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Atopic dermatitis

The skin is a versatile organ of approximately 2 m? in adults, which accounts for up
to 10 to 15 percent of the total body weight. Being on the outside of our body, the
skin interacts with both internal and external stimuli. These challenges can result in
various inflammatory skin diseases, of which atopic dermatitis (AD), also known as
atopic eczema, is one of the most common. Almost 3% of the worldwide population
is estimated to be affected by AD [1]. Due to the complex disease pathophysiology,
AD can present clinically heterogeneous, but patients often suffer from red,
scaly, dry and itching skin (Figure 1) [2]. Treatment options include emollients
(moisturizers), topical corticosteroids, ultraviolet phototherapy and systemic
therapies including immune-modulating biologics, Janus Kinase (JAK) inhibitors
and conventional immunosuppressants, like cyclosporin. However, poor adherence
to topical therapy and the varying pathophysiology between patients contribute
to disease recurrence or even lack of response at all to systemic therapies [3, 4].
The need to switch treatments is accompanied by a high physical, psychological
and economic burden for both the patient and society [5, 6]. Understanding of AD
disease mechanisms is essential for improving current therapeutic strategies and
discovery of new drug targets.

Figure 1. Clinical presentation of AD: red, scaly, dry and itching skin. Adapted from National
Eczema Association.
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Epidermal structure

The skin is a multilayered organ. The most inner layer is a subcutaneous adipose
layer. This is followed by the dermis with fibroblasts and collagen fibers where
sweat glands, hair follicles, neurons and blood vessels reside. The outer layer is the
keratinocyte, melanocyte and Langerhans cell populated epidermis [7]. As this outer
layer of the skin, the epidermis plays an important role in skin homeostasis and its
barrier function [8]. The epidermis mainly consists of keratinocytes that proliferate in
the basal layer to regenerate the epidermis, after which they terminally differentiate
upwards to form the spinous, granular and cornified layer (Figure 2) [9]. While
keratinocytes differentiate, they change from keratin (KRT)5/14 positive to KRT1/10
and involucrin (IVL) positive, and eventually express proteins like loricrin (LOR) and
filaggrin (FLG) [10, 11]. FLG is also the main component of the keratohyalin granules
that are visible in the granular layer (Figure 2). Within the epidermis, a calcium (Ca?*)
gradient is present that regulates epidermal barrier formation, with low levels in the
basal layer and the highest levels in the granular layers [12, 13]. Another important
regulator of epidermal development, besides its role in epidermal commitment, is
the transcription factor protein 63 (P63) [14]. P63 is involved in multiple epidermal
processes, including cell adhesion, proliferation and differentiation [15, 16]. It
directly drives expression of basal (e.g., KRT14) as well as stratified (KRT1, KRT10,
IVL) keratinocyte proteins, but also acts through proteins like zinc finger protein
(ZNF)750, Interferon regulatory factor (IRF)6 or Transcription Factor AP (TFAP)2A [17].
To maintain an optimal number of epidermal layers, the regenerative process involves
a tight coordination between keratinocyte proliferation, terminal differentiation and
desquamation of corneocytes from the cornified layer.

In AD, this epidermal homeostasis is disturbed by a disbalance between
proliferation, differentiation, cornification and involvement of apoptosis. AD
lesions are often characterized by epidermal thickening, also called acanthosis,
as a result of hyperproliferative basal keratinocytes [18]. Critical mitogens that are
associated with keratinocyte hyperproliferation have been identified, including
cytokines, growth factors and hormones, as demonstrated by research from our
group [19]. Another epidermal hallmark of AD is increased keratinocyte apoptosis
in suprabasal layers [20]. Type 1 T-cell derived molecules including interferon
(IFN)-y and tumor necrosis factor (TNF)-a, and type 2 T-cell derived interleukin (IL)-4
and IL-13, that are abundant in different stages and endotypes of AD [21-23],
increase the expression of Fas receptor (FasR) on keratinocytes [20, 24]. This
makes keratinocytes more susceptible to apoptosis triggers such as Fas ligand
(FasL) produced by T cells [20, 25]. Moreover, keratinocyte apoptosis leads to loss
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of intercellular cohesion and space for fluid influx from the dermis [26]. Type 1
and 2 cytokines also decrease cell-cell adhesion molecule E-cadherin, and
augment intercellular hyaluronan accumulation, that has osmotic properties [27].
Altogether, this contributes to the onset of edema, that is visible as white gaps in
the epidermis of AD patients and is also called spongiosis. In the upper epidermal
layers, keratinocyte differentiation defects result in a discontinuous granular layer,
ranging from patches with a normal granular layer to a reduced number of granular
keratinocytes, termed hypogranulosis (Figure 2) [28]. These features can be a result
of genetic predisposition, as well as the cutaneous inflammatory milieu, and lead to
an impaired epidermal barrier.

Figure 2. The epidermal morphology in health and AD. Healthy epidermis contains a basal layer
(stratum basale), spinous layers (stratum spinosum), granular layers (stratum granulosum) and cornified
layers (stratum corneum). In (acute) AD lesions, hyperproliferation leads to increased basal layers and
overall epidermal thickening; apoptosis and spongiosis are present; and differentiation defects result
in an irregular granular layer.

Epidermal barrier formation and function

Healthy skin functions as a barrier to retain water inside and keep harmful stimulilike
pathogenic bacteria outside the body. The epidermis is the main skin component
contributing to the physical skin barrier. Keratinocytes in the granular layer are
physically connected by tight junctions [29]. In the cornified layer, corneocytes are
embedded in networks of cross-linked structural proteins like IVL, LOR and FLG,
and lipids including ceramides [30, 31]. To do so, structural proteins aggregate with
keratin intermediate filaments through the action of transglutaminases, thereby
forming the cornified envelope [32-34]. FLG, that is derived from profilaggrin,
is also processed through proteolysis giving rise to natural moisturizing factors
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(NMFs) that are responsible for water retention [35]. The breakdown of FLG amino
acids leads to formation of trans-urocanic acid (UCA) and pyrrolidone-5-carboxylic
acid (PCA), which are important for maintaining the skin’s natural pH and thereby
its metabolism [36]. Therefore, a loss of functional FLG in AD, of which causes will
be discussed later, can greatly impact epidermal homeostasis. Next to the physical
epidermal barrier of tight junctions and the cornified envelope, keratinocytes
produce chemical factors that contribute to the cutaneous immune defense,
exemplified by antimicrobial peptides and cytokines [37-39]. Some epidermal
differentiation proteins like late cornified envelope (LCE)3A and cysteine rich tail 1
(CYSRT1) have antimicrobial effects as well [40, 41].

In contrast, AD lesions are characterized by skin barrier defects, leading to increased
transepidermal water loss (TEWL) and decreased electrical impedance spectroscopy
(EIS) values, and therefore dehydration [42-46]. FLG deficiency has been linked to
these barrier defects in multiple ways. Since FLG both associates with the cornified
envelope, as well as keratin filaments, its loss was suggested to compromise both of
these structures that are important for the epidermal integrity [47]. In addition, AD
patients have lower levels of NMFs, and the NMF value has been associated to disease
severity [48, 49]. Loss of NMFs and their water retention effects contributes to the
development of dry skin [50], a characteristic of AD lesions. In addition, dysfunctional
tight junctions, and more specifically reduced tight junction protein claudin
(CLDN)1, have been found in AD lesions [51-53]. This was suggested to contribute
to the epidermal barrier defects not only directly through weakening of cell-cell
contacts, but also by altering stratum corneum lipids and filaggrin processing [54].
The lipid profile of AD patients differs from healthy controls, illustrated by a reduced
average chain length of ceramides [55-57] and free fatty acids [58, 59], and increased
cholesterol [60, 61]. However, alterations might depend on underlying causes of
AD, including FLG genotype [62] or Staphylococcus aureus (S. aureus) colonization
status [60]. The increased risk of microbial skin colonization and infections in AD,
predominantly by S. aureus [63-66], is also a sign of barrier impairment. This could be
explained by physical barrier defects in combination with insufficient antimicrobial
defense mechanisms [67, 68] or lower levels of receptors that recognize pathogen
associated molecular patterns (PAMP) [69-71].

While the occurrence of epidermal barrier defects in AD are evident, with
clear hypotheses on the contributing mechanisms, it is difficult to unravel the
initiating or core factors driving the disease in individual patients. The complex
pathophysiology and simultaneous occurrence of disease modifying events
compromise cause-effect studies in vivo. However, knowledge on driving factors
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would be valuable to improve or create personalized therapeutic approaches.
Generally speaking, defects in the epidermal barrier in AD have been linked to I)
genetic predisposition, II) an inflammatory milieu and Ill) microbiome dysbiosis,
which will be further specified below and are illustrated in Figure 3.

Figure 3. Multifactorial cause of a defective epidermal barrier in AD. The genetic predisposition
of FLG variants are linked to barrier defects and S. aureus overgrowth. The inflammatory milieu causes
JAK-STAT phosphorylation and NFkB activation that further exacerbate the inflammation, decrease
expression of epidermal differentiation proteins like FLG and repress production of antimicrobial
peptides. This in turn stimulates S. aureus overgrowth, which produce proteases that weaken the
epidermal barrier and stimulate immune cells. S. aureus overgrowth is part of the microbiome dysbiosis
together with lower abundance of GPAC. Less GPAC also means reduced production of antimicrobial
peptides and FLG.

Genetic predisposition

Mutations in many epidermal barrier-related genes that are normally expressed by
keratinocytes have been linked to AD, including FLG, hornerin (HRNR), serine protease
inhibitor Kazal-type 5 (SPINK5), small proline-rich protein 3 (SPRR3) and CLDN1 [72-74].
Loss-of-function variants in the FLG gene form the strongest predisposition for the
development of AD [75]. The odds of developing AD were estimated to be three
times higher for individuals with FLG variants as for individuals without [76]. Due to
the prominent role of epidermal barrier proteins like FLG in epidermal homeostasis,
a loss of (functional) FLG expression, as is often the case genetically or acquired
due to proinflammatory cytokines in AD, causes disturbances in epidermal integrity
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and barrier functioning. However, many people with FLG variants do not present
with AD [77], showing the multifactorial nature of the disease. This raises questions
on which gene-environment interactions initiate the development of AD, requiring
experimental models to study.

Inflammatory milieu

The main responsible drivers for the acquired defects in epidermal structure and
barrier proteins are inflammatory cells and cytokines, as reviewed previously [78].
Various immune cells, ranging from innate dendritic, lymphoid and Langerhans
cells to adaptive B and T cells are thought to play a role in the AD pathophysiology.
Focusing on the T cells, that excrete cytokines which are known to be high in
AD, the disease is typically characterized by T helper (Th)1, Th2, Th17 and Th22
polarization as compared to healthy controls [79, 80]. The contribution of each Th
cell and its cytokines depends on the disease severity, phase (acute or chronic)
and endotype [81, 82]. In general, the acute phase is dominated by Th2 and Th22
cells and cytokines, whereas a Th1 and Th17 response becomes more driving in the
chronic phase, with each cytokine having a distinct effect on the epidermis. The
association of individual or combinations of cytokines with epidermal AD hallmarks
is, however, not easily investigated in vivo. For this purpose, in vitro skin models,
which are easier to control and manipulate, could be better suitable.

Th1-derived cytokines TNF-a and IFN-y are pro-inflammatory mediators promoting
keratinocytes to produce more cytokines [83-85]. This is mainly regulated by nuclear
factor-kappa-B (NFkB) and JAK-signal transducer and activator of transcription
(STAT) signaling in keratinocytes, which are phosphorylated to mediate their
effects. For instance, TNF-a binding to its receptor activates and translocates
NFkB to the nucleus [86, 87], leading to transcription of genes like IL-6 and IL-8
[87, 88]. TNF-a is also known for its apoptosis inducing effects in keratinocytes
[88-90], which is one of the epidermal hallmarks of AD. However, TNF-a inhibitor
effectiveness in the treatment of AD has been conflicting [91], and it may even elicit
AD [92, 93], implying a non-driving role in disease pathology. IFN-y induces JAK2-
STAT1 signaling in keratinocytes [94-96], which is followed by expression of target
genes like C-X-C motif chemokine ligand (CXCL)9 and 10 [97]. Next to that, IFN-y
has been suggested to downregulate tight junction function through reduction of
CLDNT1 [98]. Yet, similar to TNF-a inhibition, modulating IFN-y levels as AD treatment
is controversial [99] and has not reached the clinic.

Th2 cells produce cytokines like IL-4, IL-5, IL-13 and IL-31, of which the effect of IL-4
and IL-13 on keratinocytes and the epidermis is mostly studied. IL-4 signaling starts
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at the IL-4 receptor, whereas IL-13 can bind to both the IL-4 and IL-13 receptor. This
induces phosphorylation of JAK1/2-STAT6 [100] and downstream target expression
of among many IL-20 and C-C motif chemokine ligand (CCL)26 [100, 101]. IL-4 and
IL-13 have also been shown to reduce the expression of epidermal differentiation
complex proteins including FLG, IVL and LOR [102, 103]. Th2 immune axis targeting
therapeutics such as biologics (e.g., dupilumab) or small molecule drugs (JAK
inhibitors like tofacitinib) are the first effective targeted therapies that have emerged
for AD over the last decade. This indicates that the Th2 axis is a key driver in the
pathophysiology. However, many patients do not respond sufficiently [104, 105],
implying that other immune cells and mediators are also important and that AD
presents heterogeneously between patients. Recent characterizations demonstrated
differences between AD endotypes, including immune polarization to Th17 and
Th22[23].

Th17 cells are mainly producing IL-17A and IL-22, of which the latter is also excreted
by Th22 cells. IL-17A and IL-22, acting through JAK-STAT1/3 [106-108], have been
described as inhibitors of epidermal differentiation [108-112]. In addition, these
cytokines are known for their induction of antimicrobial peptide (AMP) production
by epidermal keratinocytes, however the relatively low levels of IL-17A and high
levels of Th2 cytokines in AD, as compared to psoriasis, represses the AMP response
in AD, as reviewed elsewhere [113].

Microbiome dysbiosis

The skin microbiome composition has been extensively characterized at multiple
body sites and varies between moist and dry environments [114]. It consists of
bacteria (e.g., Corynebacterium, Cutibacterium and Staphylococcus), fungi (e.g.,
Malassezia), viruses (less well studied) and other microbiota that educate the
immune system and prevent colonization of pathogens. AD skin generally exhibits
a decreased bacterial diversity and altered numbers of microbiota, also known
as skin microbiome dysbiosis. Specifically, AD lesions are often colonized, and
later infected, by S. aureus, and FLG-deficient skin shows a lower abundance of
commensal Gram-positive anaerobe cocci (GPAC) [115-117]. These GPAC appear
important in the epidermal host-defense response through upregulation of
antimicrobial peptides and terminal differentiation [118]. In this way, they could
contribute to alarming keratinocytes to prepare for encounter with pathogens, and
their lower abundance in AD may contribute to the impaired barrier.

Cellular receptors for microbial metabolites or structural components are crucial in
host-microbe interactions and are needed to recognize pathogens and initiate a
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host defense response. Keratinocytes express various pattern recognition receptors
(PRR), that can detect PAMPs like microbial lipopolysaccharides (LPS), RNA and
DNA, including toll like receptors (TLRs), NOD-like receptors (NLRs), RIG-like
helicases (RLRs) and C-type lectins (CLRs) [119, 120]. While their role in recognizing
skin microbes and subsequential upregulation of proinflammatory molecules
is well acknowledged [119, 121], their contribution to AD is under debate, with
some studies showing altered expression in AD as compared to healthy skin and
others not [122]. Another receptor that can be activated by microbial molecules
is the environmental sensor and transcription factor aryl hydrocarbon receptor
(AHR) [123-125]. Upon ligand binding, AHR translocates to the nucleus and forms
a heterodimer with AHR nuclear translocator (ARNT) [126, 127]. This complex binds
to DNA to initiate transcription of target genes like CYP1AT, but also epidermal
differentiation genes including /VL, LOR and FLG [126, 128, 129]. Moreover, AHR
activation in keratinocytes was suggested to reduce their IL-4 and IL-13-driven
STAT6 phosphorylation and production of inflammatory proteins like CCL26 [126].
An example of an AHR ligand that can be produced by microbiota is Indole-3-
aldehyde, which was found to be significantly lower on AD skin as compared to
healthy volunteers [125]. Moreover, topical and oral Indole-3-aldehyde alleviated skin
inflammation in an AHR-dependent manner in mice with AD-like dermatitis [125].
This implies that AHR activation may finetune epidermal homeostasis and regulate
inflammatory processes, which is corroborated by the fact that AHR targeting
therapies, including coal tar and tapinarof [126, 130], are effective topical therapies
in the treatment of AD [131, 132].

It is under debate whether skin microbiome dysbiosis can cause or aggravate AD,
or whether AD causes dysbiosis. Interestingly, reversing microbiome dysbiosis with
antibiotics prevented development of eczematous lesions in a mouse model [133].
In line, the proteolytic activity of S. aureus enhanced its penetration through the
epidermis inflicting inflammation [134]. In addition, S. aureus is an important inducer
of itch and thereby scratch-induced skin damage [135, 136]. On the other hand,
genetically driven barrier defects like by FLG loss-of-function increase the penetration
of S. aureus [134]. This indicates that S. aureus can both exploit the weakened
epidermal barrier for its overgrowth and infection, as well as to cause a more defective
barrier. Either way, the interplay between the host and microbe appears dysregulated
in AD which favors disease symptoms and could be a target for intervention. This
requires sufficient evidence generated from relevant disease models that indicate the
molecular targets, or causal effects on skin function and health.
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Pre-clinical experimental dermatology

While there is ample evidence on the potential contributors to the development
and exacerbation of AD by analyzing serum or skin, it is difficult to pinpoint direct
correlations in patient samples due to the complexity of the disease and presence of
many cell types and molecular signatures derived thereof. Pre-clinical experimental
models pose a solution to this problem, since they are easier to manipulate and
the cell types and disease factors of interest can be added based on the research
question. In particular, in vitro epidermal models made from human cells closely
mimic the human in vivo epidermal barrier, and come with less ethical problems
as compared to in vivo animal models. The development of in vitro epidermal
models that closely resemble in vivo healthy and diseased epidermis fuels disease
mechanism and drug (target) screening studies, and starts with the generation or
acquirement of suitable keratinocyte cell sources (Figure 4).

Figure 4. Overview of keratinocyte sources and their (dis)advantages for dermatological research.
* Stem cells have an extended lifespan, but keratinocytes derived thereof do not.

Keratinocyte cell sources for generating in vitro models

Normal human epidermal keratinocytes (NHEK), or primary keratinocytes, are
the most commonly used cells to generate in vitro epidermal models since they
most closely resemble in vivo keratinocytes, and results are more generalizable
when keratinocytes from various donors are used. The benefit of using primary
keratinocytes in AD research is that they can also be directly obtained from AD
patients, thereby containing the specific genetic code that might contribute to the
disease pathophysiology, as well as the disease-specific sensitivity to AD-related
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stimuli. The first can be exemplified by the presence of FLG mutations [137], whereas
the latter could present as an exaggerated cytokine response of keratinocytes from
AD patients to T-cell-derived cytokines as compared to healthy controls [84]. This
is hypothesized to be caused by alterations in regulatory elements of cytokine
genes. The drawback of using NHEK is that they have a short in vitro lifespan and
that they are not widely available as their retrieval depends on healthy volunteers
or patients. Moreover, while donor-specific responses could be of benefit in the
context of personalized medicine, the heterogeneity between keratinocytes from
different donors could hamper the interpretation of results.

When long-term cultures are required, for instance for genetic modification by
CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats and
CRISPR-associated protein 9), immortal keratinocytes can be the preferred cell
source. HaCaT cells were the first widely used immortal keratinocytes, obtained
by spontaneous transformation [138]. While they were initially proven capable of
some keratinization with expression of IVL and FLG, they are aneuploid and do not
stratify well into all epidermal layers [139, 140]. Two decades ago, new immortalized
keratinocytes were generated by retroviral upregulation of human telomerase
(hTERT) and spontaneous loss of the P16™“-dependent cell cycle mechanism,
called N/TERT-1 and N/TERT-2G [141]. Ever since, they have been characterized
and compared to NHEK, showing they are capable of forming all epidermal strata
with a functional barrier, respond similarly to inflammatory cytokines as primary
keratinocytes and can be used for drug-screening [142-144]. To study AD, CRISPR/
Cas9-based editing of the FLG gene in immortal keratinocytes to knock-out FLG or
specifically insert a patient-derived FLG variant could provide more information on
direct and indirect effects of this genetic predisposition on other epidermal proteins
or barrier function. This could overcome the diversity in genetic backgrounds from
primary patient-derived and (FLG) genotype-defined models [137].

Recently, great progress is made in the pluripotent stem cell field including the
generation of stem cell-derived keratinocytes. Pluripotent stem cells are suitable
for gene editing technologies due to their long in vitro lifespan, and they can be
used in developmental biology studies by analyzing their differentiation towards
keratinocytes. Moreover, pluripotent stem cells can in theory be differentiated into
any (skin) cell type e.g. fibroblasts, neuronal cells and keratinocytes with the same
genetic background favoring studies with multicellular models. Embryonic stem
cells (ESC) could be a source for stem-cell derived keratinocytes. These are present
inside an embryo from day 4 until 7 after fertilization [145], so their collection comes
with ethical issues. Also they are less useful for personalized modeling, because at
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the stage of retrieval it is unknown whether the embryo would have developed
diseases later in life, and therefore what the role of their genetic code would be.
Overcoming these issues, the discovery that induced pluripotent stem cells (iPSC)
can be generated by introduction of the Yamanaka factors Oct3/4, Sox2, c-Myc,
and KIf4 to a somatic cell has revolutionized stem cell biology and regenerative
medicine [146]. iPSC provide the opportunity to correct a patient-related genetic
variant by genetic modification to show the effect of this variant in the disease
development. This has been demonstrated for the rare inherited blistering skin
disorder epidermolysis bullosa [147, 148]. However, iPSC have not extensively been
used in the field of skin inflammation, or specifically AD. Generation of iPSC from AD
patient cells with a FLG variant and subsequent differentiation into keratinocytes
has only been reported once [149]. However, to our knowledge, comparison of their
epidermal development to iPSC without FLG variants has not yet been performed.
Moreover, the suitability of iPSC-derived or induced keratinocytes (iKC) to study
the inflammatory and microbiome dysbiosis components of AD has not yet been
investigated. This could advance the development of personalized human skin
equivalents to study disease mechanisms and screen therapeutics. To do so, the
iPSC to keratinocyte differentiation needs to yield iKC that are functionally similar
to primary keratinocytes (pKC) before they can be optimally used in experimental
studies. For example, so far, the generation of human epidermal and skin equivalents
from iKC did often lead to poor epidermal integrities [150-152], with the exception
of a not yet reproduced study [153]. Therefore, optimization of current iPSC to
keratinocyte differentiation and subsequent epidermal differentiation protocols
is required.

Depending on the experimental question, a specific cell type can be chosen to
generate in vitro epidermal models. This decision could be based on the availability
of cells, similarity to the in vivo situation with respect to the topic of interest (e.g.,
hyperproliferation vs differentiation defects), the research phase (e.g., initial
compound screening vs testing of few selected drugs), readout parameters, time
and costs (Figure 4). To this end, knowledge on how each cell type responds to AD-
specific stimuli, like cytokines and microbiota, would facilitate the decision making
process and improve the relevance of study outcomes.
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In vitro epidermal models

Monolayer keratinocyte cultures are high throughput in vitro models to study the
response of keratinocytes to skin-related stimuli and on keratinocyte-keratinocyte
interactions. For example, the inflammatory or antimicrobial keratinocyte response
to inflammatory cytokines or live and heat-killed bacteria can be relatively easily
investigated [120, 154]. To study defects in early keratinocyte differentiation in 2D,
monolayers can be stimulated with Ca** or serum [155, 156]. However, to study
the epidermal barrier function or long-term host-microbe interactions, fully
stratified epithelium and therefore organotypic epidermal models are needed.
The morphology and barrier function of in vitro organotypic epidermal models
resembles in vivo epidermis, as summarized and shown in [157, 158]. In vitro
epidermal models, also called human epidermal equivalents (HEE), are generated
by exposing the epidermal keratinocytes to air to induce their stratification [158].
Barrier function assays often include dye permeation, with lucifer yellow being used
for the outside-in barrier and biotin for the inside-out barrier [158]. This qualitative
measure requires harvesting of the model before analysis is possible. Quantitative
non-intrusive assays, like TEWL and transepithelial resistance measurements are
more accurate but also extremely labor intense for longitudinal analysis during
the tissue culture period. While both techniques allow for longitudinal barrier
assessment, current methods provide variable outcomes depending on the type
and positioning of the probe/electrode and are influenced by environmental factors
like temperature. The development of sensitive standardized high throughput
technologies for non-intrusive quantitative analysis of epidermal barrier function
in vitro is therefore in high demand.

