergence of higher-order cellular structures, such as otic or hair
placodes 273435 While optimizing our technique for generating inner ear organoids from
mouse PSCs, we observed the spontaneous co-development of epidermis and dermis in 3D
cultures resulting in the first hair-bearing skin organoids 2”. Moving forward from mouse to
human hPSCs, our strategy was to co-induce epithelial and mesenchymal cells and allow the
two cell types to develop together as they do in the fetus. The resulting human skin organoid
culture system proceeds in three stages (Fig. 1). In Stage-I, we co-induce surface ectoderm
and CNC cells—two tissue types critical for cranial skin development—using an optimized
sequence of TGFR, BMP, and FGF signaling modulators. In Stage-11, we place the cell
aggregate in a floating rotational culture environment where it forms a cystic organoid,
which contains CNC-derived mesenchymal, neural, and glial progenitor cells clustered
around a sphere of keratinocytes. In Stage-I11, the organoids form a keratinized epidermis
surrounded by dermal fibroblasts, fat, cartilage, sensory neurons, Schwann cells, and
melanocytes. The organoids then produce hair follicles that grow radially outward (Fig. 2)
and receive innervation from sensory neurons. Thus, by directing the differentiation of a
starting population of progenitors (epidermal, dermal, and neuro-glial), we can establish a
self-organizing system that recapitulates nearly the entire skin developmental program,
including appendage induction.

3| PEERING INSIDE THE BLACK BOX OF HUMAN SKIN DEVELOPMENT

Skin organoids are particularly well suited for probing developmental biology research
questions. Investigations into human skin development have been limited by the lack of
availability of embryonic and fetal tissue specimens to work with for experimentation. In the
United States, work with human fetal tissue has recently come under renewed scrutiny,
which is predicted to have a chilling effect on future projects using fetal tissue 36.
Nevertheless, there is much to be gained from expanding our understanding of human skin
development. As mentioned, current research is heavily reliant on murine models, which do
not fully mimic human biology. Consequently, there are critical gaps in our knowledge about
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how human skin develops. Our understanding of the early stages of human epidermis,
dermis, melanocyte, and skin appendage fate specification are limited to basic histological
studies 3741, Now, with skin organoids, we have access to a nearly limitless source of fetal-
like skin tissue for experimentation. A future focus of organoid-based research could be to
determine how various signaling pathways (e.g. FGF, WNT, TGF, etc.) control early
differentiation of the epidermal and neural crest cell lineages that lead to higher-order
development, such as hair follicle induction. Although the role of developmental signaling
cues have been extensively studied in mice, few of these studies have been directly
investigated in developing human skin. In addition to investigations of chemical signaling
messengers, future work could elucidate the role of mechanical forces, such as dermis
induced constriction forces, on human skin development in the organoid model 15:42-45,

Positional patterning is another aspect of embryonic development reflected in skin organoid
cultures. The human body contains a variety of skin types, specialized to anatomical
locations (e.g. hairless glabrous skin on the palms). It is thought that the developmental
origin and patterning of dermal fibroblast cells dictates the type of skin tissue 46-48. The
dermis in skin organoids appears to arise from CNC cells, which produces facial dermis
during development 4°. Based on expression of a number of gene markers (e.g. DLXI-6,
GSC, BARXI, and PITXI) in the developing dermis, we were able to estimate the
anatomical location as similar to the first pharyngeal arch, which develops into cheek, chin,
and ear skin %0, Interestingly, this appears to be the default anatomical location of skin
organoids, which is undoubtedly influenced by the culture conditions we chose for the
induction phase of the culture. A focus of future research could be to determine if skin can
be generated by combining dermal progenitor cells from another lineage, the mesoderm,
with surface ectoderm progenitors. We suspect that co-development of epidermal and dermal
progenitors for an extended period of time (e.g. over 30 days) is critical for skin organoid
formation; however, it is unclear whether skin organoids can be “built” by combining
progenitors prior to co-development. If this approach is achievable, building organoids from
separate epidermal and dermal progenitors could be one way to control the size, shape, and
composition of skin of a particular anatomical site for precision reconstructive surgery in
patients. This work could also lead to production of other skin appendages, such as
mammary glands or teeth 29,

To gain additional insight into the endogenous mechanisms that shape and pattern skin
organoids, more extensive single-cell RNA-sequencing (ScCRNA-seq) should be performed,
encompassing time points throughout the entire ~150 days of organoid induction and
maturation. In our recent study, we provided single-cell RNA-seq datasets for three
timepoints of organoid induction. Anyone can readily access the datasets and query their
genes of interest on our website at https://koehler-lab.org/resources. Our published data have
provided insight into the endogenous mechanisms driving skin organoid self-patterning. In
particular, WNT and FGF signalling modulators were differentially expressed between
dermal and epidermal cell populations, consistent with known signaling factors present in
developing mouse skin 51753, As organoid generation is a dynamic process, we are currently
expanding these analyses to additional timepoints encompassing the entire 4-5 month
induction period. These datasets could be integrated with reference skin atlases like those
under development by the Human Cell Atlas (HCA) project—an international consortium
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focused on molecular mapping of every cell in the human body 3455, For example, Botting
et al. recently generated a reference map of fetal liver hematopoiesis and establishment of
immune cells in the skin and lung °6:57. A component of the HCA’s ongoing work on a
Developmental Cell Atlas will use stem cell-derived organoids as a complementary cell
source for difficult to obtain human fetal tissue 58:59. This work will provide a tremendous
resource for future investigations into the stem/progenitor cells that arise during human skin
formation.

4| IDENTIFYING NOVEL MECHANISMS OF HUMAN SKIN PLASTICITY
AND REGENERATION

Skin organoids could be used to discover new regenerative drug or gene therapy approaches
and for deriving cells to support wound healing. Although, a prerequisite for these uses of
the model will be to better understand how the physical structure of organoids can be
manipulated. Skin organoids are remarkably long-lived /in vitro, developing over a period of
140 days or more. However, organoids develop as a cyst—a format that is not conducive to
long-term maintenance of differentiated keratinocytes, which need to be periodically shed
from the surface of the skin. We have shown that skin organoids integrate into nude mouse
skin upon transplantation, creating a planar layer of /n vivo-like epidermis with properly
oriented hair follicles. These findings suggest that skin organoids could feasibly be used for
skin reconstruction or for facilitating wound healing. Although we performed our
xenografting experiments with whole organoids, previous work has shown that completely
dissociated human fetal skin is capable of reconstituting hair-bearing skin in the nude mouse
model as well 89, A major challenge will be to elucidate the process of planar skin
reconstitution from cystic skin organoids /7 vivo. In a recent study on the hair-bearing
potential of neonatal and adult mouse skin, Lei et a/. suggest that sequential treatments of
various signaling factors (e.g. IGF2, VEGF, Wnt3a, Wnt10b, and MMP14) can be used to
guide the cystic-to-planar transition 28. Expanded studies like this using human primary skin
cells will be insightful for future PSC-derived skin organoid studies 6. We do not yet know
which cell populations are most critical for establishing planar skin. We also do not know
whether nascent (hairless) skin organoids can develop hair after transplantation. Future
studies could investigate unrecognized mechanisms that could be targeted to improve skin
regeneration /n vivo. This line of inquiry could be useful engineering planar skin organoids
in vitro, which could extend the longevity of cultures (i.e. allowing shedding of squames)
and be more suitable for investigating developmental, disease, or aging-related mechanisms
that manifest in mature skin tissue.

Moving skin organoids to the clinic has significant challenges. Perhaps the largest hurdle
will be managing the immune response. Most skin reconstruction, hair restoration, and
wound healing applications for skin organoids will expose the cells to the patient’s immune
system. Although various compartments of hair follicle maintain some degree of ‘immune
privilege’ during the growth cycle under normal circumstances, this privilege would be
broken in a wound or scar setting 2. Recent clinical trials on cell therapies for macular
degeneration and Parkinson’s disease show promising early results of autologous iPSC-
based therapies 63:64. However, these studies also reveal that the time required for iPSC
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derivation, validation, and differentiation can be over a year, which limits the patient
population that could benefit from these therapies. The use of donor iPSCs may be an option
in the future for producing allogeneic skin grafts—without immunosuppression. Several
groups are working on gene-editing strategies to make iPSCs invisible to the immune
system: thus, creating universal donor cells that will avoid rejection 5. However, this
technology is nascent and has potential drawbacks, such as the unintended generation of
transmissible cancers 6.

5| ADVANCED MODELS OF DISEASE AND CANCER

Skin organoids appear to contain the precursor cells to every major form of skin cancer:
basal cell carcinoma, squamous cell carcinoma, melanoma, and Merkel cell carcinoma.
Thus, the skin organoid model has the potential to provide excellent insight into cell growth
and differentiation in disease modelling applications such as artificial cancer induction in an
in vivo-like microenvironment. Recently, organoid cultures were shown to model induction
of glioblastomas (in brain organoids) and lung cancer 5769, Likewise, genetic skin disorders
could be modelled using patient-derived or gene edited healthy donor hiPSCs. For example,
this general approach has already been explored using hiPSC-derived keratinocytes from
patients with epidermolysis bullosa 20:22:24.70_ The ability to investigate human-specific
molecular mechanisms will be highly advantageous for identifying novel therapeutic targets
for human diseases or testing drug/gene therapies.