HEEs are often cultured in a transwell system, which allows for application of
stimuli from the bottom (like cytokines that normally come from immune cells in
the dermis) and the top (like microbiota that naturally reside on the skin). Multiple
studies have utilized this system to show contributions of cytokine combinations
to the AD pathophysiology, as summarized in Table 1, although these studies used
varying cytokine concentrations, cell types and read-out parameters. In addition,
due to the high risk at basolateral culture infections the long-term host-microbe
interaction and dysbiosis studies are scarce.
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Table 1. In vitro epidermal models with cytokines. Adapted from [159]. CA2: carbonic anhydrase 2,
NELL2: neural EGFL like 2, HAS3: hyaluronan synthase 3, MQBCD: methyl-B-cyclodextrin,
TSLP: thymic stromal lymphopoietin, Poly(l:C): polyinosinic:polycytidylic acid, Ki67: kiel 67,
ABCA: ATP binding cassette subfamily A, EdU: 5-ethynyl-2'-deoxyuridine, ITGA: integrin subunit alpha,
PLAUR: plasminogen activator urokinase receptor, TGM: transglutaminase, KLK: kallikrein-related
peptidase, AQP: aquaporin, TNC: tenascin ¢

Cytokines Morphological Disease markers Additional comments Ref.
hallmarks

IL-4,IL-13, Spongiosis, | FLG, LOR Other disease initiation [160]

IL-25 hypogranulosis, T CA2, NELL2, HAS3 factors: +MBCD
epidermal barrier (cholesterol depletion
weakening and TSLP production)

IL-4,I1L-13 Hypogranulosis | FLG Other inflammatory [161]

T TSLPCLDN1 factors:

+Poly(I:C), Pam3CKS4
(TLR ligands)

IL-4,I1L-13, Spongiosis 1 FLG, LOR, cholesterol - [162]
IL-31, TNF-a TTSLP, Ki67, ceramides
Altered lipid organisation
IL-4,1L-13, Spongiosis | FLG, LOR, E-cadherin, - [163]
IL-25 ABCAT1,ABCA12
T CA2, NELL2, HAS3
IL-4 orIL-13  Acanthosis, T Ki67, EdU incorporation Part of a larger panel of [19]
hyperplasia inflammation molecules
IL-4, IL-13, Loss of tissue 1l FLG No information on [164]
IL-22, TNF-a  cohesion, T S100A7 number of donors,
orthokeratosis significance of results
IL-4, IL-13, Spongiosis | FLG, LOR, IVL, KRT1, KRT10, Other inflammatory [165]
TNF-a ITGA2 factors:
T TSLP, IL-8, CXCLS8, CA2, +Poly(I1:C)

NELL2, TLR2, STAT2, SPINK5,
PLAUR, IL1A, TGM1, ST00A8,
S100A9, KLK7, AQP3 and TNC
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Thesis aims and outline

Organotypic epidermal models have been proven useful to study the AD
pathophysiology, exemplified in Table 1, for drug target discovery and therapeutic
screening. However, challenges remain in AD modeling that preclude investigations
on causal or contributing disease mechanisms that compromise effective
therapeutic targeting in patients.

Therefore, the overarching aims of my thesis are:

+ AIM 1. To develop 3D human epidermal atopic dermatitis models and readouts
to study disease pathophysiology (Chapter 4-7);
AIM 2. To investigate which keratinocyte cell sources are valuable to unravel the
different underlying genetic, inflammatory and microbiome mechanisms of AD
(Chapter 6-8);
AIM 3. To dissect how genetic predisposition, inflammatory cytokines and
microbiome dysbiosis drive epidermal defects and how these can be restored
upon treatment (Chapter 4-7).

First, we provide an overview of how various components of the AD
pathophysiology, ranging from genetic variants to inflammation and microbiome
dysbiosis, can be modeled in organotypic skin models (Chapter 2). For genetic
engineering of cells, CRISPR/Cas9 is a commonly used technique nowadays, yet
not in epidermal keratinocytes. Key factors for failure and success of CRISRP/Cas9
genome editing in keratinocytes are presented in Chapter 3. Identified success
factors have been implemented in our strategy for creating a FLG knockout
keratinocyte line with CRISPR/Cas9 to mimic the loss-of-function of FLG in many
AD patients and investigate its effects on epidermis development (Chapter 4). In
Chapter 5 we validated a novel technique, called electrical impedance spectroscopy
(EIS), to quantitatively assess the epidermal barrier function in organotypic human
epidermal models. To model inflammation-driven alterations in the epidermis
in Chapter 6, we investigated an optimized AD-specific cytokine cocktail for
development of AD-like HEEs, and reveal which epidermal AD hallmarks are
driven by specific (combinations of) inflammatory cytokines, and can be inhibited
by various therapeutic compounds. To study host-microbe interactions and the
functional consequences of microbiome dysbiosis in AD, a novel methodology
for bacterial inoculation of HEEs, and specifically by S. aureus, was developed in
Chapter 7. Finally, we optimized iPSC to keratinocyte differentiation protocols and
demonstrate the potential of these induced keratinocytes (iKC) in dermatological
research (Chapter 8).
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The epidermal barrier in atopic dermatitis

Atopic dermatitis (AD) is a common complex chronic inflammatory skin disease.
Notwithstanding the key contribution of immune-mediated disease factors, ever
since the identification of filaggrin (FLG) loss-of-function mutations as a major
predisposing factor for AD, epidermal barrier defects have been one important
initiating factor of the disease based on the inside-out and outside-in barrier
hypothesis. Most therapeutic agents target immune cells, cytokines, or related
signaling pathways. The importance of more direct skin barrier-supporting
therapies has recently been tested in multiple studies aimed at reducing the
risk or delaying the onset of AD by using emollient application in early infancy.
Although pilot work and some subsequent studies have suggested that emollients
may protect against AD, Kelleher et al. (2021) performed a meta-analysis of
larger cohorts and did not detect a preventive effect. Instead, emollients appear
to increase skin infections and may also increase allergic sensitization to food.
For future studies, an evidence-based consensus opinion regarding the type of
emollient to be used (e.g., petrolatum-based, or defined ceramide-based) and the
appropriate timing of the start of intervention are required. Investigative studies
toward better understanding of epidermal signaling events that contribute to
atopic inflammation may fill the current knowledge gap regarding keratinocyte-
specific druggable targets per disease endotype.

Epidermal keratinocytes contribute to the physical skin barrier function by
controlling skin permeation and water evaporation via networks of structural
proteins, including cross-linked FLG and tight junctions of claudins and occludins
and the biosynthesis of a myriad of lipids required for proper stratum corneum (SC)
formation. Multi-omics (single-cell) analysis of skin biopsy samples or SC tapes
have elucidated genotype (FLG)-specific transcriptome changes in lesional and
nonlesional skin. Olah et al. (2022) found more deregulated immune-related genes
in patients with wild-type FLG, and less transcriptomic deregulation and skin barrier-
related differential gene expression in patients with FLG mutations. FLG mutations
could therefore lower the skin’s threshold for developing AD. Analyzing the first
keratinocyte-specific transcriptome by laser dissection allowed for pinpointing
deregulated transcription in AD keratinocytes. A complex immune signature of not
only Th2 cell-driven but also strong Th17 and Th22 cell-driven marker genes and a
clearderegulation of specifictightjunction geneshasbeenfoundin the epidermis[1].
Building on the first single-cell transcriptomic analysis of AD lesional skin [2],
emerging bioinformatic tools and disease maps help future scrutinization of AD-
related keratinocyte signaling and the key factors involved.
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Keratinocytes function as crucial innate immune cells in the first line of defense
and regulate adaptive immune responses. Through cytokine and chemokine
production, keratinocytes draw effector and regulatory immune cells into the skin
and influence immune cell plasticity and polarization. In addition, keratinocytes
drive the chemical and microbial barrier function with key roles for FLG:
i) FLG peptides and their breakdown products regulate skin pH, ii) FLG (and its
paralogs) may possess antimicrobial activity, and iii) FLG deficiency is associated
with lower abundance of commensal gram-positive anaerobic cocci (GPAQ),
which are postulated to depend on FLG-derived amino acids for their growth [3].
Furthermore, the characteristic alteration in keratinocyte terminal differentiation
by the AD inflammatory milieu not only affects SC formation but also putatively
influences skin host defense mechanisms, as these major epidermal proteins
(e.g., late cornified envelope proteins, FLG, hornerin) were recently coined as
cationic intrinsically disordered antimicrobial peptides (CIDAMPs) [4].

To dissect cell- and disease-specific signaling events and pinpoint targets for drug
development and screening, preclinical human skin models that recapitulate AD
disease mechanisms are of utmost importance. Although in vivo animal models may
recapitulate the skin's complexity and encompass sequential immunologic responses,
organotypic in vitro epidermal or full-thickness skin models enable focused studies
into disease-related keratinocyte signaling, including those on AD-specific genetics,
immunologic responses, skin microbiota, and environmental cues, which will be
further discussed later in this article and are illustrated in Figure 1 and 2.

Organotypic skin models for drug target discovery
and therapeutic screening

Signaling influenced by genetic factors

At the genomic level, FLG loss-of-function mutations pose the strongest risk for
development of AD, but many other risk loci have been discovered by genome-
wide association studies, as reviewed by Liang (2015) and Brown et al. (2021). At
the epigenetic level, AD-keratinocytes display changes in DNA methylation status,
microRNA expression and histone acetylation (reviewed in Schmidt et al. (2021)).
To model genetic risk factors in human epidermal equivalents (HEE), human skin
equivalents (HSE) or skin organoids, various keratinocyte sources can be utilized
including i) primary keratinocytes from patients with known FLG null mutations,
ii) transient or stable gene knockdown by small interfering (si)RNA or short hairpin
(sh)RNA, respectively, iii) CRISPR/Cas9 genome editing in primary or immortalized

35



36

| Chapter 2

(e.g., N/TERT) keratinocyte cell lines, or iv) patient-derived induced pluripotent stem
cells (iPSC). Studies on the consequences of FLG deficiency have yielded mostly
conflicting results, likely owing to the lack in protocol standardization between
research groups and the use of cells with different genetic backgrounds. To identify
cause-effect relationships on how (epi)genetic risk factors lead to abnormal
keratinocyte signaling and dysfunction, multi-omics technologies are advocated
with a focus on the integration of transcription regulation with proteomic and/
or lipidomic analyses for functional end-products. Proteomic analysis of FLG
knockdown organotypic models [5] revealed quantitative changes in networks that
are consistent with transcriptome analysis of skin biopsy samples stratified by FLG
genotype. Similar comparative analyses between publicly available omics data from
patient cohorts and experimental organotypic models will help in improvement of
model systems and functional validation of identified biomarkers.

Immunologic signaling events

To study keratinocyte-expressed receptor activation, signaling transduction
pathways and downstream effects, HEE or HSE can be manipulated by the
addition of relevant inflammatory molecules to the culture medium. Traditionally,
Th2 cytokines IL-4 and IL-13 have been used to model AD and supplemented
with IL-25, IL-31, IL-31 + TNF-q, or IL-22 + TNF-a (reviewed by Das et al. (2022)). In
principle, the epidermal response to any disease-related cytokine can be dissected
in vitro, and many signal transduction pathways have thereby been identified (e.g.,
Janus kinase/signal transducer and activator of transcription (JAK/STAT), MAPK,
PI3K/Akt, as recently reviewed by Humeau et al. (2022)). With use of this approach,
epidermal AD hallmarks including hyperproliferation, spongiosis, impaired
differentiation, and SC lipid changes have been successfully modeled. These are
targeted by therapeutics that are indicated for AD (e.g., dupilumab, tofacitinib,
coal tar, tapinarof). More complex immunocompetent, vascular or even innervated
organotypic skin models have attempted to more closely mimic the intercellular
cross talk in AD in a 3-dimensional microenvironment. However, this increasing
complexity brings additional challenges for reproducibility, and cell viability and
function, and it precludes high-throughput screening.
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Figure 1. AD-related intracellular epidermal keratinocyte signaling cascades. Keratinocytes
contribute to AD pathophysiology via a plethora of intracellular signaling cascades based on genetic,
immunologic, microbial, or environmental cues. Here we illustrate a few important genes, ligands and
receptors, but we also appreciate that these can represent only the tip of the iceberg. Interactions
between disease-related cytokines and keratinocyte-expressed receptors and the resulting
immunologic signal transduction pathways that regulate gene transcription have been extensively
studied, successfully targeted by therapeutics, and reviewed in detail. Microbes and their secreted
metabolites or cell wall components can trigger epidermal signaling through activation of
environmental ligand-activated transcription factors (e.g.,, AHR) or PPRs (e.g., TLRs). Environmental
pollutants can also activate AHR signaling (hence the current debate on beneficial or detrimental
effects of AHR activation on skin health), and allergens like HDM activate intracellular PRRs, as
exemplified here by NLRP3. These intracellular and extracellular cues may also interact with a person’s
genetic profile (illustrated by the nuclear lightning strike) and lead to the onset or conservation of
pathologic processes, e.g., dysregulation of proliferation and differentiation, induced inflammatory
cytokine production, aberrant barrier formation, altered antimicrobial activity, and changes in SC lipid
deposition. Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, Aryl hydrocarbon receptor nuclear
translocator; HDM, house dust mite; IL, interleukin; IRF, interferon regulatory factor; JAK, Janus kinase;
MyD88, myeloid differentiation primary response 88; NFkB, nuclear factor k-light-chain enhancer of
activated B cells; NLRP3, NLR family pyrin domain containing 3; PAR, protease activated receptor; PRR,
pattern recognition receptor; Ra, receptor subunit alpha; STAT, signal transducer and activator of
transcription; TLR, toll-like receptor; TRAF, TNF receptor associated factor; TRIF, TIR-domain-containing
adapter-inducing interferon-f3; Tyk, tyrosine kinase.
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Microbiome-mediated signaling

Although the extent to which microbiome dysbiosis is a cause or consequence of
AD remains unclear, the involvement of the skin microbiome in AD pathophysiology
is generally accepted. Microbiome-mediated receptor signaling in keratinocytes
has been studied mostly in the context of pattern recognition receptors (PPR).
More recently, commensal skin microbiota have been found to hijack a different
signaling route, namely the aryl hydrocarbon receptor (AHR) pathway. The AHR is
a ligand-activated transcription factor that is known mostly for interacting with
microbiome and diet-derived metabolites in the gut. Intriguingly, gut microbiome
dysbiosis may steer disease in peripheral organs and also in the skin (better
known as the gut-skin axis). We recently postulated that keratinocyte proliferation,
differentiation, antimicrobial peptide expression and skin barrier function may be
under the control of the skin microbiota through AHR-driven cellular signaling
events [6], however this concept may further extend to the gut microbiome as
well. Regarding AD, we found that commensal GPAC also target the AHR (van der
Krieken et al. (2023)) and are underrepresented on FLG-deficient skin [3]. Barrier
dysfunction in AD may thus arise because of aberrant gene (FLG)-microbe (GPAC)
interactions. The adverse host-microbe interactions in AD could be targeted by
future microbiome therapies based on prebiotics, probiotics or postbiotics, or
species-specific targeting of pathogenic subpopulations within the microbiome via
phages, plasmids, or transposable elements.

For host-microbe interaction studies, organotypic skin models offer a biologically
relevant growth substrate (the SC) that mimics natural skin factors (e.g., physical
and chemical barrier) defining communication between microbial metabolites and
keratinocyte receptors in vivo. The choice of specific bacterial strains (e.g., disease-
related, pathogenic or healthy commensal) for cocultures will fundamentally affect
the experimental outcome, and no single strain can represent the diversity within
a bacterial species. Furthermore, a mixed community of microbiota influences
skin processes more than a single species alone [7] and specific culture conditions
(e.g., temperature, humidity, oxygen levels, pH, log growth versus stationary
phase) will influence bacterial growth and metabolite production through
quorum sensing mechanisms [8]. Also, for the analysis of microbial communities
in vitro, several hurdles in distinguishing viable bacteria and estimating actual
bacterial number (by culture-based methods versus by the capturing the complete
microbiota composition by 16S rRNA gene or shotgun sequencing) arise, and to
date they have precluded the wide implementation of organotypic models for skin
microbiome research.
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Environmental cues driving keratinocyte signaling

Specific genetic defects within keratinocytes cause disorders of cornification with
local and systemic atopic features, illustrating that epithelial cells in skin and
other barrier organs can contribute to the outcome of an allergen-encounter.
However, the specific mechanisms of gene-environment interaction remain to be
defined. Of relevance to AD, there is an increased prevalence of atopic disease in
individuals with FLG null mutations who are exposed to allergens and irritants such
as pet dander and surfactants. Exposure to cats in childhood does not affect AD
prevalence except in those with FLG null mutations, conversely early exposure to
dog allergens may actually provide protection against AD [9]. Although allergens
may be inhaled, the interaction with FLG expression raises the possibility of a direct
effect of pet allergens on keratinocyte function, which can be modeled in vitro
(unpublished data).

Sodium lauryl sulphate (SLS) is a surfactant present in soap and skin care
products ranging in concentrations from 0.01% to 50%. SLS is known to drive skin
irritation through i) the removal of natural moisturizing factor (NMF), ii) changes
in the microbiota composition, iii) altered keratinocyte differentiation including
downregulation of profilaggrin, and iv) an increase in keratinocyte-derived
inflammatory cytokine expression. Greater barrier dysfunction occurs after SLS
exposure in individuals with FLG null mutations [10].

Environmental temperature and humidity affect SC hydration, having a well-
recognized impact on AD prevalence and severity. The molecular mechanisms
underpinning this effect are likely mediated via transcriptional regulation of
FLG and other key barrier proteins within the epidermis, again highlighting the
potential for gene-environment interactions in AD, that may be dissected with the
organotypic epidermal models described in this article.
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< Figure 2. In vitro modeling of AD disease factors and in-depth molecular analysis of cause-
effect relationships. (A) In organotypic skin models, either epidermal equivalents or full thickness
skin models, a wide range of environmental cues and microbiome-derived inflammatory factors
can be applied to study keratinocyte responses, including intracellular signal transduction. With
use of keratinocytes with disease-associated genetic profiles (e.g., FLG mutations) and addition of
proinflammatory cytokines or immune cells, specific AD endotypes can be mimicked. Interaction of
this inflammatory milieu with vascular endothelial cells can further fine-tune the molecular disease
phenotype. Cutaneous neuroimmune interactions that are important in AD have been modeled
by reinnervation of organotypic models or ex vivo skin using rat dorsal root ganglions or induced
pluripotent stem cell-derived peripheral neurons. However, incorporation of all these disease-related
cellular components in one complex tissue-engineered model has not yet been successful, as indicated
by the separation via dotted lines. (B) A comprehensive omics-driven signaling analysis toolbox
has been generated over the past decade, with the included tools ranging from pretranscriptional
epigenomic regulation to measurements of keratinocyte-derived metabolites and end-point
functional analytics. As these sophisticated technologies are becoming more affordable by the day,
data-driven model optimization by molecular comparison with patient skin can enable researchers
to leverage the full potential of organotypic skin models as true alternatives to patients and minimize
the need for animal experimentation in experimental and translational dermatology research.
The meanings of the numerals are as follows: 1 = nerve innervation, 2 = fibroblast, 3 = vasculature.
Abbreviations: ATAC, Assay for transposase-accessible chromatin, ChIP, chromatin immunoprecipitation;
(CID)AMP, (cationic intrinsically disordered) antimicrobial peptide; FLG, filaggrin; H3K27ac, acetylation of
the lysine residue at N-terminal position 27 of histone protein H3; ID-seq, immunodetection by sequencing
(van Buggenum et el. Nat Comm 2018, DOI: 10.1038/541467-018-04761-0); LC/MS, liquid chromatography—
mass spectrometry; RAID, RNA and immunodetection; SB, stratum basale; SC, stratum corneum;
s¢, single cell; seq, sequencing; SG, stratum granulosum; SS, stratum spinosum; TEER, transepithelial electric
resistance; TEWL, transepidermal water loss.

Discussion and conclusion

To date, neither the complexity of native skin nor the magnitude of intercellular
interactions in AD can be captured in organotypic skin models. Studies are focusing
instead on single epidermal and/or dermal signaling cues, circumventing the
challenges in creating a favorable culture condition for many different cell types
and the lack of perfusion in the overall static organotypic models. In addition, the
skin tissue architecture and its plasticity are difficult to recreate in 3-dimensional
models. Lack of rete-ridges and hair follicles deprive these models from bearing
various anatomic tissue niches important for keratinocyte biology. Current
advances in bioprinting and biomaterial engineering may provide solutions for
creating tailor-made and disease-specific skin tissue microenvironments. At the
same time, improvements in genetic and tissue engineering methodologies, and
rapid innovations in omics technologies provide ample opportunities for precise
modeling of disease parameters and investigation of cause-effect relationships
in the controlled laboratory environment. Epidermal keratinocytes should be
considered as bona fide cellular targets for primary or secondary prevention of
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atopic disease and for breaching the vicious cycle of chronic inflammation and
alleviating major AD symptoms. We envision that in the near future, the collective
efforts regarding integrative dermatology will pay off by combining longitudinal
clinical trial data with high-tech organotypic human skin models, yielding
important human skin screening platforms for the discovery and development of
drugs to modulate keratinocyte signaling.
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Abstract

CRISPR/Cas9 is the most straightforward genome editing tool to date. However,
its implementation across disciplines is hampered by variable genome editing
efficiencies, reduced cell viability, and low success rates in obtaining clonal cell lines.
This review aims to recognize all CRISPR/Cas9 related work within the experimental
dermatology field to identify key factors for successful strategies in the different
keratinocyte cell sources available. Based on these findings we conclude that most
groups use immortalized keratinocytes for generating knockout keratinocytes. Our
critical considerations for future studies using CRISPR/Cas9, both for fundamental
and clinical applications, may guide implementation strategies of CRISPR/Cas9
technologies in the (experimental) dermatology field.
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Introduction to CRISPR/Cas9 as a genomic editing tool

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) were known
in the bacterial genome as hypervariable loci typically consisting of direct repeats,
separated by sections of variable sequences called spacers, in proximity of CRISPR-
associated (Cas) genes. The mechanism of the CRISPR/Cas system to specifically target
DNA for genome editing was utilized successfully for the first time in mammalian
cells almost a decade ago [1-3], and functions as described extensively [4] and
schematically visualized in Figure 1A. Many bacterial species have variants of CRISPR
and Cas loci with the most extensively investigated variant as genome editing tool
being the CRISPR/Cas9 system [5]. CRISPR/Cas9-mediated genome editing requires
a Cas9-guide RNA (gRNA) complex containing Cas9, crRNA, and tracrRNA (see Box 1.
CRISPR terminology). The complex can be introduced to target cells by various
methods, as reviewed before [6, 7]. By guidance of crRNA, the complex binds to
complement DNA accompanied by a flanking protospacer adjacent motif (PAM) -
5'-NGG-3’ for Streptococcus pyogenes Cas9 [8]. The Cas9-gRNA complex induces a
double stranded break at the target site [9, 10] which can be repaired by the target
cell via either non-homologous end joining (NHEJ) [11] or homology directed
repair (HDR) [12]. In NHEJ, the broken DNA strands are re-ligated, either directly or
after random nucleotide insertions or deletions [13]. Often this leads to frameshift
mutations and premature stop codons and therefore this mechanism is readily
used to knockout protein expression of interest. In HDR, the double stranded
breaks are repaired with the use of a sister chromatid as homologous template
strand. By multiple crossovers, DNA synthesis and ligation, the damaged strand
can be precisely repaired [13]. Instead of a sister chromatid as template strand, an
exogenous DNA template harboring a desired mutation or gene cassette can be
introduced as single-strand or double-strand DNA, with homologous arms on the
outsides [14-16].
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Box 1. CRISPR terminology

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
Cas9 CRISPR-associated protein 9
Cason Cas9 nickase

dCas9 Deactivated Cas9

PAM Protospacer adjacent motif
crRNA CRISPR RNA

tracrRNA Trans-activating CRISPR RNA
(s)gRNA (Single) guide RNA

RNP Ribonucleoprotein

HDR Homology-directed repair
NHEJ Non-homologous end joining

Figure 1. CRISPR/Cas9-initiated genomic repair in human keratinocytes. (A) Schematic overview
of CRISPR/Cas9 mechanism (Created with BioRender.com). (B-C) Graphical representation of
publications using CRISPR/Cas9 in human keratinocytes, split by cell source, experimental goal, carrier
system applied, and selection (marker) deployed.
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Over the years, an increasing number of studies in the field of experimental
dermatology harnessed the CRISPR/Cas9 toolbox, although current numbers
are limited but increasing over the past five years (Figure 1B-C, Table 1). This
review aims to recognize all CRISPR/Cas9 work performed in human epidermal
keratinocytes, to identify best practices and key determinants for successful
strategies in different human keratinocyte cell sources available, accompanied by
critical considerations for future studies using CRISPR/Cas9, both for a fundamental
and clinical application.

Delivery of the CRISPR/Cas9 machinery into keratinocytes

Cationic vectors, lentiviral vectors, or adenoviral vectors are mostly utilized for
transducing the expression of Cas9 and a specific gRNA. Lentiviral vectors especially
designed for this purpose, like lentiCRISPR v2 deposited by Feng Zhang's lab [17],
are readily available via Addgene (ID52961) and easily amendable to encode the
gRNA sequence(s) of interest. Lentiviral infection is often very efficient and leads
to random incorporation of the encoded DNA into the infected cell's genome,
causing a permanent transfer — and often also permanent induction - of Cas9 and
the encoded gRNA sequence. Consequently, the constitutive expression of Cas9
and gRNA increases the risk of off-target cleavage of DNA, potentially leading to
unforeseen genomic changes. In addition, lentiviral delivery can result in unwanted
gene rearrangements and transgene silencing [6]. The use of adenovirus over
lentiviruses is preferred, as adenoviruses do not integrate easily into the genome [18].
Both lentivirus and adenovirus can induce strong immunogenic responses [19, 201,
complicating their suitability for in vivo therapeutic use. Therefore, adeno-associated
virus (AAV) particles, which show limited immunogenicity compared to adenovirus
vectors [21], might be more suitable. Nevertheless, the drawback of AAV is that these
particles have a smaller loading capacity than adenoviruses and lentiviruses, which
can limit their use with relatively large plasmids encoding like gRNAs and Cas9.

Electroporation or transfection of Cas9 and gRNAs, either as plasmids, mRNA, or RNP
complexes, is nowadays often used in immortalized keratinocytes (Table 1). These
delivery methods are easy to use, can be highly efficient (especially electroporation
of RNP complexes), and the transient expression of gRNAs and Cas9 limits the risk
for off-target effects.
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CRISPR/Cas9 in human primary keratinocytes

To study protein function, biological processes, or disease mechanisms,
experimental cell or tissue culture models often include primary epidermal
keratinocytes of healthy individuals, taken from excess skin that was removed
during surgical procedures. Genetic predispositions are key in the pathogenesis
of many skin diseases, from the obvious monogenetic to complex polygenic and
multifactorial diseases. For example, ichthyosis vulgaris (IV) and epidermolysis
bullosa (EB) are the results of homozygous (or compound heterozygous) mutations
in FLG (for IV), and type VII collagen gene COL7AT and LAMB3 (both for EB) [22-25].
Through genomic engineering, models for these monogenetic skin diseases can be
created, allowing to study the contribution of the genetic risk factors in an in vitro
setting against nonengineered keratinocytes with an identical genetic background.
Potential gene therapy strategies can be developed and validated for use in vitro
and eventually in vivo. So far, CRISPR/Cas9 has been used in primary keratinocytes,
mainly to knockout or correct genes, as shown in Table 1.

In 2018, a protocol for the generation of knockout human primary keratinocytes
was published [26]. To increase the life time of human primary cells, they were
cocultured with 3T3-J2 fibroblasts as feeder cells, in the presence of proliferation
enhancing Rho-associated protein kinase (ROCK) inhibitor Y-27632 [27], while the
CRISPR/Cas9 machinery is delivered via lentiviral transduction of plasmid DNA
including a puromycin resistance cassette. Selection of modified keratinocytes
was performed on mitotically inactivated and puromycin resistant fibroblasts. The
modified keratinocytes were still able to differentiate and were able to form three-
dimensional skin equivalents [26, 28]. In the studies mentioned earlier, antibiotic
resistance was often conferred allowing for selection of keratinocytes that were
successfully infected. These keratinocytes did not undergo successful genomic
editing per se. In other words, the generation of isogenic clonal cell lines that harbor
precisely the intended mutations is preferred over using selection procedures that
will result in a mixed cell population with unspecified genomic alterations. Indeed,
clonal expansion of primary keratinocytes is a challenge given the limited lifespan.
Nevertheless, EB-derived patient keratinocytes, grown on feeder fibroblast cells and
in presence of Y-27632, were successfully targeted by CRISPR/Cas9 [29, 30]. Others
circumvented the proliferative limitations by immortalizing the genetically altered
primary keratinocytes using a retroviral vector carrying human papillomavirus
type 16 (HPV16) genes E6 and E7 prior to grafting experiments and organotypic
3D cultures for studies on junctional epidermolysis bullosa (JEB) [31] or Netherton’s
syndrome [32].
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Most research utilizing CRISPR/Cas9 in primary keratinocytes is focused on EB using
patient-derived EB keratinocytes, as reviewed recently [33]. In EB, the connection
between the dermis and the epidermis is fragile, leading to severe clinical features
such as blistering and subsequent debilitating infections. Using CRISPR/Cas9 induced
HDR, the type VIl collagen gene COL7AT in recessive dystrophic epidermolysis
bullosa (RDEB) patient-derived keratinocytes [30, 34-36] and RDEB patient-derived
fibroblasts [36] can be restored, leading to re-expression of type VIl collagen. The
type VIl collagen-corrected keratinocytes were able to develop into high quality
skin equivalents when transplanted onto immunodeficient mice. Others showed
that the use of dual single-guide RNA (sgRNA)-guided Cas9 nuclease can restore
the COL7AT reading frame and reinstate the expression of type VIl collagen in RDEB
patient-derived keratinocytes, enabling long-term regeneration of high quality,
properly adhesive skin after grafting onto immunodeficient mice [29]. For JEB a
similar approach was successful: primary keratinocytes carrying the homozygous
LAMB3 mutation in exon 14 were immortalized and corrected by HDR via an
adenoviral (AdV) vector carrying Cas9 and gRNA cassettes and a lentiviral vector
carrying a wild-type LAMB3 donor template flanked by homology arms [31]. These
elegant studies illustrate that CRISPR/Cas9 can be utilized for restoration of protein
expression in patient-derived keratinocytes via highly specific approaches, for
example through incorporation of a donor oligonucleotide via HDR, or via the use of
dual sgRNA to remove a specific DNA sequence to correct for frameshift mutations.
In addition, these studies show that gene-corrected, patient-derived keratinocytes
generated are usually of high quality in terms of skin equivalent generation and
suitable for grafting onto immunodeficient mice. In principle, that would make them
good candidates for ex vivo gene and cell therapy, like showcased by Hirsch et al.
in the first ever total body transplantation with autologous cells that were corrected
and expanded ex vivo [37].

Human immortalized keratinocytes as alternative cell source

Human primary keratinocytes in epidermal equivalent culture models represent
the in vivo epidermis quite well. However, human donor skin is not always available,
primary keratinocyte isolation is time-consuming, and primary keratinocytes have
a short in vitro lifespan. This conflicts with the extensive culture protocols and
serial passaging that are necessary for genome editing strategies. Therefore, many
researchers make use of immortalized keratinocytes in studies that are usually aimed
at: i) gene and protein function by full knock out [38], ii) the biological consequence
of a knock out on cell function or during therapeutic conditions [38-46], iii) validation
of therapeutic target [38, 47], or iv) to generate disease model cell lines [48, 49].
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Immortalized keratinocytes, such as the spontaneously immortalized HaCaT
keratinocytes, the N/TERT-1 and N/TERT-2G keratinocytes, or the less used HPV16
induced immortalized keratinocytes, do not have these limitations and thus
provide an alternative unlimited cell source [50, 51]. Therefore, most studies
using CRISPR/Cas9 in human keratinocytes have been performed in either of the
immortalized keratinocyte cell lines (Figure 1C, Table 1). Although multiple cell
sources are available, they are not equally comparable to primary keratinocytes
and are not necessarily similarly suited for genomic engineering procedures. The
HaCaT keratinocytes are frequently used as model for keratinocytes in vitro as both
monolayer and human skin equivalents [52]. However, epidermal stratification is
abnormal, aberrant epidermal differentiation protein expression is observed and
a stratum corneum is often lacking. Another drawback is that HaCaT cells show
aneuploidy. Taken together, this makes HaCaT keratinocytes less suitable for
genome editing and studying epidermal differentiation. The N/TERT-1 and N/TERT-
2G keratinocyte cell lines were immortalized by the introduction of the human
telomerase reverse transcriptase (hTERT) gene and by spontaneous loss of the
pRB/p16™ cell cycle control mechanism [53]. The N/TERT keratinocyte cell lines
are (largely) diploid (N/TERT-1: 47, XY+20, N/TERT-2G: 46, XY) and show similar
differentiation characteristics to those of human primary keratinocytes [50], which
renders them more suitable for genomic intervention tools such as CRISPR/Cas9.
Immortalized keratinocytes are well suited for fundamental studies into protein
function, possible therapeutic targets, or disease modeling studies, but are not
applicable for in vivo treatment purposes. In contrast, keratinocytes derived from
induced pluripotent stem cells (iPSCs) would be more suitable with regard to
regenerative medicine.

Keratinocytes derived from CRISPR/Cas9 edited iPSCs

Human pluripotent stem cells (hPSCs) and induced pluripotent stem cells (iPSCs)
offer great promise in regenerative medicine, both for disease modeling and
for tissue regeneration, because they can proliferate indefinitely and can be
differentiated to almost any cell type in the human body [54]. Owing to their
unlimited proliferation capacity [55], hPSCs and iPSCs have an apparent advantage
over other somatic cells or even adult stem cells in genomic editing studies using
CRISPR/Cas9, especially when clonal selection is necessary. Numerous studies
reported such strategies to obtain genome edited cells from tissues that are
normally not easily retrievable [56, 57]. In dermatological research, most studies are
on EB patient-derived iPSCs. For example, iPSCs were generated from fibroblasts
derived from a patient with dominant dystrophic epidermolysis bullosa (DDEB)
carrying a heterozygous COL7AT mutation. Subsequently, plasmids carrying Cas9
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and mutation-site specific sgRNAs were transfected into these iPSCs, before positive
selection by flow cytometry. The mutation-site specific sgRNAs ensured that the
correction of the genetic sequence occurred only on the mutated allele, but not
on the wildtype [58]. Others show correction of the COL7AT gene in RDEB iPSCs
via adeno-associated genome editing [59], by the introduction of three plasmids
encoding Cas9, gRNA, and donor repair template [60] or electroporation with
sgRNA/Cas9 ribonucleoprotein (RNP) complexes [61]. Induced keratinocytes (iKC)
derived from gene-corrected iPSCs were grafted onto immunodeficient mice, and
two months post grafting a normal expression of COL7A1 is shown [61]. Although
generation of genome edited iPSCs is relatively easy, differentiation from iPSC toward
iKC, especially for resembling primary keratinocytes, is less straightforward [62-64].
In addition, iPSC-derived keratinocytes are often immature, as compared to primary
keratinocytes derived from the skin, which is a common feature of many iPSC-derived
cells [65, 66]. Although the traditional air-liquid interface cultures are challenging
in iPSC-derived cells, other options are available. Groundbreaking work has shown
a human iPSC-based organoid culture system in which skin appendages (e.g., hair
follicles and sebaceous glands) are present [67]. Organoids as such would be suitable
to study aspects that are impossible to study in traditional skin equivalents, such as
(early) developmental processes. Empowered by CRISPR/Cas9 genomic engineering
and analysis techniques at single cell resolution, these organoid cultures are highly
promising options for future research into the skin.

Future perspective for the use of CRISPR/Cas9 in
experimental dermatology

To date, no clinical experiments have been performed or are registered using
CRISPR/Cas9 in primary keratinocytes to treat skin disorders, although CRISPR/
Cas9-based in vivo experiments have been reported in murine models. For example,
mouse tail skin was successfully electroporated with DNA plasmids (encoding
gRNAs and Cas9) and RNP complexes of synthetic Cas9 and in vitro transcribed
sgRNAs [68]. In 2017, Hirsch and colleagues experimentally treated a JEB patient
with a homozygous mutation in the LAMB3 gene which, due to the blistering
and infections, had lost over 80% of his epidermis [37]. Although this is a great
example of gene therapy, it was not CRISPR/Cas9-based, but through ex vivo gene
replacement by viral transduction of LAMB3 cDNA.
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Conclusion and future directions

Before in vivo CRISPR/Cas9 can be considered in clinical practice, many improve-
ments on CRISPR/Cas9 machinery, i.e. component stability, in vivo delivery, editing
accuracy, nonspecific and unintended off-target effects, and control of cellular repair
mechanisms are necessary [69]. Additionally, Cas9 has been reported to elicitimmune
responses in mice [70, 71] and humans [72, 73], posing a challenge for CRISPR/Cas9
based genomic engineering [74]. Nevertheless, the impact of this immunological
challenge needs to be studied in immune-competent (humanized) animal models
to assess potential strategies to minimize the impact of anti-Cas9 antibodies and
T-cells. Until then, realistic and important goals for CRISPR/Cas9 implementation
are to further develop in vitro human disease models to benefit preclinical research,
therapeutic target discovery and drug screening.

Monogenetic disorders of the epidermis can be modeled and the effects of
therapies can be studied extensively without the need for primary keratinocytes,
patient biopsies or animal models. Besides keratinocytes, other skin cell types —
such as fibroblasts — are of interest too. Research on dystrophic EB pathogenesis
indicated that both keratinocytes and fibroblasts are responsible for the expression
of type VII collagen (COL7AT), where the contribution of fibroblasts overrules
that of keratinocytes [75]. Fibroblasts are considered a more robust and easier to
culture type of cells, compared to keratinocytes, which renders them suitable for
prolonged culturing and genomic engineering [76], and a potential target cell type
for gene and cell therapy in dystrophic epidermolysis bullosa [35, 36, 60, 77, 78]. As
this field of research expands, lessons can be taken from experimental approaches
that were successful in epidermal keratinocytes and applied to dermal fibroblasts,
and vice versa.

Nonspecific endonuclease activity can result in off-target unintended genomic
alterations. Ever since the first application of CRISPR/Cas9 in mammalian cells,
progress has been made to mitigate the incidence of off-target DNA cleavage by
nonspecific endonuclease activity resulting in off-target unintended genomic
alterations, as reviewed recently [79]. These strategies range from - but are not
limited to - modification of gRNA, modification of Cas9 (e.g., deactivated Cas9
(dCas9), Cas9 nickase (Cas9n), high fidelity Cas9), fine-tuning delivery methodology,
application of base editors (dCas9 combined with deaminase and gRNA), and
application of prime editing (Cas9n combined with reverse transcriptase). Therefore,
besides selecting editing strategies based on maximizing editing efficiencies
and cell viability, different options are now available to minimize off-target risks.
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These should be taken into consideration depending on which safety measures are
applicable for the purpose of genomic engineering.

Besides investing in methodological improvements using currently available
(immortalized) keratinocytes (e.g., target DNA site selection, sgRNA design and
delivery methods, off-target DNA cleavage, NHEJ and HDR incidence and efficiency,
and Cas9 activity), efforts should also be directed to the generation of new skin
cell sources to increase experimental diversity and account for population, sex
and age differences. Having CRISPR/Cas9 technology at hand, more complex,
multicellular, immunocompetent, and vascularized organotypic skin models with
higher throughput can be developed. These innovations will further propel the
implementation and acceptance of organotypic human skin models as excellent
alternatives or superior experimental models to the traditional use of animals in
biomedical research.
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Table 1. Characteristics of studies that utilize CRISPR/Cas9 in human keratinocytes.
Abbreviations: E6/E7: papillomavirus E6/E7 protein; FACS: fluorescence-activated cell sorting;
HDR: homology-directed repair; IDLV: integrase-deficient lentiviral particles; JEB: junctional
epidermolysis bullosa; NHEJ: non-homologous end joining; RDEB: recessive dystrophic epidermolysis
bullosa; RNP: ribonucleoprotein complex.

Publication  PMID Cell types (all human) Research goal
Primary [80] 26828486 Adult primary keratinocytes  protein knockout
keratinocytes [81] 28777946 Foreskin primary gene activation
keratinocytes
[34] 28800953 RDEB primary keratinocytes  gene correction
[82] 28888469 Adult primary keratinocytes  protein knockout
[83] 29287762 Adult primary keratinocytes  protein knockout
[26] 30096351 Adult primary keratinocytes  protein knockout
[35] 30195791 RDEB primary keratinocytes  gene correction
[84] 30225000 Adult primary keratinocytes  protein knockout
[85] 30938974 Adult primary keratinocytes ~ CRISPR screen
[86] 30594489 Adult primary keratinocytes  gene activation
[87] 31409528 Adult primary keratinocytes  protein knockout
[28] 31502220 Adult primary keratinocytes  protein knockout
Immortalized [47] 26228041 HPV16-transformed foreskin  protein knockout
keratinocytes primary keratinocytes
[46] 28805349 HaCaT keratinocytes protein knockout
[88] 28588028 HaCaT keratinocytes protein knockout
[49] 30021804 N/TERT foreskin protein knockout
keratinocytes
[42] 29434599 N/TERT foreskin protein knockout
keratinocytes
[41] 30252954 HaCaT keratinocytes and protein knockout
adult primary keratinocytes
[31] 30122422 Immortalized JEB adult protein knockout
primary keratinocytes
[89] 29263274 HaCaT keratinocytes protein knockout
[90] 29330493 HaCaT keratinocytes protein knockin/
knockout
[91] 29807809 HaCaT keratinocytes protein knockout
[92] 30132045 HaCaT keratinocytes protein knockin
[93] 30410676 HaCaT keratinocytes protein knockout
[29] 30930113 Immortalized adult primary ~ protein knockout

keratinocytes
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Method of introduction Carrier Cas9 version Repair Selection
Electroporation Plasmid vector SpCas9 NHEJ FACS
Electroporation Plasmid vector hCas9 D10A HDR puromycin
Xfect Cationic vector SpCas9 HDR puromycin and blasticidin
Electroporation Plasmid vector SpCas9 NHEJ blasticidin
lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin
lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin
IDLV Lentivirus SpCas9 HDR none
FuGene HD Cationic vector SpCas9 NHEJ puromycin
lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin and blasticidin
Lipofectamine 2000 Cationic vector dCas9 n/a FACS
FuGene HD Cationic vector SpCas9 NHEJ puromycin
lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin
Lipofectamine 2000 Cationic vector SpCas9 NHEJ puromycin
Lipofectamine 3000 Cationic vector SpCas9 NHEJ FACS
pLKO.1-puro Lentivirus and SpCas9 NHEJ puromycin
adenovirus
TransfeX Cationic vector pSpCas9 NHEJ geneticin
TransfeX Cationic vector pSpCas9 NHEJ FACS
Ad5-CMV-Cas9 and Ad5-  Adenovirus SpCas9 NHEJ none
U6-sgRNA
IDLV Lentivirus SpCas9 NHEJ none
pSicoR-CRISPR-PuroR Lentivirus SpCas9 NHEJ puromycin
Electroporation Plasmid vector SpCas9 NHEJ puromycin
DNAJA4-gRNA-EGFP Lentivirus SpCas9 NHEJ puromycin
and Cas9-puro
GenlJet Cationic vector SpCas9 HDR geneticin
RNAi-Max RNP complex SpCas9 NHEJ none
Electroporation RNP complex SpCas9 NHEJ none
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Table 1. Continued

Publication = PMID Cell types (all human) Research goal
Immortalized [43] 31391281 N/TERT foreskin protein knockout
keratinocytes keratinocytes

[44] 32581101 Foreskin primary protein knockout

keratinocytes and N/TERT-1
foreskin keratinocytes

[39] 31319135 HaCaT keratinocytes protein knockout

[94] 30972602 HaCaT keratinocytes protein knockout

[95] 31122679 HaCaT keratinocytes protein knockout

[96] 31178865 HaCaT keratinocytes protein knockout

[45] 32581101 Foreskin primary protein knockout

keratinocytes and N/TERT-1
foreskin keratinocytes

[40] 31518892 HaCaT keratinocytes protein knockout

[32] 32637457 Immortalized primary adult  protein knockout

keratinocytes

[48] 32544098 N/TERT foreskin protein knockout

keratinocytes

[97] 32142798 Immortalized adult primary ~ gene activation and

keratinocytes and RDEB protein knockout
primary keratinocytes

[98] 32710848 N/TERT foreskin protein knockout

keratinocytes

[99] 32917957 Immortalized epidermolytic  protein knockout

ichthyosis keratinocytes

[100] 32938703 N/TERT foreskin protein knockout

keratinocytes

[101] 33297464 HaCaT keratinocytes protein knockout

[30] 33609734 Immortalized adult primary protein knockout

keratinocytes

[38] 33321328 HPV16-transformed foreskin  protein knockout

primary keratinocytes

[102] 33354837 HaCaT keratinocytes protein knockout

[103] 34363036 Immortalized primary adult  protein knockout

keratinocytes

[104] n/a N/TERT foreskin protein knockout

keratinocytes

[36] 34458008 Immortalized RDEB primary ~ gene correction

keratinocytes and fibroblasts
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Method of introduction Carrier Cas9 version Repair Selection

lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin

lentiCRISPR v2 and Lentivirus SpCas9 NHEJ puromycin and blasticidin
pXPR_011

lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin

lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin

TransIT-LT1 Cationic vector SpCas9 NHEJ FACS

Lipofectamine 2000 Cationic vector SpCas9 NHEJ FACS

lentiCRISPR v2 and Lentivirus SpCas9 NHEJ puromycin and blasticidin
pXPR_011

lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin
Electroporation RNP complex SpCas9 NHEJ no

FuGene 6 and HiperFect  Cationic vector SpCas9 NHEJ FACS

Electroporation RNP complex SpCas9 NHEJ none

lentiCRISPR v2 Lentivirus SpCas9 NHEJ puromycin and blasticidin
Xfect Cationic vector SpCas9 NHEJ FACS

Calcium phosphate Plasmid vector SpCas9 NHEJ puromycin

transfection

Lipofectamine 3000 Cationic vector SpCas9 NHEJ FACS

Electroporation RNP complex SpCas9 NHEJ none

Lipofectamine 3000 Cationic vector SpCas9 NHEJ FACS

Lipofectamine 2000 Cationic vector SpCas9 NHEJ FACS

Lipofectamine 3000 RNP complex SpCas9 NHEJ FACS

Electroporation RNP complex SpCas9 NHEJ none

Electroporation RNP complex SpCas9 and HDR none

Cas9n
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Table 1. Continued

Publication

PMID

Cell types (all human)

Research goal

iPSC

[59]

[60]

[58]

[61]

[105]

25429056

28250968

27143720

31818947

32376152

Induced pluripotent stem
cell-derived keratinocytes

Induced pluripotent stem
cells

Induced pluripotent stem
cells

Induced pluripotent stem
cells

Induced pluripotent stem
cells

gene correction

gene correction

gene correction

gene correction

gene correction
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Method of introduction Carrier Cas9 version Repair Selection
Electroporation Plasmid vector SpCas9 HDR geneticin and ganciclovir
Electroporation Plasmid vector hCas9 HDR puromycin
Electroporation Plasmid vector SpCas9 NHEJ FACS
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Abstract

Ever since the association between filaggrin (FLG) loss-of-function variants and
ichthyosis vulgaris and atopic dermatitis disease onset was identified, filaggrin's
function has been under investigation. Intraindividual genomic predisposition,
immunological confounders, and environmental interactions complicate the
comparison between FLG genotypes and related causal effects. Using CRISPR/
Cas9, we generated human FLG knockout (AFLG) N/TERT-2G keratinocytes.
Filaggrin deficiency was demonstrated by immunohistochemistry of human
epidermal equivalent (HEE) cultures. Next to (partial) loss of structural proteins
(IVL, HRNR, KRT2, and TGM1), the stratum corneum was more dense and lacked the
typical basket weave appearance. In addition, electrical impedance spectroscopy
and transepidermal water loss analyses highlighted a compromised epidermal
barrier in AFLG-HEEs. Correction of FLG reinstated the presence of keratohyalin
granules in the stratum granulosum, filaggrin protein expression, and expression
of aforementioned proteins. The beneficial effects on stratum corneum formation
were reflected by normalization of EIS and TEWL. This study demonstrates the
causal phenotypical and functional consequences of filaggrin deficiency, indicating
filaggrin is not only central in epidermal barrier function but also vital for epidermal
differentiation by orchestrating the expression of other important epidermal
proteins. These observations pave the way to fundamental investigations into the
exact role of filaggrin in skin biology and disease.
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Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin condition which is
characterized by itchy, dry, erythematous, plaques, and an impaired skin barrier
function. The pathophysiologic basis of AD is multifactorial, including genetic
polymorphisms, environmental stimuli, and deregulation of innate and adaptive
immunity. The seminal work from the McLean group, identifying genetic risk factors
such as loss-of-function variants in the filaggrin gene (FLG) in AD [1] and ichthyosis
vulgaris (IV) [2], has caused a paradigm shift indicating that epidermal biology and
the skin barrier proteins themselves are of importance in complex inflammatory skin
diseases like AD. The FLG gene is located at chromosome 1g21 within the epidermal
differentiation complex (EDC). This gene complex encodes proteins that are typically
involved in the terminal differentiation and cornification of keratinocytes. Profilaggrin
protein can be proteolytically degraded into filaggrin monomers and further
converted into natural moisturizing factors (NMFs) [3]. Hygroscopic NMFs maintain
epidermal hydration of the skin, and reduction of NMFs directly results in dry skin [4].
Loss-of-function variants in FLG lead to reduced levels of NMFs in the stratum corneum
(SQ) [5]. NMF levels directly correlate to filaggrin genotype and AD severity [6] and are
found to correlate with corneocyte morphology in AD patients [6]. In mouse models,
filaggrin deficiency results in barrier impairment and allergen sensitization [7].
When comparing AD patients with and without FLG variants, increased water loss
and skin permeability were found in both groups [8-10], while others report that FLG
variants do not influence transepidermal water loss (TEWL) [11]. In experimental in
vitro studies, the lack of consistency between cell sources, organotypic models, and
knockdown efficiencies have yielded contradictory evidence on the consequences
of filaggrin deficiency [11]. Although the importance of filaggrin for healthy skin
barrier development and maintenance is widely accepted, interpatient differences
complicate genotype-phenotype studies, and the short life span of primary cells in
culture limits the meticulous dissection of all functional properties of (pro)filaggrin.