An obstacle to disease modeling and reproducibility between labs is the inherent variability
of hPSC lines "1, Experimental results obtained using directed differentiation on one cell
line may not entirely translate to other cell lines. In our recent report, we showed that skin
organoids can be generated reproducibly from three stem cell lines, but noted one hESC line
that performed poorly. Future studies will need to confirm key results with test sets of hiPSC
lines from different male and female donors, ideally from racially diverse donors to better
represent variation in the human population 72,

6| INCREASING COMPLEXITY: SKIN ORGANOIDS WITH VASCULATURE,
IMMUNE CELLS, AND SWEAT GLANDS

Skin organoids are remarkably complex, but lack key cell populations, such as endothelial
cells, pericytes, and immune cells (e.g. Langerhans cells and T cells). An often-cited
weakness of organoid models is the lack of vasculature. Recent work has led to blood vessel
organoids and incorporation of a blood-brain barrier (BBB) in cerebral organoids 7374,
Likewise, these novel platforms could be leveraged to seed skin organoids with endothelial
cells and pericytes to investigate the role of vasculature in skin maturation or to derive skin
grafts with built-in vasculature. Additionally, like many other organoid models, the utility of
in vitro skin organoid systems may be expanded by incorporating key immune cell
populations, perhaps generated from autologous iPSCs. A prime example of immune cell
incorporation into organoid models has been the use of microglia in cerebral organoids 7276,
Microglia are the resident immune cells of the brain, and recently, researchers have
successfully derived microglial cells by guiding hPSCs into the mesodermal lineage 7>77. In
parallel, brain organoids were induced and then seeded with microglia using a simple co-
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culture approach 7. The timing of seeding was chosen to reflect the timing of microglial
migration to the brain during normal development. Similarly, a parallel-induction and
seeding approach of immune cells could be employed to incorporate myeloid and lymphoid
lineage cells into skin organoids to set the stage for inflammation studies. These
modifications to skin organoids would be critical for modeling skin disorders with an
immune component, such as psoriasis; however, in the interim, researchers could follow the
example of previous skin equivalent culture studies by treating skin organoids with various
cytokines to mimic an inflammatory response 78:79.

Sweat glands are also missing from the skin organoids generated in our study 0. Sweat
glands are a critical component of the skin for thermoregulation and, like hair follicles,
poorly regenerate during wound healing. During development, sweat glands arise much later
than the earliest hair follicles—at around weeks 18-20 of gestation. It is possible that our
skin organoids are just reaching this equivalent time point of development in culture; thus,
sweat glands do not have time to develop. Alternatively, the critical inductive cues for sweat
glands may be missing in organoids 80. An exciting focus of research could be to further
elucidate the mechanisms of sweat gland formation in the organoid model.

7| FUTURE OUTLOOK

In summary, the skin organoid model sets the stage for gaining a more in-depth
understanding of how human skin forms and how fetal skin grows in culture that could be
harnessed for cell therapy. However, there is much work to be done to improve and refine the
skin organoid system to truly open the technology up for wide adoption in the field. Due to
lingering caveats of using iPSCs for research, such as cell line heterogeneity, labor intensive
cell cultures, and batch-to-batch variability, we suggest that skin organoids should not be
viewed as a replacement for, but rather a complement to existing mouse models. The
organoid model should be most useful for pursuing future directions focused on stem/
progenitor cell biology in human hair follicle generation under healthy and
pathophysiological conditions and exploring novel approaches to skin and hair restoration in
patients with alopecia and extensive scarring. Although not discussed here, skin organoids
could also be used for exploratory research on neurosensory (i.e. pain and touch) functions
of the skin, microbiota-skin interactions, and viral/bacterial infections of the skin. We
anticipate that skin organoids—much like cerebral, retinal, and gut organoids in their
respective fields—will provide the Dermatology field with exciting new insights into human
biology.
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Figurel.
Overview of human skin organoid method and key areas of research that could benefit.

Adapted from Lee et al Nature, 2020.
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Figure2.
Emerging hair follicles in day-80 (left) and day-140 (right) skin organoids derived from a

Desmoplakin (DSP)-eGFP hiPSC line.
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