To overcome these limitations, genomic engineering by the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) and CRISPR associated protein 9
(Cas9) [12-15] could be a powerful technique. Yet, the introduction of the CRISPR/
Cas9 machinery into the notoriously difficult-to-transfect keratinocytes has been
proven troublesome, although many options are seemingly available [16]. Some
CRISPR/Cas9 related work is performed in primary keratinocytes, although most of
the published research utilizes immortalized keratinocytes [17]. The immortalized
human N/TERT keratinocyte cell lines (N/TERT-1 and N/TERT-2G) have been
available [18] and our recent studies on their excellence as alternatives to primary
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keratinocytes sparked great interest in these cell lines [19]. N/TERT keratinocytes are
more amenable to transfection with foreign DNA or ribonucleoprotein complexes
(RNPs) followed by clonal expansion as they are less prone to terminal differentiation
than primary keratinocytes. Additionally, the N/TERT cells are diploid [19] in contrast
to otherimmortal lines, and thus very useful as an alternative to primary keratinocytes
in genome editing experiments.

In this study, we illustrate the complementary potential of both the human
N/TERT keratinocytes and a high efficiency CRISPR/Cas9 gene editing protocol
for generating and functionally characterizing filaggrin knockout (AFLG) isogenic
N/TERT-2G keratinocytes. The subsequent repair of the induced knockout in clonal
cell lines of identical genomic background underlines the apparent genotype-
phenotype relationship. These key and to our knowledge novel aspects of
profilaggrin expression and downstream regulation of epidermal biology have
clear implications for our understanding of skin diseases that are characterized by
the loss of filaggrin.

Methods

Culturing and freezing of human N/TERT-2G keratinocytes

Human N/TERT keratinocyte cell line N/TERT-2G, purchased from J. Rheinwald
laboratory (Harvard Medical School, Boston, USA), was cultured in Epilife medium
(MEPI500CA, ThermoFisher Scientific, Waltham, MA, USA), complemented with
human keratinocyte growth supplement (S0015, ThermoFisher Scientific) and
1% penicillin/streptomycin (P4333, Sigma-Aldrich, Saint-Louis, MO, USA). Upon
generation of the different clonal N/TERT-2G keratinocyte cell lines, they were frozen
in liquid nitrogen. In short, N/TERT-2G keratinocytes were detached from culture
plastic using 0.25% trypsin/EDTA (25200-072, ThermoFisher Scientific). A similar
amount of DMEM containing fetal calf serum (FCS) was used to stop trypsin/EDTA
activity and the cells were washed twice with DPBS (BE17-512F, Lonza Bioscience,
Basel, Switzerland) before resuspension in Epilife medium. After cell counting, the
cell suspension was diluted one-on-one with DMEM containing 20% FCS and 20%
DMSO and slowly frozen in MrFrosty freezing containers (ThermoFisher Scientific)
before moving them to liquid nitrogen storage.

N/TERT-2G human epidermal equivalent (HEE) generation
Epidermal equivalents were generated as previously described [19], with minor
adjustments. Briefly, inert Nunc cell culture inserts (141002, ThermoFisher Scientific)
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were coated with rat tail collagen (100 pug/mL, BD Biosciences, Bedford, MA, USA) at
4°C for 1 hour. A total of 1.5 x 10° N/TERT-2G keratinocytes were seeded on the
transwells in 150 pL Epilife medium (ThermoFisher Scientific) supplemented with
1% penicillin/streptomycin (Sigma-Aldrich) in a 24 wells format. After 48 hours,
cultures were switched to a mixture of CnT-PR-3D medium (CELLNTEC, Bern,
Switzerland) and DMEM medium (60:40 (v/v)) without penicillin/streptomycin for
24 hours and then cultured at the air-liquid interface for an additional ten days.
Culture medium was refreshed every other day until harvesting on day 10 of the
air-exposed phase.

Single guide RNA design, single strand donor oligonucleotide and
synthetic Cas9

Synthetic sgRNAs to knockout FLG gene and purified Edit-R Cas9 nuclease protein
(NLS, #CAS11200) were obtained from Synthego Corporation (Menlo Park, CA, USA)
and IDT Technologies (Coralville, 1A, USA), respectively. Custom synthetic Alt-R
sgRNAs and single strand donor oligonucleotide (ssODN) to correct FLG expression
were ordered from IDT Technologies. See Supplementary Table S4 for details on the
sgRNAs and ssODN used.

Electroporation of ribonucleoprotein (RNP) complexes and analysis
of editing efficiency

N/TERT-2G keratinocytes were electroporated using the NEON transfection system
10 L kit (ThermoFisher Scientific) [20]. Per electroporation condition, synthetic
sgRNA (300 ng) and Cas9 (1.5 pg) were incubated with 5 uL resuspension buffer
R for 20 minutes before adding 1 x 10° N/TERT-2G keratinocytes. After mixing the
cell suspension, the cells were electroporated using 1 pulse of 1700V for a duration
of 20 ms before immediate seeding in a 6-well plate. DNA was isolated using
the QlAamp DNA blood mini kit (51106, Qiagen, Hilden, Germany) according to
manufacturer’s protocol after reaching approximately 50% confluency and CRISPR/
Cas9 induced editing efficiency was analyzed by PCR and separation of amplicon on
2% agarose gel containing 1:10,000 GelRed nucleic acid gel stain (41003, Biotium
Inc., Fremont, CA, USA). Amplicons were purified by MinElute Gel extraction kit
(28606, Qiagen) using the manufacturers protocol and Sanger sequenced to assess
editing efficiency. Sanger sequencing reads were analyzed using the Inference
of CRISPR edits (ICE) webtool (ice.synthego.com, v2, Synthego Corporation). See
Supplementary Table S5 for details on the PCR primers used.
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Generation of clonal AFLG N/TERT keratinocytes

AFLG N/TERT-2G keratinocyte cell pool and FLG gene-corrected N/TERT-2G
keratinocyte cell pool were diluted to 1 cell per 100 pL Epilife medium and seeded
into 6 x 96-well plates, 100 uL cell suspension per well, and allowed to grow for
one week before refreshing the medium. After another week of culture, cells were
passaged, as described earlier, into 24-well plates, 6-wells plates, T25 flasks, and T75
flasks subsequently before freezing them into liquid nitrogen. Cell clonality was
assessed by Sanger sequencing and analyzing genomic DNA at the targeted FLG
locus with help of the ICE webtool (ice.synthego.com, v2, Synthego Corporation).

Results

Generation of human AFLG N/TERT-2G keratinocytes via
CRISPR/Cas9

A single guide RNA (sgRNA) was designed to target exon 3 of the FLG gene in order
to disrupt filaggrin protein expression, as schematically visualized (Figure Ta).
Immortalized human keratinocyte N/TERT-2G cells were electroporated with RNP
complex containing the FLG targeting sgRNA and synthetic spCas9 protein [20].
Targeted Cas9 introduced a double strand break typically repaired through non-
homologous end joining (NHEJ). This efficiently generated indels giving rise to
human AFLG N/TERT-2G keratinocytes as analyzed by the Inference of CRISPR Edits
webtool (ICE, http://ice.synthego.com, v2), showing 99% indels with 87% protein
knockout prediction in the cell pool (Figure 1b). 3-dimensional human epidermal
equivalents (HEEs) generated from N/TERT-2G control keratinocytes (‘FLG wild
type’) and the AFLG N/TERT-2G keratinocyte cell pool ("AFLG pool’) showed absence
of keratohyalin granules in the AFLG pool culture. Specific filaggrin protein staining
validated the partial loss of filaggrin expression (Figure 1c). We obtained clonal
cell lines by seeding single cells from the AFLG pool into 96 well plates, one cell
per well. The AFLG clonal line presented (Figure 1C) was further analyzed and used
throughout the study.

75




76 | Chapter 4

Figure 1. Generation of a AFLG N/TERT-2G clonal keratinocyte cell line. (A) Schematic
representation of the FLG knockout experiment. N/TERT-2G keratinocytes were electroporated
with RNP complex containing FLG-specific gRNA and synthetic SpCas9 protein, introducing NHEJ-
induced insertions and deletions leading to a frameshift mutation. (B) FLG gene was analyzed after
PCR amplification of the knockout locus (reverse complement sequence depicted). AFLG pool of
keratinocytes show aberrant sequence reads starting 3 nucleotides 5’ of the PAM site. (C) AFLG pool
was used to generate human epidermal equivalents (HEEs), showing partial loss of keratohyalin
granules and filaggrin expression. After clonal expansion of AFLG pool, full AFLG clonal cells (c.152del5
encoding p.P51HfsX3) show complete absence of keratohyalin granules and filaggrin protein.
Bar =100 pm.
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Characterization of FLG genotype-defined clonal N/TERT-2G
keratinocyte cell lines

After generating a number of single cell clones from the AFLG pool, we proceeded
to analyze these clones for FLG variants at the sgRNA targeted Cas9 cleavage site to
identify which clones were likely 100% knockout for FLG protein expression. Out of
14 clones isolated, 6 had mutations on both alleles but were heterozygous knockout
(data not shown) while 3 clones were predicted and validated to be fully knockout
for filaggrin protein expression (Supplementary Table S1, Supplementary Figure S1).
One particular AFLG clone demonstrated the deletion of 5 bases (c.152del5) on
both alleles, leading to a predicted p.P51HfsX3 frameshift mutation and an early
stop codon (Figure 2a and 2c). This cell line was used for further experiments
("AFLG clone’).

Genomic engineering via CRISPR/Cas9 potentially introduces off-target effects.
The CRISPOR tool [21] was used to find and rank potential sgRNA specific off-
target sites based on cutting frequency determination (CFD) score (Supplementary
Table S2). The top-5 potential off-target sites were amplified by PCR and the
amplicons were Sanger sequenced. None of the predicted off-target mutations
were found (data not shown). In addition, to prove specific genotype-phenotype
correlations we engineered a N/TERT-2G keratinocyte cell line corrected for the
5 bases deletion (‘FLG corrected’). Hereto, a AFLG clone-specific sgRNA and single
strand donor oligonucleotide (ssODN) was designed. The ssODN encodes the wild
type FLG sequence plus a silent variant (c.139-11C>T) 22 bases downstream of
the protospacer adjacent motif (PAM) to allow identification of the rescued clone
from unedited wild type cells. Through CRISPR/Cas9 induced homology directed
repair (HDR), the previously induced homozygous FLG variant would be restored
ultimately leading to reinstation of filaggrin protein expression, as schematically
depicted (Figure 2b). HDR vyielded a correction efficiency of 27% and the FLG
corrected cell pool was expanded to generate FLG corrected clones. Off-target
effects were screened again as described earlier (Supplementary Table S3), and
none were detected (data not shown).

To validate the CRISPR/Cas9 mediated genomic engineering and clonality of our
cell lines, FLG PCR amplicons were sequenced via Sanger sequencing (Figure 2c).
These results indicate clonality of the AFLG clone and the FLG corrected clone and
show the introduction of the silent intronic variant in the FLG corrected clone.
The comparison of HEEs from wild type FLG keratinocytes (HEE"T) and from the
AFLG clone (HEEA™€), demonstrated that knockout of FLG results in the absence of
keratohyalin granules and abrogated filaggrin protein expression (Figure 2d). In the
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FLG corrected clone (HEE®®), the presence of keratohyalin granules was reinstated
together with the complete recovery of filaggrin expression, as it was expected
from the protein sequences (Supplementary Table S1).

Filaggrin regulates epidermal differentiation gene and

protein expression

Next, the expression of key epidermal marker proteins was analyzed through
immunohistochemistry (Figure 3a). Interestingly, specific alterations in protein
expression profiles due to the presence or absence of FLG were observed. The
expression of involucrin (IVL) and transglutaminase 1 (TGM1) was partially lost in
HEE2F'S but restored in HEE®R, while expression of hornerin (HRNR) and keratin 2
(KRT2) was completely abrogated in HEE“™¢ and (partially) restored in HEE®FR,
The knockout of filaggrin expression therefore seems pivotal for the deregulated
expression of other differentiation proteins. Keratin 10 (KRT10), loricrin (LOR), and
late cornified envelope (LCE)2, and LCE3 were similar between HEE"T, HEE~™S, and
HEER. To assess whether the differential expression originates from transcriptional
or post-translational processes, we analyzed gene expression levels corresponding
to the investigated differentially expressed proteins. These gene expression levels
followed a similar pattern as for protein, with strong and significantly downregulated
HRNR and KRT2 levels in the AFLG clone. Gene expression of KRT2 was rescued upon
FLG correction, although HRNR expression remained downregulated (Figure 3b).
These results indicate that loss of filaggrin can lead to (sustained) transcriptional
changes in keratinocytes.
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Figure 3. KRT2 and HRNR are completely abrogated as a result of FLG knockout. (A) Immunohisto-
chemical staining for several differentiation proteins expressions shows similarities between FLG
wild type (HEE"T), AFLG clone (HEE®™¢) and FLG corrected clone (HEE®F) (upper panel). Nevertheless,
HEEA™¢ displays a downregulation of IVL and TGM1 while KRT2 and HRNR expressions were completely
lost. Upon FLG correction (HEER), the expression of IVL, TGM1, and KRT2 was completely restored,
while HRNR expression is partly restored (lower panel). (B) Quantitative PCR to analyze gene
expression of differentially expressed proteins shows minor downregulation of VL and TGMT and
major downregulation of HRNR and KRT2 in AFLG clone. FLG correction shows no effect on IVL, TGM1,
and HRNR expression, while KRT2 expression is partially restored to control levels. N=3 HEE cultures,
** p-value <0.01, **** p-value <0.0001, n.s. non-significant. Bar = 100 pm.
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Filaggrin expression is essential for epidermal barrier function

To study whether the differential gene and protein expression patterns in HEEA™C
would have functional consequences, we first performed two qualitative microscopic
analyses by small molecule permeation of lucifer yellow (for gross SC defects) and
EZ-link sulfo-NHS-LC-biotin (for qualitative tight junction functioning [22, 23]). No
apparent changes in permeation of the dyes were observed (Figure 4a). Similar to
what is known from in vivo studies in patients with known FLG deficiency [9], the
quantitative barrier analyses by electrical impedance spectroscopy (EIS, Figure 4b)
and TEWL (Figure 4c) showed a significant impairment of barrier function (lower EIS
and higher TEWL) upon FLG deficiency (HEE“F€), while functional properties were
regained upon FLG gene-correction (HEER).

Figure 4. Knockout of FLG is accompanied by subtle changes in functional barrier properties
that improve upon FLG reinstation. (A) Lucifer yellow and biotin permeation assays do not
display aberrant functional barrier properties of the 3D epidermal equivalent cultures. Nevertheless,
(B) electrical impedance spectroscopy (EIS) and (C) transepidermal water loss (TEWL) analysis show
significant improvement of barrier properties in FLG corrected keratinocytes compared to the AFLG
clone. N=3 HEE, * p-value <0.05, **** p-value <0.0001. Bar = 100 pm.

81




82

| Chapter 4

Discussion

In this study, we showcase straightforward RNP-based genomic editing in
immortalized N/TERT keratinocytes without the use of plasmids or viral vectors
that incorporate their genetic material. Because N/TERT-2G keratinocytes can be
expanded in clonal (dilution) series, there is no need for antibiotic or fluorescence
activated selection procedures, thereby CRISPR/Cas9 genome editing can be
harnessed rather easily in many research programs and may revolutionize the
investigative dermatology field. In reality, we observed that its implementation is
rather slow, based on number of publications using (immortalized) keratinocytes
compared to publications using any cell type [17]. Therefore, we deem it
important to showcase how to disrupt (and to reinstate) the protein of interest
in the immortalized N/TERT-2G keratinocyte cell line. Genome editing as we
performed utilizes NHEJ, a repair mechanism that is completely stochastic and
unpredictable, but suitable to generate random indels [24]. For subsequent specific
corrective editing we successfully employed a HDR strategy by supplying a donor
oligonucleotide carrying the desired gene-correcting DNA sequence. Given the
highly intriguing, yet partly undefined, role of (pro)filaggrin in skin barrier function
and the remaining knowledge gap on the therapeutic targeting of FLG deficiency,
we focused on the FLG gene in this proof-of-principle study by targeting its
N-terminal domain leading to a full protein knockout.

The identification of FLG loss-of-function variants and copy number variations as
genetic risk factors for AD [1, 25-27] underscores the importance of the epidermal
compartment in the pathogenesis of complex immune-mediated diseases.
Fundamental research into the role of profilaggrin in AD pathophysiology has
primarily addressed the palette of contributing profilaggrin-degrading factors [28, 29],
e.g. skin-specific retroviral-like aspartic protease (SASPase) [30], kallikrein-related
peptidase 5 (KLK5) [31], matriptase (MT-SP1) [32], and furin [33]. Further processing
of filaggrin into NMFs can be attributed to proteases like caspase 14 (CASP14) [34]
and bleomycin hydrolase (BLMH) [35]. While these studies on the breakdown
and processing of profilaggrin into filaggrin monomers and amino-acids, and
crosslinking to keratin intermediate filaments are abundant, studies on the
N-terminal domains of profilaggrin and their functions are scarce.

Analysis of the structure and functional domains of profilaggrin showed that the
N-terminal fragment of profilaggrin contains a nuclear localization signal enabling
its translocation to the nucleus before onset of terminal differentiation [36-39].
It has been hypothesized that the translocated N-terminal fragment promotes
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keratinocyte denucleation in apoptotic terminally differentiating keratinocytes [37].
In addition, the profilaggrin N-terminal fragment potentially regulates epidermal
differentiation genes, as suggested before [40], and may halt keratinocyte
proliferation upon overexpression of the profilaggrin N-terminus [39]. Similar to
our experiments on AFLG clonal keratinocytes, siRNA-mediated knockdown studies
also do not report on altered proliferation rates or epidermal thickness due to
filaggrin loss [41].

The truncated profilaggrin that is expressed in AD and IV disease-associated
genotypes (e.g., p.R501X, c.2282del4, p.R2447X) still has an unaffected N-terminus
that potentially can translocate to the nucleus. In fact, the most predominant variants
in the FLG gene are situated downstream of the A and B domains, although truncating
sequence variants have also been found in the A domain [42]. Whether these rare early
variants are also associated with atopic disease is not clear. Early truncating variants,
e.g., the deletion of 17 nucleotides (c.411del17 [43]), are located downstream of the
nuclear localization signal, suggesting a great importance of the A and (partial) B
domain of profilaggrin. Moreover this would imply that expression of truncated
profilaggrin and downstream proteolytic processing of the N-terminal part of
profilaggrin — at least including the nuclear localization signal — might be intact
in all of the known disease-associated FLG genotypes. The herein reported AFLG
keratinocytes express an incomplete N-terminal fragment that harbors only part of
the profilaggrin A domain (50 amino acids) and completely lacks the B domain. The
B domain contains a putative nuclear localization signal. These AFLG keratinocytes
could leverage a new cellular model to study the biological function of filaggrin
in the epidermis when comparing these cells to similarly created cells harboring
disease-associated FLG genotypes. This will be the subject of further research.

Our data indicate that the loss of profilaggrin expression results in altered
differentiation gene expression, e.g., HRNR and IVL are both downregulated, as was
previously shown by FLG knockdown experiments [44]. Interestingly, these genes
are commonly downregulated in AD [45] and their expression is reduced upon
stimulation with T-helper (Th)2 cytokines IL-4 and IL-13 in vitro [46-48]. Furthermore,
parallel downregulation of HRNR and FLG has been described [48], which is in line
with the data presented in this paper. The concomitant downregulation in AD may
thus not be due to merely the T helper 2-cytokine milieu, as previously suggested
[48], but also result from loss-of-function variants in FLG. In addition, we identified
other important proteins to be largely downregulated in AFLG keratinocytes. Of
particular interest is KRT2, the disease-causing gene in superficial epidermolytic
ichthyosis (or ichthyosis bullosa of Siemens) [49, 50], a congenital skin disease,
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characterized by dry skin and barrier loss [51], and recently found to be differentially
expressed in vesicular hand eczema patients [52]. We hypothesize that the
profilaggrin N-terminal fragment can fulfill a regulatory function in the epidermis.
This would explain the observed loss of specific epidermal proteins, such as KRT2,
under knockout conditions, while its loss is not reported in any of the well-studied
FLG loss-of-function variants that still express the N-terminal profilaggrin fragment.
Besides having a potential regulatory function in the epidermis, it was reported
that filaggrin might function as a structural anchoring protein in the terminally
differentiating keratinocytes [53, 54]. The loss of filaggrin then implies that other
differentiation proteins, e.g., IVL, are less stabilized and consequently more prone to
degradation by proteasomal machinery. Although this does not explain sustained
downregulation even after correction of the AFLG genotype, like seen for HRNR.

Microscopic qualitative analysis of lucifer yellow and biotin permeation did not indicate
gross functional barrier disturbance in HEEs from AFLG keratinocytes, which is in line
with our previous findings on patient-derived FLG null keratinocytes [11]. Nevertheless,
the quantitative and presumably more sensitive barrier measurements we now
performed (EIS and TEWL), indicate that the loss of filaggrin does affect barrier
properties of HEEs, which is reversed by reinstating filaggrin expression. Whether
this is directly or indirectly linked to the proposed scaffolding properties of
filaggrin [55] requires further investigation, likewise the comparison of the AFLG-
associated barrier impairment to patient-derived HEEs. Furthermore, additional
analyses could be focused at the regulation of tight junction associated genes and
proteins [10], and at the organization of structural intercellular lipid lamellae which
are considered important for functional barrier properties of the SC [6].

For the clinical translation of our findings, next steps are aimed at the reproduction
of common FLG variants (e.g., p.R501X, c.2282del4, and p.R2447X) in N/TERT-2G
immortalized keratinocytes to allow for a better comparison of genotype-phenotype
differences in organotypic skin models within an otherwise identical genetic
background. The subsequent exposure to disease-associated inflammatory mediators
or environmental factors enables the characterization of gene-environment
interactions that drive multifactorial diseases, like AD. We here present the key
technology and translational tools for generating unique human keratinocytes
to create epidermal models with defined FLG variants, in which future integrative
multiomics analysis can elucidate the modes of action by which profilaggrin controls
terminal differentiation, and potentially finding new therapeutic options for atopic
dermatitis and ichthyosis vulgaris to restore epidermal homeostasis.
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Supplemental figures

Supplementary Figure S1. Three AFLG N/TERT-2G clonal keratinocyte cell lines. After clonal
expansion of the AFLG pool, AFLG clonal cells were isolated (732-4, 732-7, and 732-13). Clonal cells
732-13 were renamed to ‘AFLG clone’ and used throughout the manuscript. In HEE culture, all of the
AFLG clonal cell lines show absence of keratohyalin granules and FLG expression, whilst epidermal
thickness between clonal cell lines varies. Bar = 100 um.

Supplemental tables

Supplementary Table S1: Genomic information on isolated clonal N/TERT-2G keratinocytes.

Name in manuscript Cellline Zygosity

"Wildtype FLG" N/TERT-2G keratinocytes Homozygous
"AFLG clone"; 732-13 AFLG N/TERT-2G keratinocytes Homozygous
732-4 AFLG N/TERT-2G keratinocytes Heterozygous
732-7 AFLG N/TERT-2G keratinocytes Homozygous
"FLG corrected" FLG corrected N/TERT-2G keratinocytes Homozygous

Supplementary Table S2: Predicted off-target sites for guide RNA to generate FLG knockout
N/TERT-2G keratinocytes
(Table available via online version: DOI: 10.1016/].jid.2023.02.021)

Supplementary Table S3: Predicted off-target sites for guide RNA to generate FLG gene-
corrected N/TERT-2G keratinocytes
(Table available via online version: DOI: 10.1016/}.jid.2023.02.021)
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FLG expression Allele 1 Allele 2 Predicted FLG protein

Yes wildtype wildtype wildtype, 4061 amino acids

No c.152_156del c.152_156del truncated, 52 amino acids

No c.148_158del c.151_160del truncated, 50 amino acids and 60 amino
acids

No c.153_154del c.153_154del truncated, 53 amino acids

Yes c139-11CT c139-11CT wildtype, 4061 amino acids
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Supplementary Table S4: Sequences of the sgRNAs and ssODN.

Target Name sgRNA sequence (5'- 3’) PAM site Strand

FLG FLG wildtype GAATCCAGATGACCCAGATA TGG -

AFLG AFLG clone ATCCATGAAGACATCAACCA TGG +

Target ssODNname  ssODN sequence

AFLG Filaggrin AATTGGCTGATAATGTGATTCTGTCTGATGCAGTCTCCCTCTGTGACTT
correction CICTCTGTACAGAATCCAGATGACCCAGATATGGTTGATGTCTTCATGG
ssODN ATCACTTGGATATAGACCACAACAAGAAAATTGACTTCACTGAGTTTCTTCT

Supplementary Table S5: PCR Primer sequences.

Gene Target name Forward primer (5’ - 3’) Reverse primer (5'-3')

FLG FLG wildtype TGGCTGATAATGTGATTCTGTC ~ CTGTTTCTCTTGGGCTCTTGG

Name Off-target site Forward primer (5’ - 3) Reverse primer (5’ - 3’)

KO_Off1  intergenic:PROM2-KCNIP3 TTGAGAAAGCTCAGGCACAC  CACTCAGGCTAGAAGCGATG

KO_Off2  intergenic:MIR873-LINC01242 CTCCAGCCAACATCAAGAAA TTTCCAAAGGGAATTGATCC

KO_Off3  intron:ELAVL2 GGACAGACATCTGCATTCATTC  TTACCAGATTGCGTCCTGTG

KO_Off4  intergenic:GMNC-OSTN AGAAGCAGGCTGACACCTTT  CCCAGTGATGAGGAATGGAT

KO_Off5 intergenic:Y_RNA-RP11- CTGTGGTTTGGTCCATTCAG GGGAGGTCTTGTCCAGTGAT
112L7.1

Cor_Off1  intron:ZC3H13 CTTCTGACGCTTCATTTCCA AACCCAACTTCCAAACAACC

Cor_Off2  intron:LINC00375 GCCAAGGTATTCAAAAGATGG ~ ACAACAAAGCCTCCCTGAAT

Cor_Off3  intergenic:AC090573.1-RP11-  CGCTCCTGCAACTTCAGTAA AGATGGCTTTGGGGAGTATG
65D17.1

Cor_Off4  intron:SLC16A9 TCCCACAAACATTCCATGAG CATCTGTGAAGGCAGGCTAA

Cor_Off5 intergenic:RP11-574016.1- GAGCCACAGAGCCTTCTTCT AGAGCTGGGATTTGAGCCTA
AC010887.1

Supplementary Table S6: Antibodies used for immunohistochemistry.

Antibody; clone Manufacturer Dilution

FLG; 1957R LifeSpan BioSciences, Inc., Seattle, WA, USA (catalog # LS-C751132) 1:200

LOR; polyclonal Abcam, Cambridge, United Kingdom (catalog # ab85679) 1:3000

KRT10; DE-K10 Progen Biotechnik GmbH 1:100

LCE2; #74 Bergboer et al 2011 [56] 1:10000

LCE3; clone 7 Abmart, Berkeley Heights, NJ, USA 1:5000

IVL; Mon150 Van Duijnhoven et al 1992 [57] 1:20

TGM1; A-5 Santa Cruz Biotechnology Inc., Dallas, TX, USA (catalog # sc-365821) 1:100

HRNR; polyclonal  Sigma-Aldrich (catalog # HPA031469) 1:500

KRT2; Ks2.342.7.4 Progen Biotechnik GmbH, Heidelberg, Germany (catalog # 65191) 1:200
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Supplementary Table S7: Quantitative PCR primer sequences.

Gene Target name Forward primer (5’ - 3’) Reverse primer (5'-3’)
hARP  Human acidic CACCATTGAAATCCTGAGTGATGT  TGACCAGCCCAAAGGAGAAG

ribosomal

phosphoprotein PO
VL Involucrin ACTTATTTCGGGTCCGCTAGGT GAGACATGTAGAGGGACAGAGTCAAG
TGM1  Transglutaminase 1T~ CCCCCGCAATGAGATCTACA ATCCTCATGGTCCACGTACACA
HRNR  Hornerin TACAAGGCGTCATCACTGTCATC ATCTGGATCGTTTGGATTCTTCAG
KRT2  Keratin 2 CGCCACCTACCGCAAACT GAAATGGTGCTGCTTGTCACA

Supplemental methods

In silico search for potential off-target effects

CRISPOR (version 4.98) [21] was used to search for potential off-target sites dependent
on the Streptococcus pyogenes derived Cas9 (SpCas9) PAM site (5'-NGG-3'), target
genome (homo sapiens GRCh38/hg38) and our specific sgRNA selection. The top-5
potential off-target sites, ranked on cutting frequency determination (CFD) score [58],
were amplified by PCR and analyzed by Sanger sequencing to assure no off-
target mutations occurred. See Supplementary Table S5 for details on the PCR
primers used.

Protein sequence prediction

EMBOSS Transeq (https://www.ebi.ac.uk/Tools/st/emboss_transeq/), a webtool
designed to predict the translation of mRNA sequence into protein amino
acid sequence was used with standard settings to predict the result of the DNA
mutations generated [59].

Morphological and immunohistochemical analysis

HEEs were fixed in 4% formalin solution for 4 hours and subsequently embedded
in paraffin. 6 um sections were stained with hematoxylin and eosin (H&E, Sigma-
Aldrich) or processed for immunohistochemical analysis. Sections were blocked for
15 minutes with 5% serum in phosphate-buffered saline (PBS) and subsequently
incubated with primary antibody against the protein of interest for 1 hour at
room temperature. Next, a 30 minute incubation step with biotinylated secondary
antibody (Vector Laboratories, Burlingame, CA, USA) was performed, followed
by a 30 minute incubation with avidin-biotin complex (Vector laboratories). The
peroxidase activity of 3-Amino-9-ethylcarbazole (AEC) was used to visualize the
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protein expression and the sections were mounted using glycerol gelatin (Sigma-
Aldrich). See Supplementary Table S6 for details on the primary antibodies used.

Transcriptional analysis

Total RNA was isolated using the Favorprep total tissue RNA kit (Favorgen
Biotech, Taiwan), according to the manufacturer’s protocol. cDNA was generated
after DNase treatment and used for quantitative real-time PCR (RT-qPCR) by use
of the MyiQ Single-Colour Real-Time Detection System (Bio-Rad laboratories,
Hercules, CA, USA) for quantification with Sybr Green and melting curve analysis.
Primers (Supplementary Table S7) were obtained from Biolegio (Nijmegen, The
Netherlands) and Merck KGaA (Darmstadt, Germany). Target gene expression levels
were normalized to the expression of human acidic ribosomal phosphoprotein PO
(RPLPO). The relative expression levels of all genes of interest were measured using
the 2-AACT method [60]. Two-way ANOVA with Tukey’s multiple comparison tests
were performed on the ACT values to assess statistical significance.

Lucifer yellow dye penetration assay

To study the outside-in SC barrier function, 20 pL Lucifer Yellow (1 mM, Sigma-
Aldrich) was applied on top of the HEEs and was allowed to incubate for
60 minutes in the dark at room temperature. HEEs were fixed in buffered 4%
formalin solution, embedded in paraffin and sectioned. 6 um sections were
deparaffinized and mounted with Fluoromount-G, containing DAPI (eBioscience
Inc. San Diego, CA, USA).

Biotin penetration assay

To study the inside-out SC barrier function, the HEEs were turned upside down
and 20 pL EZ-link sulfo-NHS-LC-biotin (3.3 mg/mL, Thermo Fisher Scientific,
Waltham, MA, USA) was applied on the bottom of the filters and allowed to
incubate for 60 minutes at room temperature. HEEs were fixated in buffered 4%
formalin solution, embedded in paraffin and sectioned. 6 um sections were
deparaffinized and incubated for 30 minutes, in the dark, with 1:200 Alexa Fluor
594 streptavidin (Thermo Fisher Scientific) conjugate. The sections were mounted
with Fluoromount-G containing DAPI.

Electrical impedance spectroscopy (EIS) and transepidermal water
loss (TEWL)

Whereas transepithelial electrical resistance (TEER) measurements are suitable for
detecting barrier properties related to tight junction presence and functionality,
EIS is more suitable for epidermal equivalent cultures as it is a composed measure



Investigations into the FLG null phenotype |

of TEER and electrical capacity of the cell compartment. EIS was measured using
the real-time impedance detector Locsense Artemis (Locsense, Enschede, The
Netherlands) equipped with SmartSense lid for monitoring cells in conventional
transwell plates containing inserts. After lowering of day 10 air-exposed HEE
cultures to the middle position of the culture plate, 500 uL of PBS was added on
top and 1100 pL PBS was added beneath the transwell filter. Following calibration,
continuous impedance (Q) was measured while sweeping frequency from 10Hz to
100.000Hz. Afterwards, measured impedance was corrected for blank impedance
per electrode and corrected for culture insert size (0.47 cm?), resulting in impedance
per cm? values (Q/cm?). Subsequently, measured phase values along the same
frequency reach were used to pinpoint the frequencies where contribution of
cellular capacity was relatively limited. Mean impedance per cm? at these three
frequencies was used to calculate relative differences between conditions. Two-way
ANOVA with Tukey’s multiple comparison test was performed to assess statistical
significance. TEWL was measured, after equilibration of the HEE cultures to room
temperature, using the Aquaflux AF200 (Biox, London, UK) on day 10 of the air-
exposed phase of the HEE culture, as described before [11]. Unpaired parametric
t test was used to assess statistical significance.
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Abstract

3-dimensional human epidermal equivalents (HEEs) are a state-of-the-art
organotypic culture model in preclinical investigative dermatology and regulatory
toxicology. Here, we investigated the utility of electrical impedance spectroscopy
(EIS) for noninvasive measurement of HEE epidermal barrier function. Our setup
comprised a custom-made lid fit with 12 electrode pairs aligned on the standard
24-transwell cell culture system. Serial EIS measurements for seven consecutive
days did not impact epidermal morphology and readouts showed comparable
trends to HEEs measured only once. We determined two frequency ranges in the
resulting impedance spectra: a lower frequency range termed EISYf correlated
with keratinocyte terminal differentiation independent of epidermal thickness,
and a higher frequency range termed EIS*¢ correlated with stratum corneum
thickness. HEEs generated from CRISPR/Cas9 engineered keratinocytes that lack
key differentiation genes FLG, TFAP2A, AHR or CLDNT confirmed that keratinocyte
terminal differentiation is the major parameter defining EISYf, Exposure to
proinflammatory psoriasis- or atopic dermatitis-associated cytokine cocktails
lowered the expression of keratinocyte differentiation markers and reduced EIS¥f,
This cytokine-associated decrease in EISYf was normalized after stimulation
with therapeutic molecules. In conclusion, EIS provides a noninvasive system to
consecutively and quantitatively assess HEE barrier function and to sensitively and
objectively measure barrier development, defects and repair.
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Introduction

Intact physical barriers are of highest importance for our body to define a
biophysically enclosed environment. The skin, our largest barrier organ, serves a
dual role: it forms an outside—in barrier, protecting the insides of our body from
mechanical damage and environmental triggers, and it protects the epidermis and
subjacent tissues from dehydration as an inside-out barrier. Barrier functionality
is achieved most prominently by a highly organized physical barrier, constituted
of tight junctions in the stratum granulosum and corneodesmosomes in the
stratum corneum [1]. Stratum corneum corneocytes also are coated with a heavily
crosslinked cornified envelope [2] and the intercellular space between is filled with
lipids, generating a hydrophobic environment [3]. Next to this physical barrier,
the additional chemical, microbial and immunological barriers complete the
multifaceted barrier function of mammalian skin [4, 5].

The importance of the skin barrier is apparent from its malfunction in common
skin diseases, like psoriasis and atopic dermatitis. The disease-associated pro-
inflammatory milieu also negatively affects keratinocyte differentiation and impairs
tight junction and corneodesmosome function [6-8]. Next to these multifactorial
diseases, monogenic diseases caused by mutations in skin barrier-related genes
illustrate the devastating effects of impaired skin barrier function on our health
and wellbeing [9, 10]. Aside from these intrinsic factors, environmental factors
including exhaust fumes or detergents influence the skin barrier function of
healthy individuals and patients [11]. Determining the functional consequences
of such genetic and environmental risk factors on the skin barrier will aid in our
understanding of disease pathogenesis and may help in the possible future
prevention of disease onset or exacerbation.

To investigate skin barrier function, in vitro organotypic skin and human epidermal
equivalents (HEEs) have become a mainstay approach. By mimicking epidermal
barrier morphology and function, HEEs offer advantages over in vitro monolayer
cultures that lack epidermal stratification and stratum corneum formation. In
addition, HEEs are considered relevant alternatives to in vivo animal models that
prompt ethical questions and require depilation to measure biophysical barrier
function. HEEs are used from fundamental research to preclinical drug testing to
regulatory toxicology in a broad range of applications [5, 12].

To assess skin barrier function in HEEs, various technologies can be used ranging from
mathematical penetration modelling [13, 14] and computational simulation of lipid
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organization [15] to ultrastructural imaging [16] and measuring gene and/or protein
expression. In a recent consensus paper, we and others have discussed the requirements
and methodologies for barrier studies in organotypic skin models [17]. In summary,
functional barrier assessment using Franz cell diffusion and permeation flux studies
provide most accurate estimates of the outside-in barrier [18-20]. On the other
hand, water evaporation (e.g. trans—epidermal water loss (TEWL)) is considered
most relevant to describe inside-out barrier function [17, 21]. Unfortunately,
these methods are often labor intensive and rely on highly specific expertise and
equipment (Franz cell diffusion assay), are poorly standardized (transepithelial
electrical resistance (TEER), TEWL) or require destructive endpoint measurements
(permeation studies) (Table S1). Furthermore, the mechanistic correlation of such
measurements to skin barrier function often remains unclear [8].

Electrical impedance spectroscopy (EIS) has been developed and implemented
for the assessment of skin barrier function in vivo and appears to correlate well
with disease severity of atopic dermatitis lesions [22]. For assessment of in vitro
barrier function, EIS has been implemented for gut, airway and neuroepithelial in
vitro cultures [23, 24] and ex vivo pig ear skin models [25]. Explorative studies have
applied EIS in in vitro epidermis models [26, 27] and link EIS to viable epidermis
and stratum corneum barrier properties [27]. Yet, a comprehensive study which
extensively assesses EIS applicability and its relation to skin barrier properties in
a broad range of experimental models and disease conditions is missing. Here,
we demonstrate and validate the use of EIS as a reproducible, noninvasive and
quantitative high-throughput system for HEE barrier assessment and assess its
correlation to epidermal barrier physiology.

Methods

Cell culture

Human primary keratinocytes were isolated from surplus human skin obtained
through plastic surgery according to the principles and guidelines of the principles
of Helsinki. From the skin, biopsies were taken and keratinocytes were isolated
as described previously [28]. N/TERT-2G keratinocytes were a kind gift of James
Rheinwald, Brigham’s Woman hospital [29] and were cultured as monolayers in
CnT-prime (CELLNTEC, Bern, Switzerland, CnT-PR) until confluent before use in HEE
cultures [30]. Knockout N/TERT-2G cell lines were generated through CRISPR/Cas9
and validated previously (FLG [31], CLDN1 [32], TFAP2A [33], AHR [33]).
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Generation of HEEs

HEE cultures were performed as previously described [31]. In short, cell culture
inserts in a 24-wells carrier plate (Nunc, Thermo Fisher Scientific, 141002) were
coated using 100 pg/mL rat tail collagen (Sigma-Aldrich, C3867) for 1 hour at 4°C.
After phosphate-buffered saline (PBS) washing the filters, 150,000 cells were seeded
and submerged in CnT-prime medium (CELLNTEC, CnT-PR) at the lowest insert
stand. After 48 hours, the medium was switched to differentiation medium (40%
Dulbecco’s modified Eagle’s Medium (Sigma-Aldrich, D6546) and 60% 3D barrier
medium (CELLNTEC, CnT-PR-3D)) and 24 hours afterwards the HEEs were lifted to
the highest stand and air-exposed, and medium was refreshed every other day.
For stimulation experiments, IL-4, IL-13, IL-17A or IL-22 (50 ng/mL per cytokine,
Peprotech, Rocky Hill, NJ, USA, 200-04/200-13/200-17/200-22) supplemented with
0.05 % bovine serum albumin (Sigma-Aldrich, A2153) were added to the medium
of HEEs of primary keratinocytes from day 5 of air exposure until day 8. AHR ligands
(Table S2) were supplemented in the culture medium as previously described [34].

EIS measurements

Forthe EIS measurements the Locsense Artemis (Locsense, Enschede, the Netherlands)
device was used and equipped with a custom-made incubator compatible smart lid.
The Artemis consists of a detector element that is connected to the smart lid with
electrodes aligning to the two middle rows of a 24-well plate. A laptop equipped
with the Locsense Artemis monitoring software (version 2.0) displays the readouts.
During the measurements each well contains two electrodes: one disc-shaped
4.2 mm diameter electrode situated in the center of the transwell insert and a
rod-shaped 1.9 mm diameter electrode passing sideways of the transwell insert.
Before measurements, HEEs were acclimated to room temperature and cultures
were lowered to the middle position in the transwell plate while 1600 pL PBS at
room temperature was added below and 500 pL PBS on top of the filter. Thereafter,
the smart lid was placed on the wells ensuring both electrodes being submerged.
Following device self-calibration, impedance was measured over a frequency range
from 10 Hz to 100,000 Hz in 30 logarithmic intervals. Measurement output contains
impedance as well as phase values. Phase values can be interpreted as raw values,
while a PBS only blank measurement was subtracted from the corresponding
electrode of the impedance output. For further specific considerations during
measurements, see technical recommendations. For EIS4f (127-2212 Hz) and EIS*¢
(28,072-100,000 Hz) the area under the curve was calculated using the respective
frequency ranges.
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Immunohistochemistry

For histological processing, 4 mm biopsies were fixated in 4 % formalin solution for
4 hours and embedded in paraffin. Afterwards, 6 um sections were deparaffinized
and either stained with hematoxylin (Klinipath, 4085.9005) and eosin (Klinipath,
4082.9002) or by antibodies listed in Supplemental Table S3 followed by avidin-
biotin complex (Vectastain, AK-5000). Epidermal thickness specifies the average
of three measurements on H&E stained sample pictures while stratum corneum
thickness was determined by subtracting epidermal from total construct thickness.
Protein expression was quantified with ImageJ following sections C-E of [35] by
freehand selecting the viable epidermis and measuring the “area” i.e. number of
staining—positive square pixels.

Statistics

Datasets were analyzed using the GraphPad Prism 10 software version 10.1.1. All bar
plots are shown as mean + standard error of the mean and significance testing was
performed using one—-way analysis of variance (ANOVA) in combination with Dunnett
correction for multiple testing and unpaired t-testing (exclusively in figure 2c, d,
5b and c). Differences under p value < 0.05 were considered statistically significant,
p value > 0.05 was considered not significant, * p value < 0.05, ** p value < 0.01,
*** p value < 0.001.

Correlation analysis of EIS to protein expression and HEE morphology
Correlation analysis was conducted using simple (epidermis thickness and stratum
corneum thickness) and multiple linear regression modelling (protein expression)
in Graphpad Prism and the R programming language (version 4.2.3) [36] with the
psychometric package [37]. All correlation analysis were conducted with individual
replicates, figures depict replicate averages for readability.

Results

Development of an EIS device for in vitro HEE application

For quantitative and reproducible in vitro skin barrier analysis we sought to develop
and validate an EIS devise for use in HEEs. The system comprises a smart lid with
fixed gold-plated electrodes that are customized to fit the individual wells of a
Nunc carrier plate with cell culture inserts. The setup enables standardized and
automated measurements with a run time of 2 minutes per well for a maximum
of 12 wells (within a 24 well-plate format). To perform the measurements, the
smart lid with fixed electrodes is placed onto the HEE-carrying culture plate and
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the connected measurement device (Figure 1a). The electrodes apply a very low
alternating voltage V in a frequency range from 10 Hz to 100 kHz through the
culture while measuring the amplitude and phase shift of the resulting alternating
current /. The EIS device returns the impedance, which reflects the opposition to an
alternating current over time:

40
()

Impedance and phase spectra are reported in the form of a Bode plot (Figure 1b, ).

Impedance Z =

For quantitative analysis of EIS spectra, an electrical equivalent circuit model
of the examined culture system is required. In conventional 2-dimensional
monolayer cultures, there are two main routes of the current: a paracellular, which
is determined by the ionic conductance of cell junctions serving as a paracellular
resistance (R), and a transcellular, which consists of the resistance and capacitance
of apical and basolateral membrane R, Rg and C,, C)) next to the resistance of the
cytoplasm R, [38, 39] (Figure 1d). In a simplified model, both membranes can be
Cell and CCeII
resistance R_, and the low cytoplasmatic resistance R results in paracellular flux
being determined by the cellular capacitance C_, [38]. In 3-dimensioanl HEEs,
multiple individual cell layers result in a parallel series of n resistor-capacitor

reduced to R respectively. In 2-dimensional monolayers, the high cellular

electrical circuits [26]. While we speculate R, RCyt’ Rea and C, to be changing
depending on cell-cell contacts, differentiation status and the cell shape in the
Cell Cell and RCy( to be

persistent in 3-dimensional (Figure 1e). Lastly, the resistance of the culture medium

corresponding layer, we assume the dominance of C_, over R

R and the electrodes, acting as pure capacitors with a capacitance C_, conclude

Medium EI

the electrical circuit.

These electrical circuit elements also determine the generated impedance spectrum
(Figure 1f) [38]. Both, R
determined by the chosen setup and device. The variable parameters paracellular

and C, are fixed parameters whose characteristics are

Medium

resistance R, and cellular capacitance C_, are determined by the measured cells and

Cell
the chosen culture system (monolayer vs 3-dimensional organoid). They influence
the height and frequency span of a midrange plateau and the onset of its decline
[40] (Figure 1g, h). To link EIS to epidermal barrier properties, we determined two
frequency ranges in the HEE impedance spectrum approximately indicating R, and
C.., contribution, EISYff (127-2212 Hz) and EIS*¢ (28072-100000 Hz) respectively,
which we analyzed by calculating their area under the curve [38] (Figure 1i).



Electrical impedance spectroscopy quantifies skin barrier function | 105

Figure 1: Design and function principle of a custom-made EIS device fitting the HEE culture
system. (A) Schematic overview of the EIS setup on HEE cultures. (B) Impedance and (C) phase
spectrum of a fully-developed NHEK HEE culture after 8 days of air exposure. (D) Extended electrical
equivalent circuit of an epidermal monolayer culture made up of the capacitance of the electrodes C,,
paracellular resistance R, transcellular resistance of cytoplasm Rcw apical and basolateral membrane
R, Ry as well as their capacitance C,, C, and the resistance of the medium Ryeqium (@dapted from [40]).
(E) Simplified electrical equivalent circuit of an HEE with the capacitance of both membranes taken
together as C_, which together with R, extends to a series of n parallel circuits in multilayered
3-dimensionalculture systems (adapted from [39] and [26]). (F) Schematic overview indicating the
contribution of individual electrical circuit parameters to the impedance spectrum (adapted from [38]).
(G, H) Simulated impedance spectra illustrating the influence of changes in (G) paracellular flux
(R;) and (H) transcellular flux (C_,) (adapted from [40]). (i) EIS impedance spectrum displaying ElSdiff
(127-2212 Hz) and EIS*¢ (28072-100000 Hz).
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Serial measurements show increased electrical resistance without
affecting HEE development

To determine whether EIS can be used to monitor the development of HEEs
noninvasively, serial measurements were performed over consecutive days of
immortalized N/TERT-2G keratinocyte air-liquid interface culture. When comparing
serial with end point measurements performed directly before harvesting, EIS
spectra showed similar trends (Figure 2a, b) and differences in EIS®fand EIS* were
not significant (Figure 2¢, d). Morphological analysis by hematoxylin and eosin
(H&E) staining did not indicate destructive effects of EIS in endpoint or in serial
measurements (Figure 2e, top panel). In addition, neither keratinocytes proliferation
capacity (Ki67 staining), expression of differentiation proteins (involucrin (IVL) and
filaggrin (FLG)), nor the expression of stress—related markers (keratin 16 (KRT16)
and skin-derived antileukoprotease (SKALP)) were changed by EIS measurements
(Figure 2e). Of note, expression levels of SKALP and the proliferation marker KRT16
are known to be higher in neonatal-derived immortal N/TERT-2G than in primary
adult keratinocytes [28, 30]. To further evaluate EIS’ reliability, HEEs were subjected
to EIS measurements six times within one hour (Figure 2f), clearly indicating a very
high repeatability. When checking for potentially delayed cytotoxic effects, HEEs
harvested 24 hours after repeated EIS measurements showed no morphological
signs of cytotoxicity and continuing maturation, as seen by the formation of
additional epidermal layers (Figure 2g).

Different electrical impedance spectra can be linked to keratinocyte
differentiation and stratum corneum thickness

The EIS device measures impedance over a broad range of frequencies, which we
sought to correlate with epidermal barrier properties. For this, we determined EIS
and EIS¢ of HEEs during barrier development (Figure 3a-c) and performed
correlation analysis with principle epidermal barrier compartments (Figure 3d-g).
We observed the thickness of viable epidermal layers to be increasing from
day 1-10 before decreasing at day 12 and 14 (Figure S1a, b), which correlated with
EISY but not with EIS* (Figure 3d, e). At the same time stratum corneum thickness
did not correlate with EIS¥® but strongly correlated with EISS¢ explaining 62 % of its
variance (Figure 3f-g). Since keratinocyte terminal differentiation plays a major role
in the formation of the skin barrier, we also investigated the protein expression of
essential terminal differentiation proteins in relation to EISYf (Figure 3h-I). EISf
correlated with the quantified expression of keratinocyte differentiation markers
FLG and IVL which increased in early days of HEE development before decreasing after
maturation at day 14 (Figure 3h-j). Expression of the tight junction proteins, claudin 1
(CLDN1) and claudin 4 (CLDN4) could not be linked to EIS®® (Figure 3h, k-I).
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Figure 2: Relative EIS measurements are reproducible and do not impair HEE development.
(A, B) EIS impedance spectra during HEE development with constructs being harvested (A) directly
after measurements (endpoint measurements) and (B) at day 10 of air exposure (serial measurements).
Each timepoint averages three biological replicates. (C) Comparison of EIS¥ and (D) EIS*® between
endpoint and serial measurements. (E) Histological comparison of HEEs undergoing endpoint or
serial EIS measurements based on general morphology (H&E staining), differentiation status (FLG, IVL
expression), proliferation (Ki67) and stress response (SKALP, KRT16). Pictures represent three biological
replicates at day 10 of air exposure and taken at either 20x (Ki67) or 40x magnification. Size bars
indicate 100 um. (F) Impedance spectrum of HEEs (n = 3) measured 6 times within 1 hour at day 6 of
air exposure. (G) Histological comparison of HEEs measured 6 times in 1 hour, either harvested directly
or 24 hours after EIS measurements. Pictures represent three biological replicates and were taken at
40x magnification. Size bar indicates 100 pm.
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When investigating the contributions of FLG, IVL, CLDN1 and CLDN4 altogether,
CLDN1 and CLDN4 were not observed contributing to EISf during HEE
development and did not add additional explanatory value to the correlation
model (Figure S1c, d). The expression of FLG, IVL and their collaborative interaction
on the other hand together could explain 76 % of EIS®f (Figure S1e, f).
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< Figure 3: During HEE development, EIS? correlates with keratinocyte differentiation and
epidermal thickness while EIS¢ correlates with stratum corneum thickness. (A) Endpoint-
measured impedance spectra, (B) EISYfand (C) EIS during HEE development. Each timepoint
represents three biological replicates and EIS®fand EIS*® were compared to 10 day air-exposed
cultures. (D - G) Correlation of epidermal thickness with (D) EIS®® and (e) EIS*® and stratum corneum
thickness with (F) EIS®f and (G) EIS*C. Each timepoint averages three biological replicates, R? values
and significances indicate the correlation of individual replicates. (H) Staining of general morphology
(H&E), keratinocyte differentiation (FLG, IVL) and cell-cell adhesions (CLDN1, CLDN4) during HEE
development. Pictures represent three biological replicates and were taken at 40x magnification. Size
bars indicate 100 pm. (I - L) Correlation of (I) FLG, (J) IVL, (K) CLDN1 and (L) CLDN4 protein expression
with EIS¥, Each timepoint averages three biological replicates, R? values and significances indicate the
correlation of individual replicates.

Cytokine stimulation proves that EIS‘ is independent of

epidermal thickness

After examining EIS in epidermal homeostasis we aimed to study the relevance of
EIS in the context of disturbed homeostasis and to deepen our investigation into
the correlation between EIS®f, epidermal thickness and terminal differentiation.
Therefore, HEEs from normal human epidermal keratinocytes (NHEKs) were
stimulated with single cytokines (interleukin—-(IL-)17A or IL-22) or cytokine mixes
(IL-17A + IL-22 and IL-4 + IL-13) to mimic a proinflammatory milieu that is known
to affect keratinocyte proliferation (IL-4, IL-13, IL-17A), the cell volume (IL-22), and
terminal differentiation (all cytokines) (Figure 4a). We hypothesized that if EISYff
would merely quantify epidermal thickness, cytokines known to increase epidermal
thickness would increase EISYf, Nevertheless, while IL-4 + IL-13 stimulation of HEEs
significantly increased epidermal thickness, a reduction of EISYf was observed
(Figure 4b, d). Stimulation with IL-17A did not change epidermal thickness but
resulted in increased EIS“fand EIS*C (Figure 4b-d). In contrast, IL-22 did not
induce any changes in EIS4f, while significantly increasing the epidermal thickness
(Figure 4b-d). Correlation analysis furthermore showed no correlation between
epidermal thickness and EISYf (Figure 4e). To reassess the relationship between
EISYffand terminal differentiation, we analyzed the expression levels of key terminal
differentiation proteins FLG and IVL which are known to be reduced in human skin
related to barrier defects, and known to be affected upon stimulation with IL-4 +
IL-13 cytokines in vitro [41].

Indeed, decreased expression levels of FLG and IVL as well as unchanged levels
of CLDN4 in HEEs treated with IL-4 + IL-13 cytokines (Figure 4g) corresponded to
reduced EIS4f (Figure 4b). On the other hand, IL-17A treatment, which is known to
strengthen tight junction function [42], significantly increased EIS¥f, while epidermal
thickness and FLG and IVL expression appeared unchanged (Figure 4b, d, g). This
again indicates EISYf to quantify the complex dynamics of terminal differentiation
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and skin barrier formation rather than mirroring epidermal thickness. Quantifying
FLG and IVL protein expression was not sufficient to model EIS¥f behavior (data not
shown), indicating that the complex effect of cytokines on epidermal barrier function
cannot be explained by the expression of FLG and IVL alone. EIS*¢, however, was also
found here to significantly correlate with stratum corneum thickness (Figure 4f).
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< Figure 4: Stimulation with cytokines proves EIS“f-determined barrier function to be
independent of epidermal thickness. (A) Endpoint-measured impedance spectra, (B) EISf and
(C) EIS*C of cytokine-stimulated HEEs at day 8 of air exposure. Each condition represents three
biological replicates and EIS¥f and EIS*® were compared to control. (D) Epidermal thickness of
cytokine-stimulated HEEs as compared to control. Correlation of (E) epidermal thickness to EIS¥fand
(F) stratum corneum thickness to EIS*C. Each condition averages three biological replicates, R? values
and significances indicate the correlation of individual replicates. (G) HEEs stained for differentiation
(FLG, IVL) and cell-cell adhesion (CLDN4) and proliferation (Ki67) proteins. Pictures represent three
biological replicates and were taken at 20x (Ki67) or 40x magnification. Size bars indicate 100 pm.

Knockout out of epidermal differentiation and cell-cell adhesion
genes links EISf to HEE differentiation

To further test our hypothesis that keratinocyte terminal differentiation significantly
defines EIS, we knocked out key epidermal differentiation proteins by clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated

protein 9 (Cas9)-mediated genome editing through nonhomologous end-joining.
We created keratinocyte cell lines lacking terminal differentiation protein FLG [31],
tight junction protein CLDN1 [32] or transcription factors known to coordinate
terminal differentiation namely aryl hydrocarbon receptor (AHR) [33] and
transcription factor activating enhancer binding protein 2 alpha (TFAP2A) [33]. All
knockout lines showed a reduction in EIS®fand EIS¢ (Figure 5a-c). Notably, CLDN1
knockout caused reduced EISUf but showed increased EIS*¢ in concordance with
observed parakeratosis and increased stratum corneum compaction (Figure 5d).
FLG expression was clearly decreased in AHR, TFAP2A and CLDN1 knockout lines
and completely absent in the FLG knockout line (Figure 5d). Expression of IVL was
decreased in all knockout cell lines, except the FLG knockout. CLDN1 (only fully
absent in CLDN1 knockout) and CLDN4 expression appeared unchanged related
to the epidermal cell layers which were affected by all genotypes as compared to
control (Figure 5d). Hence, we conclude that EISfis strongly determined by the
degree of epidermal terminal differentiation.

EIS detects therapeutic response in proinflammatory IL-4 + IL-13
epidermis model

Besides detecting or monitoring epidermal defects, reversing these defects is a
key component in the treatment of inflammatory skin diseases and an important
parameter in the development of potential novel therapeutics. Therefore,
we investigated if EIS can measure the reversal of barrier defects for future
implementation in pre-clinical drug screening. For this we chose pharmacological
molecules known to activate AHR, a key regulator of epidermal differentiation
(Figure 5d) and novel target for topical anti-inflammatory treatment [43, 44].
Hereto, IL-4 and IL-13 stimulated HEEs were additionally treated with an array
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Figure 5: Knockout of genes involved in keratinocyte differentiation and cell-cell adhesion
decreases EIS9f, (A) Endpoint-measured impedance spectrum, (B) EIS?" and (C) EIS*C of HEEs with
knockout of target gene at day 10 of air exposure. Each condition represents three biological replicates
and EIS®™ and EIS*¢ are compared to control. Each (D) HEEs stained for differentiation (FLG, IVL) and
cell-cell adhesion (CLDN1, CLDN4) proteins. Pictures represent three biological replicates and were
taken at 40x magnification. Size bars indicate 100 um.

of AHR-activating ligands (L1-5) known to have a therapeutic effect, next to
structurally-related nonactivating compounds (M1-2) (Table S2). AHR-activating
compounds resulted in restored IL-4 + IL-13-impaired EIS¥" and EIS* impedance
spectra, indicating capability of EIS to measure the AHR-dependent repair of skin
barrier defects (Figure 6a—c). Compounds that do not activate AHR signaling (M1-2)
did not restore the cytokine-mediated reduction in EIS (Figure 6a—-c). In fact, these
compounds known to block endogenous AHR signaling further decreased EIS*¢
significantly with similar trends in EISYf, Since we now confidently determined
that EISYf measurements correlate with keratinocyte differentiation, we assumed
that expression levels of differentiation proteins FLG and IVL would also correlate
with the rescue in EISY® by AHR ligands. This we could demonstrate clearly for IVL,
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as AHR agonists were partially able to restore the dampened IVL expression by IL-4
and IL-13. AHR-binding but nonactivating compounds (M1-2) did not restore IVL
expression (Figure S2a). FLG protein levels followed a similar expression pattern as
IVL albeit differences were less pronounced. Again, the expression of tight junction
protein CLDN4 remained unchanged throughout treatments (Supplemental Figure 2)
confirming earlier results.

Figure 6: EIS detects therapeutic AHR response in a proinflammatory epidermis model.
(A) Endpoint-measured impedance spectrum, (B) EIS¥f and (C) EIS* of HEEs stimulated with IL-4
and IL-13 cytokines alone and in combination with AHR activating therapeutic compounds at day 8
of air exposure. Each condition represents three biological replicates and EIS¥f and EIS¢ of control
conditions and AHR-binding compounds are compared to IL-4 + IL-13 stimulation.
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Discussion

In this study, we investigated the applicability of EIS to assess skin barrier function
in 3-dimensional HEE in vitro organotypic epidermis models. EIS proved an easy
to handle and noninvasive system to obtain real-time quantitative readouts
correlating to functional barrier properties.

While fit here to the Nunc carrier plate system, the device can be customized
to various transwell cell culture platforms. Running costs are low and the
measurements are performed in a semiautomated fashion. The fixed electrode
setup additionally standardizes the measurements and produced results are
highly repeatable when taking into account that electrical impedance readouts
depend on cell passage number, culture medium and temperature [39]. Reported
readout trends are reproducible while absolute values have been observed to differ
between replicated experiments. Sample readouts therefore need to be correlated
with controls within the same experiment (see technical recommendations). While
endpoint measurements cater to less variance, measurements can be performed
and repeated in high quantities at virtually any time during HEE culture without
harming tissue integrity. With current functional barrier assessments structurally
relying on invasive endpoint measurements (permeation studies, Franz cell
diffusion assay) and / or being laborious and sensitive to handling (Franz cell
diffusion assay, TEWL, TEER), EIS provides a noninvasive, semiautomated and
reproducible alternative.

EIS measures a broad range of frequencies in contrast to single frequency TEER
measurements [39, 45] therefore being able to capture different functional
skin barrier parameters. For quantitative analysis, experimentally obtained
impedance spectra are usually fit to the corresponding electrical circuit model
to isolate individual electrical parameters [46]. To aid biologic interpretation, we
here chose to correlate the obtained impedance spectra with known biological
barrier properties. Theoretical considerations in combination with our own data
highlighted two frequency ranges which we described through calculating their
area under the curve.

Frequencies on a plateau around 100-2000 Hz were termed EISYf as they
quantified differentiation in viable keratinocytes as assessed by the expression of
differentiation markers FLG and IVL, which together predicted 76 % of EIS®" during
HEE development. While EIS®f exhibits clear independence of viable epidermis
and stratum corneum thickness, a correlation with tight junction function remains
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uncertain. On the one hand, EISY® was observed to be independent from CLDN1
and CLDN4 protein expression during HEE development and cytokine stimulations.
ACLDN1 HEEs exhibit a strongly reduced EIS®f, but this can be explained by a
concomitant reduced expression of keratinocyte differentiation markers as CLDN1
knockout is known to alter pro-FLG processing [47]. On the other hand, EISHf
frequencies overlap with R impedance contribution, with R, being the electrical
circuit model element to describe the resistance of tight junctions [39]. Furthermore,
during IL-17A cytokine stimulation EIS®f increased independent of differentiation
protein expression, which could be a result of an IL-17A strengthening effect on
tight junction function [42]. In conclusion, EISH® uniquely quantifies keratinocyte
differentiation independent of CLDN1 and CLDN4 protein expression, however
a contribution of tight junction function cannot be ruled out since sole protein
expression does not entirely mirror tight junction functionality [48, 49].

Frequencies of a higher frequency range between 20,000 Hz and 100,000 Hz were

termed EIS*¢ and overlap with C__, a parameter describing ability of a cell to store

Cell’
an electrical charge. EIS*¢ conclusively quantifies stratum corneum rather than
complete HEE thickness. However, further experiments should investigate the

relationship between EIS*S, lipid organization and stratum corneum composition.

This study used EIS to assess HEE skin barrier function during formation, to study
the effects of single genes and to assess skin barrier function under inflammatory
conditions and treatment. EIS was able to measure the defects induced by
knockout of cardinal differentiation—-driving transcription factors (AHR and TFAP2A)
and differentiation effector genes (FLG). The observed defects were congruent with
other barrier function assessments reporting an elevated TEWL in ATFAP2A and
AFLG HEEs and in human FLG loss—of-function variants [31, 33, 50, 51]. Cytokine-
induced proinflammatory conditions resulted in keratinocyte differentiation
deficiencies and changes in stratum corneum thickness, which could be captured
and quantified by EIS. The IL-4 + IL-13 induced decrease in EISYf and EIS*C in vitro
also replicates the in vivo situation where the IL-4 and IL-13 driven skin disease
atopic dermatitis is accompanied by elevated TEWL and decreased EIS values
measured on in vivo patient skin [22, 52-54]. In vivo, EIS can also detect therapeutic
improvements of atopic dermatitis associated with improvements in clinical scoring
and reduced expression of inflammatory biomarkers [22, 55] similar to the detected
therapeutic improvements in our in vitro atopic dermatitis model.

To conclude, we propose EIS to be a valuable tool to noninvasively study epidermal
barrier function in organotypic skin models. The dual viable epidermis/stratum



116 | Chapter 5

corneum barrier assessment and the quantification of keratinocyte differentiation
are, to our knowledge, singular across all barrier evaluation techniques. The
proposed semiquantitative EIS analysis is easy to replicate and uniquely correlates
impedance readouts with biological barrier properties. We suggest EIS to be
especially suited for longitudinal studies of barrier development, keratinocyte
differentiation and barrier-disrupting skin diseases including preclinical
therapeutic studies. In addition, EIS can be used in multi-cell type models to
investigate the interplay between epidermis, extrinsic and intrinsic factors,
potentially in combination with patient-derived cells, immune cells and/or
bacteria. The possibility to correlate in vitro and in vivo EIS measurements facilitates
a unique translational approach from bedside to bench and back.

Technical recommendations
To ensure optimal, reproducible EIS measurements without compromising culture
integrity, we propose several guidelines for implementing EIS in the laboratory:

- Measurements depend on temperature and ion content of the surrounding fluid.
To ensure maximum comparability between conditions, use an isotonic buffer
solution (e.g. phosphate-buffered saline (PBS)) and allow samples to adjust to
room temperature for at least 30 minutes before measurements.

« To minimize variation when performing serial measurements at various days of
the cell culture, the time of topical exposure to PBS should be kept minimal and
PBS should be carefully removed after measurements to maintain the air-liquid
interface as much as possible for proper barrier formation and function.

- Before commencing measurements, blank measurements on PBS only or empty
filters should be performed, as this provides information on intrinsic capacitance
of the electrodes and the resistance of PBS and filters. When analyzing the
results, blanks should be subtracted from measured sample values.

- Previous publications have normalized EIS based on the surface area of the
used cell culture system using various methods [56-58]. Considering the lack
of consensus, we report uncorrected EIS values and the surface area of HEEs
(0.47 cm?) to aid comparisons.

« Control conditions should be taken along for each individual experiment
and measurement time point to interpret relative changes in preference to
absolute values.

« EISYf (127-2212 Hz) and EIS* (28,072-100,000 Hz) are determined through
calculating the area under the curve at respective frequencies.



Electrical impedance spectroscopy quantifies skin barrier function | 117

Data availability

The impedance data related to this article can be found at https://doi.org/1
0.34973/yfca-cr43, hosted at the Radboud University Data Repository. Pictures
of immunohistochemistry staining are available from the corresponding author
upon request.
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Supplemental figures

Supplemental Figure S1: FLG, IVL and FLG x IVL interaction significantly influence EIS®f during
HEE development. (A-B) (A) Epidermal thickness and (B) stratum corneum thickness of during
HEE development compared to day 1. Each condition represents three biological replicates. (C-E)
Multiple linear regression using (C) FLG, IVL, CLDN1 and CLDN4, (D) FLG and IVL and (E) FLG, IVL and
FLG x IVL expression to predict EIS?f. Analysis is based on all timepoints and replicates from figure 3.
(F) Correlation of actual and FLG, IVL, FLG x IVL regressed EIS¥f,
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Supplemental Figure S2: AHR activation mediates therapeutic response in a proinflammatory
epidermis model. (A) HEEs stained for differentiation (FLG, IVL) and cell-cell adhesion (CLDN4)
proteins. Pictures represent three biological replicates of HEEs at day 8 of air exposure and were taken
with 40x magnification. Size bars indicate 100 um.
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Supplemental tables

Supplemental Table S1. Overview of methodologies used for measurement of in vitro epidermal

barrier function.

Technique

Principle of analysis

Assessed barrier component

Advantages

Permeation
studies

Franz cell
diffusion assay

Transepidermal
water loss (TEWL)

Transepithelial
electrical
resistance (TEER)

Paracellular diffusion of
dyes/tracers of various
molecular weights

Assessment of drug
permeation from donor
chamber through HEE
into acceptor chamber

Measurement of
changes in air humidity
on top of HEE

2 electrodes apply low
alternating current
over the HEE at a single
frequency

tight junction pore size,
corneodesmosome integrity,
lipid barrier

outside-in barrier function
including stratum corneum and
tight junction barrier function

lipid barrier function in relation
to stratum corneum thickness

tight junction ionic
conductance (“tight junction
tightness”)

- relatively cheap
. easy toimplement

- gold standard for assessing
outside—in barrier
« quantitative

« non-destructive
+ quantitative

« non-destructive
+ quantitative
+ easy toimplement

HEE: human epidermal equivalent; TEER: transepithelial electrical resistance; TEWL: transepidermal

water loss

Supplemental Table S2: AHR-binding compounds

Abbreviation Compound Concentration Reference
M1 SGA360 10 nM [34]

M2 Teriflunomide 10 uM [61]

L1 coal tar 2 ug/mL [44]

L2 SGA388 10nM [34]

L3 Leflunomide 10 uM [61]

L4 IMA-7101 1nM [62]

L5 TCDD 10 nM [63, 64]
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Disadvantages

References

destructive end-point parameter
conventionally non-quantitative and not high-throughput

destructive end-point parameter

high level of expertise required

model system must stay intact during sampling period after harvest
highly influenced by temperature, sampling frequency and stirring
conditions

highly influenced by probe type and angle, contact pressure,
temperature and atmospheric pressure

high variability between different instruments

high background readings

labor intensive

highly influenced by electrode positioning, temperature and medium
composition
not designed for complex tissues

« labor intensive

[17,18]

[19,59]

[21, 60]

[39]

Supplemental Table S3: Antibodies used for immunohistochemical analysis

Antigen Species Dilution Company

FLG Mouse 1:100 Thermo Fisher

IVL Mouse 1:20 Mon 150 (own antibody)
CLDN1 Rabbit 1:200 Invitrogen

CLDN4 Mouse 1:200 Invitrogen

Ki67 Rabbit 1:200 Abcam

SKALP Rabbit 1:4000 Own antibody

KRT16 Mouse 1:200 Santa-Cruz

Goat anti-rabbit Goat 1:200 Vector laboratories
Horse anti-mouse Mouse 1:200 Vector laboratories
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Abstract

In atopic dermatitis (AD), epidermal disease hallmarks are driven by a complex
cutaneous inflammatory milieu that varies between patients. How these variable
inflammatory signals affect cellular and molecular epidermal AD phenotypes
is difficult to study in vivo. We aimed to unravel which AD-associated cytokines
drive specific epidermal disease hallmarks. We utilized primary and immortalized
keratinocyte-derived human epidermal equivalents stimulated with T helper (Th)2,
Th17 and Th22 cytokines. Morphological, functional and transcriptomic analyses
revealed that Th2 cytokines interleukin (IL)-4 and IL-13 were main inducers of
a pro-inflammatory and hyperproliferative epidermis. The presence of IL-17A
or IL-22 in the Th2 milieu, and especially Th2 + IL-22, most closely resembled AD
hallmarks including spongiosis, more severe keratinocyte differentiation defects
and epidermal barrier dysfunction. Single-cell spatial transcriptomics showed
expansion of keratinocytes expressing high levels of proliferation genes, and
downregulation of differentiation genes in the upper epidermal layers. The
transcriptomic comparison to in vivo AD lesional skin indicated that the Th2 + IL-22
AD model demonstrated greatest resemblance and identified AD disease marker
genes altered by Th2 + IL-22 such as downregulated ACERT and AKR1C3. Gene
expression levels were restored by combinatory exposure to aryl hydrocarbon
receptor (AHR) ligand tapinarof and Janus Kinase (JAK) inhibitor tofacitinib. This
combined therapeutic approach also completely restored epidermal barrier
function and improved morphological disease hallmarks. Our results reveal the
important role of IL-22 in the Th2 driven acute AD pathophysiology and highlight
the potential of combinatory medicine in targeted treatment of AD.
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Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin disease,
characterized by overactivation of the cutaneous immune system, deregulated
epidermal homeostasis and an impaired skin barrier function [1]. The latter can be
mainly attributed to epidermal alterations that interfere with the skin’s physical,
chemical and immunological skin barrier [2]. Typical epidermal hallmarks in AD that
relate to skin barrier defects in the acute phase of the disease include keratinocyte
hyperproliferation, epidermal differentiation defects and epidermal edema
(spongiosis) [3]. Genetically, loss-of-function variants in the filaggrin (FLG) gene
give rise to enhanced risk of AD [4, 5]. Due to the local cytokine milieu in AD lesions,
expression of other late keratinocyte differentiation proteins like involucrin (IVL),
loricrin (LOR) and hornerin (HRNR), is also hampered [6].

The inflammatory milieu is driven by skin-resident and infiltrating immune cells
and their cross-talk with stromal and epidermal cells. T helper (Th)2 cells and

mediators are recognized as inducers of keratinocyte proliferation whilst impairing
keratinocyte differentiation [7-9]. In AD, Th2 cells and cytokines interleukin (IL)-4,
IL-5, IL-13 and IL-31 are highly abundant [10, 11]. In addition to these ‘classical’ AD
cytokines, IL-17A and IL-22 have recently emerged as disease-modifying cytokines
in acute AD, albeit initially associated to psoriasis [12-15]. However, the effects
of these cytokines on epidermal homeostasis in the AD pathology are less well
characterized. Yet, knowledge on which specific cytokines drive the epidermal
phenotype in patients may allow for personalized specific and potentially more
effective therapies.

Hereto, organotypic skin models provide a valuable experimental platform to
investigate disease mechanisms and the effect of disease-associated molecules or
targeted drugs, as this is difficult to unravel in vivo with the presence of a complex
cell and cytokine milieu. Previously, cytokine (combinations) have been linked to
epidermal AD hallmarks, as summarized in [16], however these studies used varying
experimental set-ups, mainly focused on Th1 and Th2 cytokines, and did not compare
data to in vivo AD lesional skin. Therefore, we aimed to unravel the effect of individual
and combinations of Th2 and Th17/22 cytokines on epidermal barrier development
using human epidermal equivalents (HEEs) from primary normal human epidermal
keratinocytes (NHEK) and immortalized human N/TERT-2G keratinocytes. We
performed functional and molecular characterizations including bulk and single-cell
spatial transcriptomic analyses to compare our AD models to in vivo lesional AD,
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and evaluated the effect of epidermal differentiation and inflammation signaling
targeting compounds.

Methods

All details can be found in the Supplemental Methods.

AD human epidermal equivalent (HEE) generation

HEEs were generated as previously described [17] with cytokine stimulation during
the last 72 hours. Therapeutic compounds were added simultaneously with the
cytokines or 24 hours after.

Morphological and immunohistochemical analysis
HEEs were formalin-fixed and paraffin-embedded. 6um sections were hematoxylin
and eosin stained or used for immunohistochemistry.

Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using the E.Z.N.A. Total RNA Kit | kit, followed by DNasel
treatment and cDNA synthesis. Real-time quantitative PCR (RT-qPCR) was executed
with SYBR Green using the CFX Connect™ Real-Time System. Gene expression
was normalized to the expression of RPLPO and relative expression levels were
calculated using the 2724<T method.

Bulk RNA-sequencing and analysis in vitro models

RNA-seq was performed as previously described [18] with minor adaptations. Data
was analyzed using the seg2science RNA-seq workflow. For comparison to in vivo
data, upregulated differentially expressed genes (DEGs) were defined as having a
log2FC > 0, while downregulated genes were defined by a log2FC < 0.

Pseudobulk analysis scRNA-sequencing data in vivo samples

Publicly available single-cell RNA sequencing data of skin biopsies from AD
patients and healthy controls [19] was analyzed using the R package Seurat and
the standard Seurat workflow. Pseudobulk data was generated and DEGs between
healthy and AD were identified using DESeq2. P-adjusted < 0.05 filtering was
applied to DEGs and up- and downregulated genes were defined as log2FC > 1 or
log2FC < -1, respectively.
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Bulk RNA-sequencing analysis in vivo samples

Differential expression meta-analysis was performed on bulk transcriptomic profiles
comparing 188 AD lesional (ADL) and 91 AD non-lesional (ADNL) with 181 healthy
control (HC) skin biopsies from public and academic cohorts. Study-wise regression
coefficients (corresponding to (log2) FC) were pooled using random effects meta-
analysis. P-values were adjusted for multiple testing using the Benjamini-Hochberg
procedure and significantly differentially expressed genes were required to meet
adjusted p-value < 0.05 and the absolute pooled (log2) FC > 1. Competitive gene
set enrichment analysis has been performed, testing the null hypothesis that the
members of individual gene sets of interest are uniformly distributed along the list
of ranked measures of differential expression, using the differential expressions of
cytokine stimulated HEEs compared to controls contrasted to DEGs between AD
lesion skin and healthy control skin.

Spatial transcriptomics and analysis
2 mm punch biopsies of HEEs were embedded in OCT, flash frozen in isopentane

and cryosectioned, before 4% PFA fixation on cold Rebus Biosystems coverslips.
Spatial transcriptomics was performed using the High Fidelity Assay on the Esper
from Rebus Biosystems. Using the Esper Analysis software, high resolution images
were reconstructed, manual intensity thresholds were set and detected smFISH
spots were assigned to their closest nucleus based on DAPI. Further analysis was
performed using Scanpy and pyComplexHeatmap.

Electrical impedance spectroscopy (EIS) measurement
The electrical impedance spectra (EIS) were measured as previously described [20].

Statistics

For qPCR, quantified protein and EIS data, one-way analysis of variance followed by
Dunnett post hoc testing was performed in GraphPad Prism version 9. P-values of
<0.05 were considered statistically significant.

Results

Epidermal differentiation and barrier function deregulation upon
combined Th2 cytokines and IL-17A or IL-22 exposure

Exposure of HEEs to IL-4 or IL-13 induced epidermal acanthosis and AD-associated
gene expression including CA2, NELL2, CCL2 and CCL26 (Figure 1A,C, Supplementary
Figure 1A,C). In comparison, IL-17A and IL-22 alone initiated hypogranulosis and
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reduced expression of epidermal differentiation markers FLG, IVL, keratin (KRT)2
(IL-17A specific), KRT10 (IL-22 specific), tight junction proteins claudin (CLDN)1 and
CLDN4 (IL-17A specific), and the disease-associated marker KRT16 (IL-22 specific)
(Table 1) (Figure 1A,B, Supplementary Figure 1A,B).

To model AD in vitro, HEEs are typically stimulated with either IL-4 or IL-13, or a
combination of both which we hereafter call “Th2 mix”[21-24]. In our model, the Th2
mix showed similar lack of effects to IL-4 and IL-13 alone (Figure 1A-C, Figure 2A, B,
Supplementary Figure 2A, B), including absence of spongiosis and keratinocyte
differentiation and tight junction protein defects. We then performed electrical
impedance spectroscopy (EIS), a quantitative methodology to measure epidermal
barrier function in HEEs through transepithelial resistance and capacitance [20]. Two
parameters were defined correlating with expression of keratinocyte differentiation
proteins (EIS¥®) and stratum corneum thickness (EIS*). We did not find any significant
reductions in EISY® and only slight reduction in EIS* upon exposure of HEEs to the Th2
mix, indicating minimal epidermal barrier defects (Figure 2D).

Before investigating the additional effect of IL-17A and IL-22 on AD features in vitro,
IL-22 levels were titrated to avoid cytotoxicity when used in the same concentration as
Th2 cytokines (Supplementary Figure 3). Supplementation of the Th2 mix with IL-17A
or IL-22 initiated spongiosis and hypogranulosis, and strongly reduced differentiation
proteins FLG, IVL and KRT2 (Figure 2A). Th2 + IL-22 increased KRT16 expression,
whereas CLDN1 and 4 were reduced by Th2 + IL-17A (Figure 2B). EIS®ff and EIS*showed
a downward trend by Th2 + IL-17A, but Th2 + IL-22 most significantly reduced EIS®
and EIS*(Figure 2D). By evaluating different combinations of Th2 cytokines, IL-17A and
IL-22, we found that hypogranulosis and spongiosis were present after any combination
except for IL-13 + IL-17A; hyperproliferation was present upon combinations with IL-4
or IL-17A; and reduced FLG expression mainly with IL-22 (Supplementary Figure 4A).
AD-associated markergene expression of CA2, CCL26 and IL 1Bwas driven by the addition
of IL-22 to any of the Th2 cytokines (Supplementary Figure 4B) (Table 1). IL-17A and
IL-22 are strong inducers of antimicrobial peptides (AMPs), which are partially suppressed
in AD by Th2 cytokines [25, 26]. In our study, addition of IL-17A as compared to Th2
cytokines alone increased the expression of defensin beta 4 (DEFB4), peptidase inhibitor 3
(PI3), S100 calcium binding protein A7 (S100A7) and cathelicidin antimicrobial
peptide (CAMP) in both cell types, which was less apparent upon addition of IL-22
(Supplementary Figure 2C) which may fit better with AD pathology.

To develop pre-clinical models for AD that are widely reproducible and generalizable
among laboratories, the use of validated immortal keratinocyte cell lines, like N/TERT
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cells [22, 27], may be preferred over freshly isolated primary cells that show large
interindividual donor-dependent responses. HEEs derived from primary NHEKs and
immortalized N/TERT-2G cells generally showed similar phenotypes when exposed to
Th2 and Th17/22 cytokines. Only minor differences in N/TERT-2G cells were observed
(Supplementary Figure 5A-D), including spongiosis in the upper layers of the stratum
spinosum, and less hyperproliferation and barrier impairment (EIS®f) upon addition
of IL-17A or IL-22.

Table 1. Summary of effects of individual and cocktails of AD associated cytokines IL-4, IL-13,
IL-17A and IL-22 in NHEK-HEEs.

Cytokine(s) Morphology Proliferation Differentiation Barrier Inflammation
IL-4 Acanthosis T Ki67 [7], LIvL EIS not T CCL2, NELL2
KRT16 measured
IL-13 Acanthosis T Ki67 [7] LIvL EIS not T CCL2, NELL2
measured
IL-17A Acanthosis, T Ki67 [7] 1 IVL, KRT2 | CLDN1, | CA2
hypogranulosis CLDN4, EIS
not measured
IL-22 Acanthosis, T KRT16 L FLG, IVL EIS not T CCL2,
hypogranulosis measured l CcCL26
Th2 Acanthosis TKi67,KRT16 | IVL - T CA2, NELL2,
CCL2, CCL26
Th2 +1L-17A  Acanthosis, TKi67, KRT16 | FLG, IVL, KRT2 | EIS™f T NELL2, CCL2,
hypogranulosis, CLDN4 CCL26
spongiosis
Th2 +IL-22 Acanthosis, TKi67,KRT16 | FLG, IVL, KRT2 | EIS¥f, EIS* T CA2, NELL2,
hypogranulosis, CCL2,CCL26

spongiosis
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Figure 1. Effect of individual AD associated cytokines IL-4, IL-13, IL-17A and IL-22 on NHEK-HEEs.
(A) The morphology and differentiation protein expression of FLG, IVL, KRT2, KRT10 and alarmin KRT16.
White arrow: hypogranulosis. Scale bar = 100um. (B) Tight junction protein expression of CLDN1
(green) and CLDN4 (red), and DAPI (blue). Scale bar = 100um. (C) The expression of AD associated
genes CA2, NELL2, CCL2 and CCL26. All data is representative for N=3 primary keratinocyte donors, and
presented as mean +/- SEM. * = p-value below 0.05 as compared to control.
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Figure 2. NHEK-HEEs upon stimulation with Th2 cytokines with and without IL-17A or IL-22.
(A) Morphology and differentiation protein expression of FLG, IVL, KRT2, KRT10 and alarmin KRT16
of HEEs stimulated with the Th2 mix of IL-4 and IL-13 with and without IL-17A or IL-22. White arrow:
hypogranulosis. Black arrow: spongiosis. Scale bar = 100um. (B) Tight junction protein expression of
CLDN 1 (green) and CLDN4 (red), and DAPI (blue). Scale bar = 100um. (C) Ki67 protein quantification
as a measure of proliferating keratinocytes. (D) Electrical impedance spectra (EIS), and EIS* and EIS“
as percentages relative to the unstimulated control. Control and Th2 + IL-22 data is representative for
N=12 (five biological replicates) and Th2 and Th2 + IL-17A data for N=5 (three biological replicates).
Data is presented as mean +/- SEM. * = p-value below 0.05 as compared to control.
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Cytokines induce distinct and overlapping keratinocyte
differentiation defects

To identify genes and biological processes underlying the differences in response to
Th2 +/- IL-17A or IL-22, we performed RNA-sequencing on HEEs. Principal component
analysis (PCA) indicated that the Th2 mix induced a minor transcriptomic change
over control, as compared to Th2 + IL-17A or IL-22 (PC1, 74% variance, Figure 3A). To
investigate the potential functions of DEGs (Supplementary Table 1), hierarchical
clustering yielded six clusters for subsequent Gene Ontology (GO) analysis (Figure 3B, C,
Supplementary Table 2). Cluster 1 contained genes that were mainly induced by
Th2 cytokines, including inflammatory genes like cytokines CCL2 and /L33. Cluster 2
and 3 genes were specifically induced by either Th2 + IL-17A or IL-22, respectively.
“Response to hypoxia” related genes such as hypoxia-inducible factor 1 alpha (HIF1A)
were among the cluster 2 genes, whereas tight junction gene CLDNT and viral
response genes [FIH1, IFNAR2, STAT1 were in cluster 3. Cluster 4 and 5 genes were
generally not affected by Th2 cytokines alone, but by both Th2 + IL-17A or IL-22.
Cluster 4 genes were upregulated, playing a potential role in “exocytosis” (exocyst
complex components), “intrinsic apoptotic signaling pathway” (caspases), “wound
healing” (occludin), “I-kappaB kinase/NF-kappaB signaling” (tumor necrosis factor) and
“skin development” (S700 and small proline rich (SPRR) genes). Cluster 5 genes were
strongly repressed, including epidermis development genes like FLG, IVL and LOR.
Cluster 6 gene expression was in general downregulated by all combinations but
most strongly by Th2 + IL-22. This cluster also included genes involved in epidermis
development processes, such as hornerin (HRNR), epidermal growth factor receptor
(EGFR) and CLDN4. Similar analysis of cytokine treated N/TERT-2G-HEEs demonstrated
analogous gene expression patterns highly representing the primary cell-derived
models, and with less heterogeneity among replicas (Supplementary Figure 6A-C,
Supplementary Table 3, 4).

Single-cell spatial transcriptomes define cytokine-induced gene
deregulation in specific epidermal layers

Single molecular FISH based single-cell spatial transcriptomics was performed to
identify the spatial localization of cytokine-induced DEGs in HEEs. First, genes that
are known to be expressed in specific epidermal layers were selected to validate
the methodology. We defined the epidermal layers based on their spatial location
and relative similarity: the first layer from the bottom (L1), the second layer (L2), the
middle layers (LM) and top layer (LT, last living cell layer). As expected, in control
HEEs we observed basal keratinocyte genes such as collagens and integrins in L1,
spinous keratinocyte genes such as DSG1, KRT1, KRT2 in L2 and LM, and granular
genes VL, FLG in LT (Figure 4A, B, Supplementary Figure 6D).
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Figure 4. Spatial transcriptomic analysis of NHEK-HEEs in untreated condition and upon
stimulation with various AD related cytokine cocktails. (A) Heatmap of layer specific genes in
layer 1 (L1), layer 2 (L2), middle layers (LM) and the top layer (LT) in the untreated control. (B) Cell-specific
expression of basal keratinocyte markers COL17AT and KRT5, spinosum marker KRT2 and granulosum
marker FLG in untreated controls (legend from 0 to 5 applies to KRT5, KRT2 and FLG). Scale bar = 100um.
(C) Heatmap of keratinocyte differentiation and proliferation related genes per condition. (D) Violin
plots of the gene expression per condition. Data is representative for N=4 (two biological replicates).
* = p-value below 0.05 as compared to control.
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Subsequently, we selected additional genes previously reported to play roles
in keratinocyte proliferation and differentiation. HEEs exposed to Th2 + IL-22
were analyzed in addition to Th2 cytokines alone, representing severe and mild
epidermal defects, respectively. Results demonstrate that tumor protein 63 (TP63)
known as a master regulator of epidermal proliferation and differentiation [28, 29],
and its target genes, Interferon Regulatory Factor 6 (IRF6) and Zinc Finger Protein 750
(ZNF750), exhibited significantly higher expression in an increased number of cells
in all epidermal layers upon Th2 +/- IL-22 exposure (Figure 4C, D, Supplementary
Figure 6E). Keratinocyte differentiation markers like IVL, FLG and KRT2, were
downregulated by Th2 cytokines and more significantly by Th2 + IL-22 in LM and LT.
Expression of AD marker Gap Junction Protein Beta 2 (GJB2) [30-32] was specifically
induced by Th2 + IL-22 in the upper layers LM and LT.

Th2 cytokines + IL-22 induces the most similar transcriptome to
lesional AD
To confirm the biological relevance of our findings, we compared our RNA-

sequencing data of HEEs to publicly available single-cell RNA sequencing
(scRNA-seq) data of skin biopsies from AD patients and healthy volunteers [19].
A pseudobulk of the in vivo keratinocyte data was extracted from the complete
scRNA-seq (Supplementary Figure 7A) and was used to identify DEGs between
AD lesional and healthy keratinocytes. The up- and downregulated genes in
AD were compared to DEGs in cytokine stimulated HEEs over controls. A more
significant overlap represented by statistical significance was observed between
DEGs induced by Th2 + IL-17A or IL-22 in HEEs and in vivo DEGs, as compared to
Th2 cytokines alone (Supplementary Figure 7B, Supplementary Table 5). In parallel,
we performed comparative analysis of our RNA-sequencing data of HEEs with a
differential expression meta-analysis of full thickness skin of multiple cohorts of
AD patients profiled using microarray or RNA-seq technology. Gene set enrichment
analysis (GSEA) showed that cytokine induced gene expressions in HEEs are highly
enriched in DEGs detected in AD patient full thickness skin, with Th2 + IL-22 and
Th2 alone showing the highest and lowest proportion of associations, respectively
(Figure 5A, Supplementary Table 14). Additionally, the highest number of
overlapping DEGs were detected between the Th2 + IL-22 condition, as compared
to controls, and lesional AD skin, as compared to healthy skin (Figure 5B). GO-term
analysis on the overlapping upregulated genes upon Th2 + IL-17A or IL-22 in vitro
and AD in vivo revealed a strong inflammatory response (Supplementary Figure 7C,
Supplementary Table 6). The overlapping downregulated genes with Th2 + IL-17A
showed processes not specific to the epidermis, while epidermal development was
associated with the overlapping downregulated genes upon Th2 + IL-22. In N/TERT-
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2G-HEEs, addition of IL-17A or IL-22 to Th2 cytokines increased overlapping DEG
numbers with AD in vivo associated to similar processes (Supplementary Table 7, 8).

Of the 10 most upregulated genes in vivo, serpin genes were significantly upregulated
in any of the cytokine conditions and SPRR and S700 genes were only significantly
upregulated when IL-17A or IL-22 was added (Supplementary Figure 8A). Of the top 10
most downregulated genes, HSD11B1 was downregulated by addition of both IL-17A
or IL-22, whereas others like SERPINA12 and CTorf68 were specifically downregulated
in the presence of IL-22 (Supplementary Figure 8B). It is also important to highlight
the differences between in vivo and in vitro pathology. Many interferon responsive
genes were among the upregulated genes in AD in vivo, but were not induced by Th2
+ IL-22 in vitro, while multiple claudins were downregulated in vivo but not in vitro.

Next, we sought to discover the drivers that orchestrate the multiple deregulated
processes in AD to devise effective intervention strategies and validate our
model. Our search strategy was focused on genes that were involved in multiple
deregulated biological processes that we identified by Th2 + IL-22 stimulated
NHEK-HEEs and in AD in vivo. Seven upregulated genes were associated with
minimally five significantly deregulated biological processes: baculoviral IAP repeat
containing 3 (BIRC3), C-type lectin domain family 7 member A (CLEC7A), interferon-
gamma-inducible protein 16 (IFI16), Interleukin 1 Receptor Associated Kinase 2 (IRAK2),
Lactotransferrin (LTF), S100A12 and WNT5A. In addition, alkaline ceramidase 1
(ACERT) and Aldo-keto Reductase 1C3 (AKR1C3) were associated to all downregulated
epidermal processes. These differential genes are hereafter called ‘bridge genes.
Their differential expression between cytokine treatment and control in vitro was
validated with RT-gPCR (Supplementary Figure 7D, Supplementary Figure 8C).
Concordant differential expression could be shown in the meta-analysis comparing
AD lesional (ADL) and AD non-lesional (ADNL) to healthy control (HC) skin biopsies,
with ACERT and AKR1C3 significantly lower and BIRC3, LTF and ST100A12 higher in AD
as compared to HC (Figure 5C, Supplementary Table 9).

Epidermal defects by Th2 cytokines + IL-22 are restored by a
combinatory therapeutic strategy

Of the bridge genes, AKR1C3 was recognized as a target of aryl hydrocarbon receptor
(AHR) signaling [33] which is known to have a role in epidermal development [34, 35]
and skin barrier repairin AD [36, 37]. Therefore, we investigated the potential of AHR
ligands to normalize the expression of bridge genes and restore tissue function.
AHR ligands IMA-06504 [38] and tapinarof [39] effectively targeted AHR signaling
illustrated by induced expression of AHR target gene CYPTAT. Epidermal integrity,
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Figure 5. Transcriptomic comparison of in vitro AD-HEEs and in vivo AD affected epidermis.
(A) Gene set enrichment analysis comparing gene expression induced in AD-HEEs generated from NHEK and
N/TERT-2G with DEGs detected from AD patient affected skin as compared to controls, showing point estimate
(point.tdp) and lower bound (bound.tdp) for the proportion of true discoveries (TDP, genes associated to
DEGs from ADL_HC) (B) UpSet plot to show the number of overlapping genes with lesional and non-lesional
full thickness skin biopsies from a larger cohort (meta-analysis) of AD patients and in vitro epidermal AD
models. (C) Meta-analysis results of the bridge genes in the full thickness skin biopsies of the larger cohort of
AD patients as compared to healthy controls, with error bars corresponding to the respective 95% confidence
intervals. For the meta-analysis, data from N=188 AD lesional (ADL), 91 AD non-lesional (ADNL) and 181
healthy controls (HC) is used. * = p-value below 0.05 as compared to control.
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differentiation, hyperproliferation, barrier function and AKR1C3/ACER1 expression
were partially restored in a donor-dependent manner (Supplementary Figure 9A-C,
Figure 6A-C, Supplementary Table 15) and correlated to CYPTAT expression
and therefore AHR activation (Supplementary Figure 9D). Overall, tapinarof
demonstrated the strongest therapeutic effects. It is important to note that the
disease-initiating cytokines are continuously present at high concentrations in our
model system, whereas inflammation and cytokine production by T cells in vivo
would also be affected by AHR ligands [39]. To better model the combined anti-
inflammatory effects and epidermal differentiation induction by AHR activation,
and given the recent advances in the development of Janus Kinase inhibitors (JAKi)
as treatment for AD [40-42], we evaluated the effect of individual JAK1/3 inhibition
(tofacitinib) and combined with AHR activation (tapinarof) on Th2 + IL-22-driven
epidermal pathology.

Tofacitinib alone already reduced hypogranulosis and spongiosis, whereas
combined with tapinarof also differentiation proteins were enhanced at both
timepoints (Figure 6A, Supplementary Figure 10A). In contrast to single drug
exposure, both drugs simultaneously applied with cytokines for 72h prevented
cytokine-induced reduction of EISYf (Figure 6B). When applied 24h after the
cytokines for 48h, to show restoring effects, the combination of drugs also enhanced
EISHf to control levels. With both timings of the drugs, EIS* was significantly
higher as compared to cytokines alone, but did not fully prevent or restore EIS*
impairment. Finally, the combination of tapinarof and tofacitinib for 72 hours
showed an overall greater restoring effect on inflammatory gene CCL2 and the
bridge genes as compared to single therapeutics (Figure 6C). Other genes from the
same induced biological processes as the bridge genes, like IL13RA2, SERPINB3/4,
and DPP4 were also downregulated by tofacitinib alone and in combination with
tapinarof (Supplementary Figure 10B).

> Figure 6. The effect of AHR ligand tapinarof and JAK1/3 inhibitor tofacitinib on Th2 + IL-22-
mediated epidermal differentiation and barrier defects. (A) Morphology and differentiation
protein expression of IVL and KRT2, and proliferation marker Ki67. Arrow and dashed boxes implicate
restoration of the granular layer. Scale bar = 100pum. (B) Electrical impedance spectra (EIS), and EIS*
and EISY® as percentages relative to the unstimulated control. (C) Expression of AHR target gene
CYP1A1, inflammatory gene CCL2 and bridge genes ACER1, AKR1C3, BIRC3, S100A12 and LTF. All data is
representative for N=3 replicates of NHEK-HEEs. Data is presented as mean +/- SEM. * = p-value below
0.05 as compared to Th2 + IL-22.
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Discussion

We provide experimental evidence to dissect epidermal hallmarks of AD related
to specific inflammatory cytokines that dictate the local inflammatory milieu and
determine treatment response. Th2 cytokines activated pro-inflammatory signaling
and hyperproliferation, whereas addition of IL-17A or IL-22 appeared necessary
for epidermal differentiation defects and barrier dysfunction. Th2 + IL-22 also
transcriptionally mimicked in vivo lesional AD most closely, underscoring the role
of IL-22 in AD pathophysiology. Combination therapy by tapinarof and tofacitinib
appeared highly effective and abolished the cytokine-induced disturbance of
epidermal homeostasis and corroborates other studies showing effective targeting
of JAK/STAT signaling in keratinocytes by JAK inhibitors and restored epidermal
homeostasis in cytokine-induced AD models [7, 24, 43, 44]. These insights
may help to differentiate pathophysiological processes in patients and steer
therapeutic developments.

We demonstrate a key role for IL-22 within a Th2 cytokine milieu in AD. Most
biological processes were induced or impaired by Th2 + IL-22, which is in line with
the Th2/Th22-skewing observed in most AD patients while Th1/Th17 contributions
are variable [45, 46]. Moreover, integrative network analysis showed co-expression of
IL-4R or IL-13 with IL-22 in AD [47]. Importantly, immunological distinctions
between AD phenotypes are influenced by ethnicity and age. Asian AD is marked
by heightened Th17 activation, while in chronic phases AD is dominated by a Th1
signature in European/American versus a Th2/Th22 in African/American populations.
In pediatric AD, primarily Th2-mediated processes drive the disease [48]. Our
observed effects of the cytokine combinations may therefore not generalize to all AD
patients, but rather specific patients subgroups.

The role of bridge genes that are involved in multiple disease processes like
BIRC3, LTF and S100A12 in inflammation [49-51], and their possibility for non-
invasive measurement [52] makes them potential AD biomarkers, although their
exact contribution to disease is yet unknown. The role of ACERT and AKR1C3 in
driving epidermal differentiation defects also needs further investigation, as the
downregulation of AKR1C3 in in vivo AD skin and our in vitro RNA-seq data was
in accordance with a previous study [52] but contrasting another one [53], which
could hint towards patient-specific alterations in gene regulation.

Single-cell spatial transcriptomics showed that TP63 and its targets ZNF750 [54] and
IRF6 [55] had higher expression in an increased number of cells in various epidermal
layers. P63 has been linked to (hyper)proliferation [28, 56, 57] and IL-4 and IL-13-
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mediated overexpression of P63 has been linked to keratinocyte differentiation
repression [58, 59]. This suggests that, next to its potential role in driving skin
inflammation as previously proposed [60, 611, P63 could be an important driver
of AD-associated hyperproliferation, and therefore can potentially be targeted to
treat AD. Since new P63 targeting treatments are already under investigation for
skin cancer [62, 63], repositioning of those may be effective for hyperproliferative
inflammatory skin diseases.

The important role of IL-22 in the AD pathophysiology, and effective therapeutic
approach when JAK inhibition was included, might explain why JAK1 inhibitors
abrocitinib and upadacitinib show a greater disease improvement versus Dupilumab
treatment only blocking the IL-4 receptor [64, 65]. We also highlight the value of
combinatory therapies towards skin barrier repair and dampening of inflammation.
While less severe IL-4-driven AD hallmarks are effectively restored by AHR
activation alone [36], more severe epidermal phenotypes upon Th2 + IL-22 seem to
require combined therapeutic targeting. Also, the anti-inflammatory effects of AHR
ligands and JAK inhibitors on other skin cells than keratinocytes, not included in
our model system, might be important for clinical efficacy in AD patients. Thereby,
dual targeting by different therapeutics may not be required when multiple cells
types involved in the disease pathophysiology are simultaneously targeted and
contributing to dampening of the inflammatory process.

Beyond uncovering pathophysiological processes and finding new targets for
therapeutic intervention, our data provides directions towards improvement of
pre-clinical organotypic AD models. Lack of IFN signaling appeared key in our Th2 +
IL-22 model. As IFN-y has a distinct role in chronic AD [66] and the biopsies included
in the data set from Rojahn were presumably taken from chronic AD lesions, this
might explain the lack of CLDN1 downregulation upon Th2 + IL-22 [67-69], that
was previously related to IFN-y [70], but also IL-1f [71]. Addition of Th1 cytokines
could mimic the transition from acute to chronic AD. Moreover, our model did not
include fibroblasts [72, 73], immune cells [74, 75], microbiota [76, 77] or defined
AD genotypes [72, 78], which could all influence cytokine responses and improve
the translatability to in vivo AD mechanisms. Future research should be directed
to more complex organotypic models including multi-cellular interactions upon
Th2 + IL-22 exposure to untangle AD pathology. For model optimization, immortal
N/TERT-2G keratinocytes are better suitable for genetic modification to mimic the
genetic predisposition of AD. We showed the potential of N/TERT-2G as alternative
to NHEK as both cell types responded mostly similar, besides spongiosis in higher
layers and only minor effects on proliferation and EISYf in N/TERT-2G-HEEs. This
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might be caused by their immortal cell state or foreskin origin [79] and should be
taken into account in the light of AD hyperproliferation.

Our comprehensive study clearly demonstrated the important contribution of
IL-22 to Th2 cytokine-driven AD epidermal pathology. The translation from in vitro
transcriptomic data to both keratinocyte pseudobulk data derived from scRNA-seq
on skin biopsies, as well as to full thickness skin data from a large patient cohort,
yielded novel insights into driving pathophysiological processes and target genes
that are associated to epidermal disease hallmarks. Differential and synergistic
effects of cytokines should be investigated further including transcriptomics
data from cohorts of well-defined AD patients (e.g., severity, genotype, disease
duration) to identify AD endotype specific cytokines that may explain or predict
therapeutic efficacy.

Data availability

Raw RNA-sequencing files generated for this study are deposited in the Gene
Expression Omnibus (GEO) database with the accession number GSE282371. Public
transcriptomic datasets incorporated in the differential meta-analysis are available
from ArrayExpress (accession E-MTAB-8149) and GEO (accession GSE130588 and
GSE193309). Data from P2N_clinical will be shared upon reasonable request. Meta-
analysis summary statistics are provided in Supplementary Table 9.
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Abbreviations

ACER1 - Alkaline Ceramidase 1, AD - Atopic dermatitis, AHR - Aryl hydrocarbon
receptor, AKR1C3 - Aldo-Keto Reductase Family 1T Member C3, AMP - Antimicrobial
peptide, ARG1 - Arginase 1, BIRC3 - Baculoviral IAP Repeat Containing 3, Clorf68
- Chromosome 1 open reading frame 68, CA2 - Carbonic anhydrase I, CAMP -
Cathelicidin antimicrobial peptide, CCL - C-C motif chemokine, CLDN - Claudin,
CLEC7A - C-Type Lectin Domain Containing 7A, COL - Collagen, CXCL - C-X-C motif
ligand chemokine, CYP1A1 - Cytochrome P450 Family 1 Subfamily A Member 1,
DEFB4 - Defensin beta 4, DEG - Differentially expressed genes, DSG - Desmoglein,
EISYff - Electrical impedance spectroscopy differentiation, EIS*- Electrical impedance
spectroscopy stratum corneum, EGFR - Epidermal Growth Factor Receptor,
EV - Extracellular vesicle, FLG - Filaggrin, GBA2 - Glucosylceramidase Beta 2,
GJB2 - Gap Junction Protein Beta 2, GO - Gene ontology, HEE - Human epidermal
equivalent, HIF1A - Hypoxia-inducible factor 1 alpha, HRNR - Hornerin, HSD11B1
- Hydroxysteroid 11-Beta Dehydrogenase 1, IFI16 - Interferon Gamma Inducible
Protein 16, IFIH1 - Interferon Induced with Helicase C Domain 1, IFNAR2 - Interferon
Alpha and Beta Receptor Subunit 2, IL - Interleukin, IRAK2 - Interleukin 1 Receptor
Associated Kinase 2, IRF6 - Interferon Regulatory Factor 6, ITG - Integrin, JAK -
Janus Kinase, IVL - Involucrin, KRT - Keratin, L1/ 2 - Layer 1/ 2, LM - Middle layers,
LOR - Loricrin, LT - Top layer, LTF — Lactotransferrin, MAFB - MAF BZIP Transcription
Factor B, MCM - Minichromosome maintenance, NELL2 - Neural EGFL like 2, NHEK
- Normal human epidermal keratinocytes, PC(A) - Principal component (analysis),
PI3 - Peptidase inhibitor 3, S100 - S100 calcium binding protein, SEM - Standard
error of the mean, SKALP - Skin-derived antileukoprotease, SPRR - Small Proline
Rich Protein, STAT - Signal transducer and activator of transcription, TFAP2A -
Transcription Factor AP-2 Alpha, Th - T helper cell, TNF - Tumor necrosis factor,
(T)P63 - Tumor protein 63, ZNF750 - Zinc Finger Protein 750
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< Supplementary Figure 1. Effect of individual AD associated cytokines IL-4, IL-13, IL-17A and
IL-22 on N/TERT-2G-HEEs. (A) The morphology and differentiation protein expression of FLG, IVL,
KRT2, KRT10 and alarmin KRT16. White arrow: hypogranulosis. Scale bar = 100um. (B) Tight junction
protein expression of CLDN1 (green) and CLDN4 (red), and DAPI (blue). Scale bar = 100um. (C) The
expression of AD associated genes CA2, NELL2, CCL2 and CCL26. All data is representative for N=3 N/
TERT-2G-HEEs, and presented as mean +/- SEM. * = p-value below 0.05 as compared to control.
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Supplementary Figure 3. Concentration titration series of IL-22 when combined with Th2
cytokines. Morphology is representative for N=2 or 3 replicates. Scale bar= 100um.
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Supplementary Figure 4. Effect of various cytokine combinations of IL-4, IL-13, IL-17A and IL-22
on NHEK-HEEs. (A) Morphology, expression of differentiation protein FLG, and expression of
proliferation marker Ki67. Scale bar = 100um. (B) Gene expression of AD markers CA2, NELL2, CCL2,
CCL26 and IL1B. All data is representative for N=3 primary keratinocyte donors. Data is presented as
mean +/- SEM. * = p-value below 0.05 as compared to control.
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Supplementary Figure 5. N/TERT-2G-HEEs upon stimulation withTh2 cytokinesandIL-17A orIL-22.
(A) Morphology and differentiation protein expression of FLG, IVL, KRT2, KRT10, and alarmin KRT16
of HEEs stimulated with the Th2 mix of IL-4 and IL-13 with and without IL-17A or IL-22. White arrow:
hypogranulosis. Black arrow: spongiosis. Scale bar = 100um. (B) Tight junction protein expression
of CLDN1 (green) and CLDN4 (red), and DAPI (blue). Scale bar = 100um. (C) Ki67 quantification as a
measure of proliferating keratinocytes. (D) Electrical impedance spectra (EIS), and EIS* and EIS®f as
percentages relative to the unstimulated control. All data is representative for N=3 N/TERT-2G-HEEs.
Data is presented as mean +/- SEM. * = p-value below 0.05 as compared to control.
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Supplementary Figure 6. Transcriptomic analysis of N/TERT-2G-HEEs upon stimulation with
various AD related cytokine cocktails. (A) Principal Component Analysis (PCA) plot. (B) Clustered
heatmap. (C) Gene Ontology (GO)-term analyses. (D) Heatmap of layer specific genes in layer 1
(L1), layer 2 (L2), middle layers (LM) and the top layer (LT) in the untreated control. (E) Heatmap of
keratinocyte differentiation and proliferation related genes per condition. Data is representative for
N=2 or 3 N/TERT-2G-HEEs.
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Supplementary Figure 7. Transcriptomic comparison of in vitro AD-HEEs and in vivo AD lesional. (A) UMAP
of in vivo single-cell RNA-sequencing data by Rojahn et al. including marker expression of subpopulations.
(B) Jaccardian grids of the overlap in up- and downregulated genes in the epidermis of AD patients (dataset
Rojahn et al.) and in NHEK-HEEs stimulated with cytokine cocktails. The color represents the overlapping ratio
and the number the significance. (C) GO-term analyses on genes overlapping between in vivo and in vitro
data. (D) RNA-seq fold changes of genes that were categorized in minimally five (upregulated genes) or three
(downregulated genes) GO-terms that overlap in the epidermis of AD patients (dataset Rojahn et al.) and in
NHEK-HEEs. In vitro data is representative for N=3 or 4 (two biological replicates), and Rojahn's in vivo data for
N=4 AD patients and N=2 healthy controls.
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Supplementary Figure 8. The expression of the most differential genes in AD over healthy
controls in in vitro AD-HEEs. (A) The fold changes of cytokine stimulated HEEs over untreated
controls of the top 10 highest induced genes in AD in vivo. (B) The fold changes of cytokine stimulated
HEEs over untreated controls of the top 10 most reduced genes in AD in vivo. (C) gPCR validation of
bridge genes. In vitro data is representative for N=3 or 4 (two biological replicates), and in vivo data for
N=4 AD patients and N=2 healthy controls. * = p-value below 0.05 as compared to control.
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Supplementary Figure 9. The effect of AHR ligands on Th2 + IL-22-mediated epidermal
differentiation and barrier defects. (A) Morphology and differentiation protein expression of IVL
and KRT2, and proliferation marker Ki67. Scale bar = 100um. (B) Electrical impedance spectra (EIS),
and EIS* and EIS® as percentages relative to the unstimulated control. (C) Expression of AHR target
gene CYP1AI1, and bridge genes AKR1C3 and WNT5A, and correlation of CYPTAT expression with
EISY®, AKR1C3 and WNT5A. (D) Correlation analyses between AHR activation (measured by CYP1A1
expression) and ACER1, AKR1C3, BIRC3 and ST00A12 expression. All data is representative for N=4
replicates of NHEK-HEEs. Data is presented as mean +/- SEM. * = p-value below 0.05 as compared to
Th2 + IL-22. Note: LTF was not measured in controls and therefore the CT value was set at 40.
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Supplemental tables
(The tables are available upon request via the Radboud Data Repository: ru.rumc.p4fcyto_r0005499a_dsc_385)

Supplementary Table 1. Differential expression of in vitro cytokine-stimulated NHEK models as
compared to control. A) Th2 cytokine stimulated HEEs. B) Th2 + IL-17A stimulated HEEs. C) Th2 + IL-22
stimulated HEEs.

Supplementary Table 2. Genes per heatmap cluster and GO-terms per cluster of cytokine
stimulated and control NHEK-HEEs. A) Genes per heatmap cluster. B) Genes per GO-term from
cluster 1. €) Genes per GO-term from cluster 2. D) Genes per GO-term from cluster 3. E) Genes per GO-
term from cluster 4. F) Genes per GO-term from cluster 5. G) Genes per GO-term from cluster 6.

Supplementary Table 3. Differential expression of in vitro cytokine-stimulated N/TERT-2G
models as compared to control. A) Th2 cytokine stimulated HEEs. B) Th2 + IL-17A stimulated HEEs.
C) Th2 + IL-22 stimulated HEEs.

Supplementary Table 4. Genes per heatmap cluster and GO-terms per cluster of cytokine
stimulated and control N/TERT-2G-HEEs. A) Genes per heatmap cluster. B) Genes per GO-term from
cluster 1. C) Genes per GO-term from cluster 2. D) Genes per GO-term from cluster 3. E) Genes per GO-
term from cluster 4. F) Genes per GO-term from cluster 5. G) Genes per GO-term from cluster 6.

Supplementary Table 5. Overlapping and missing differential genes in in vitro cytokine-
stimulated NHEK models as compared to in vivo AD. A) Th2 cytokine stimulated HEEs. B) Th2 + IL-
17A stimulated HEEs. €) Th2 + IL-22 stimulated HEEs.

Supplementary Table 6. GO-terms of the overlapping differential genes in in vitro cytokine-
stimulated NHEK models as compared to in vivo AD. A) Upregulated genes in Th2 cytokine
stimulated HEEs. B) Upregulated genes in Th2 + IL-17A stimulated HEEs. C) Upregulated genes in Th2
+ IL-22 stimulated HEEs. D) Downregulated genes in Th2 cytokine stimulated HEEs. E) Downregulated
genes in Th2 + IL-17A stimulated HEEs. F) Downregulated genes in Th2 + IL-22 stimulated HEEs.

Supplementary Table 7. Overlapping and missing differential genes in in vitro cytokine-
stimulated N/TERT-2G models as compared to in vivo AD. A) Th2 cytokine stimulated HEEs. B) Th2 +
IL-17A stimulated HEEs. C) Th2 + IL-22 stimulated HEEs.

Supplementary Table 8. GO-terms of the overlapping differential genes in in vitro cytokine-
stimulated N/TERT-2G models as compared to in vivo AD. A) Upregulated genes in Th2 cytokine
stimulated HEEs. B) Upregulated genes in Th2 + IL-17A stimulated HEEs. C) Upregulated genes in Th2
+ IL-22 stimulated HEEs. D) Downregulated genes in Th2 cytokine stimulated HEEs. E) Downregulated
genes in Th2 + IL-17A stimulated HEEs. F) Downregulated genes in Th2 + IL-22 stimulated HEEs.

Supplementary Table 9. Differential meta-analysis of bulk RNA-seq data. A) Clinical characteristics
(sex, age, SCORAD, EASI) of cohorts incorporated in the meta-analysis. Categorical variables are
reported in terms of absolute counts and percentages per category. Continuous variables are reported
in terms of median, lower quartile and upper quartile. B) Profiling platforms used for generating
transcriptomic data. €) Summary statistics of differential meta-analysis comparing ADL and HC.
D) Summary statistics of differential meta-analysis comparing ADNL and HC. E) Summary statistics of
differential meta-analysis for bridge genes ACER1, AKR1C3, BIRC3, LTF and ST00A12, comparing ADL and
HC as well as ADNL and HC (ci.l and ci.u representing the lower and upper bounds of the corresponding
95% confidence interval).
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Supplementary Table 10. Cytokine concentrations used to stimulation human
epidermal equivalents.

Cytokine Manufacturer Concentration
IL-4 Peprotech 50 ng/mL

IL-13 Peprotech 50 ng/mL
IL-17A Peprotech 50 ng/mL

IL-22 Peprotech 50 ng/mL
Cocktail Concentration

Th2 IL-4: 50 ng/mL + IL-13: 50 ng/mL

Th2 +IL-17A IL-4: 50 ng/mL + IL-13: 50 ng/mL + IL-17A: 50 ng/mL
Th2 +IL-22 IL-4: 50 ng/mL + IL-13: 50 ng/mL + 1L-22: 10 ng/mL
Th17 IL-17A: 50 ng/mL + IL-22: 50 ng/mL

Supplementary Table 11. Antibody dilutions used for immunohistochemical analysis.

Antibody target Catalog number Manufacturer Dilution
Ki67 ab16667 Abcam 1:200
Filaggrin MAS5-13440 Thermo Fisher Scientific 1:100
Involucrin Mon 150 [80] 1:20
Keratin 2 65191 Progen 1:200
Keratin 10 MK10 Euro-diagnostica 1:100
Keratin 16 sc-53255 Santa-Cruz 1:200
Claudin 1 51-9000 Thermo Fisher Scientific 1:400

Claudin 4 32-9400 Thermo Fisher Scientific 1:400




Dissecting key contributions of Th2 and Th17 cytokines | 167

Supplementary Table 12. Primer sequences used for RT-qPCR analysis.

Primer target

Forward primer (5’-3’)

Reverse primer (3'-5')

RPLPO
CCL26
CA2
ccLz
NELL2
IL1B
FLG
LOR
CLDNT
CLDN4
DEFB4
PI3
ST00A7
CAMP

caccattgaaatcctgagtgatgt
cctgggtgcgaagctatgaa
aacaatggtcatgctttcaacg
gaagaatcaccagcagcaagtg
cagaattgtcaacagtgcc
aatctgtacctgtcctgegtgtt
acttcactgagtttcttctgatggtatt
aggttaagacatgaaggatttgcaa
ccagtcaatgccaggtacga
gctgtaaacaggtttgggca
gatgcctcttccaggtgttttt
catgagggccagcagctt
cttccttagtgcctgtgacaaaaa
ccaggcccacgatggat

tgaccagcccaaaggagaag
ttgcctcttttggtagtgaatatcac
tgtccatcaagtgaaccccag
gatctccttggccacaatgg
attcacactccacatctgg
tgggtaatttttgggatctacactct
tccagacttgagggtctttttctg
ggcaccgatgggcttagag
ttggatagggccttggtgtt
tcagaggggatcagtctcca
ggatgacatatggctccactctt
tttaacaggaactcccgtgaca
aaggacagaaactcagaaaaatcaatct

accagcccgtecttcttga

Supplementary Table 13. Overview of transcriptomic data and analyses that were used for

specific figures.

Figure Samples Sequencing and/or analysis

3A-C In vitro HEEs Bulk RNA-sequencing

4A-D In vitro HEEs Spatial transcriptomics

5A-B In vitro HEEs Bulk RNA-sequencing

In vivo full skin Meta-analysis of micro-array or bulk RNA-sequencing

of full thickness skin biopsies (lesional and non-lesional
AD vs. healthy controls)

5C In vivo full skin Meta-analysis of micro-array or bulk RNA-sequencing

Supplementary 6A-C
Supplementary 6D-E
Supplementary 7A

Supplementary 7B-C

Supplementary 7D
Supplementary 8A-C

In vitro HEEs
In vitro HEEs

In vivo full skin
In vitro HEEs

In vivo epidermis

In vitro HEEs
In vitro HEEs

of full thickness skin biopsies (lesional and non-lesional
AD vs. healthy controls)

Bulk RNA-sequencing
Spatial transcriptomics

Publicly available scRNA-sequencing of full thickness
skin biopsies [19]

Bulk RNA-sequencing

Pseudobulk of epidermis data from publicly available
scRNA-sequencing of full thickness skin biopsies
(lesional AD vs. healthy controls) [19]

Bulk RNA-sequencing
Bulk RNA-sequencing
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Supplementary Table 14. Gene set enrichment analysis of gene expression signature of TH2_Ctl,
TH2IL17_Ctl, TH2IL22_Ctl generated from NHEK and N/TERT. Size, the size of the reference gene
set, ADL_HC; Coverage, proportion of genes from the reference gene set present in the expression
signature of HEEs; Bound.tdp, the lower bound for the proportion of associations (true discoveries);
Point.tdp, the point estimate for the proportion of associations (true discoveries); Bound.tdn, the lower
bound for the number of associations (Bound.tdn=Size*Coverage*Bound.tdp); Point.tdn, the point
estimate for the number of associations (Point.tdn=Size*Coverage*Estimate.tdp); Padj, BH-adjusted
competitive enrichment p-value.

Comparison Geneset Size Coverage Bound Estimate. Bound Estimate Padj
name .tdp tdp .tdn .tdn

NHEK_ ADL_HC 2979 084 0.10 0.15 238.37 384.98 9.74E-03

Th2_Control

NHEK_ ADL_HC 2979 0,84 0.25 0.32 613.37 792.90 8.05E-04

Th2+IL-17A_

Control

NHEK_ ADL_HC 2979 084 0.33 0.40 82282  1011.32  1.59E-03

Th2+IL-22_

Control

N/TERT-2G_ ADL_HC 2979 0,83 0.13 0.19 332.69 468.38 1.50E-03

Th2_Control

N/TERT-2G_ ADL_HC 2979 0,83 0.27 0.34 661.36 834.24 2.82E-06

Th2+IL-17A_

Control

N/TERT-2G_ ADL_HC 2979 0,83 0.35 0.41 858.36 1006.11 1.51E-05

Th2+IL-22_

Control

Supplementary Table 15. Ki67 immunostaining quantification for the effect of therapeutics on
cytokine-induced hyperproliferation. The upper table presents the quantification corresponding to
Supplementary Figure 9, and the lower table to Figure 6.
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Supplemental methods

Supplementary table 13 summarizes which transcriptomic data was used per
(supplementary) figure.

AD human epidermal equivalent (HEE) generation

Isolation of primary human keratinocytes (FLG wildtype) was performed according
to the principles of the Declaration of Helsinki, as described previously [17].
N/TERT-2G immortalized keratinocytes from Rheinwald laboratory [27] were
cultured in CnT-PR medium (CELLNTEC) with 1% Penicillin-Streptomycin (Sigma-
Aldrich) before HEE generation as previously described [17]. In brief, human
keratinocytes were seeded in a Nunc 24-transwell system (Thermo Fisher Scientific)
and cultured submerged for two days in CnT-PR proliferation medium (CELLNTEC)
followed by one day submerged culture in 60/40 CnT-PR-3D differentiation medium
(CELLNTEC) and DMEM medium (Sigma-Aldrich). Next, cultures were lifted to the
air-liquid interface and medium was refreshed every other day. To mimic AD in
vitro, the medium was supplemented with cytokines in different concentrations
(Supplementary Table 10) during the last 72 hours before harvesting. AHR ligands
tapinarof (1uM, Benvitimod, SML3430, Sigma-Aldrich), IMA-06504 (1 nM, [38])
and JAK1/3 inhibitor tofacitinib (450nM, PZ0017, Sigma-Aldrich) were added
simultaneously with the cytokines (for preventive effects), or for the last 48 hours of
the culture (for restoring effects). Primary keratinocyte HEEs were harvested at day
8 and N/TERT-2G HEEs at day 10 of the air-liquid interface [17, 22].

Morphological and immunohistochemical analysis

HEEs were fixed in 4% formalin (Sigma-Aldrich) for 1 hour and embedded in
paraffin (Leica). 6um sections were hematoxylin and eosin (H&E) stained or used
for immunohistochemistry analysis. Sections were blocked for 15 minutes with 5%
normal donkey (CLDN1/4) (SouthernBiotech), horse (FLG, IVL, KRT2, KRT10, KRT16)
(Vector laboratories) or goat (Ki67) (SouthernBiotech) serum in PBS and incubated
for 1 hour with the primary antibodies as listed in Supplementary Table 11. Next,
sections were incubated for 30 minutes with biotinylated secondary antibodies
(Vector laboratories), Donkey-anti rabbit AF488 (CLDN1) (Abcam) or donkey
anti-mouse AF647 (CLDN4) (Invitrogen) and for 30 minutes with avidin-biotin
complex (Vector Laboratories). Protein expression was visualized using 3-Amino-
9-ethylcarbazole (AEC) (Merck Millipore) and sections were mounted with glycerol
gelatin (Sigma Aldrich) or Fluoromount-G with DAPI (ThermoFisher) (CLDN1/4).. For
Ki67 quantification, two images were taken per HEE using the ZEISS Axio Imager
equipped with a ZEISS Axiocam 105 color Digital Camera with the x20 objective.
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Analysis was performed with CellProfiler version 4.2.1 or Fiji version 1.54f [81] and
image analysis pipelines are available on request.

RNA isolation and real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Total RNA was isolated using the E.Z.N.A. Total RNA Kit | (Omega Bio-Tek) kit
according to manufacturer's protocol. After DNAse | (Invitrogen, Thermo Fisher
Scientific) treatment and ¢cDNA synthesis (PCR Biosystems), real-time quantitative
PCR (RT-gPCR) was executed with primers listed in Supplementary Table 12 and
SYBR Green (Bio-Rad) using the CFX Connect™ Real-Time System (Bio-Rad). If
nothing could be detected, the CT value was set at 40, which is the number of cycles
run. Gene expression was normalized to the expression of human acidic ribosomal
phosphoprotein PO (RPLPO) and relative expression levels were calculated using the
2-%4T method [82].

Bulk RNA-sequencing of in vitro models

For preparation of RNA sequencing libraries, 400ng of RNA per sample and
the KAPA RNA HyperPrep kit with RiboErase (human/mouse/rat [HMR]) (Kapa
Biosystems) were used. Oligonucleotide hybridization, rRNA depletion and
cleanup, DNase digestion and cleanup, and RNA elution were performed according
to manufacturer's protocol. Fragmentation and priming was executed at 94°C for
6 min. First- and second-strand synthesis, and A-tailing were performed according
to manufacturer's protocol. A 1.5-uM stock (NEXTflex DNA barcodes; Bio Scientific)
was used for adapter ligation. Post-ligation cleanups were executed according to
manufacturer's protocol, followed by eight cycles of library amplification and a
0.8x bead-based cleanup. High-sensitivity DNA bioanalyzer (Agilent Technologies)
was used to determine the library size, and to measure the library concentration
the DeNovix double-stranded DNA (dsDNA) high-sensitivity assay was performed.
Sequencing was done with the Illumina NextSeq 500 instrument and 42bp-paired
end reads were generated.

Bulk RNA-sequencing data analysis from in vitro models

RNA-sequencing data was analyzed using the seq2science RNA-seq workflow
version 0.9.5 [83]. Paired-end reads were trimmed with fastp version 0.20.1 [84],
using default options. Reads were subsequently aligned to the GRCh38.p13
reference assembly using the default options provided with STAR version 2.7.6a [85].
In order to assess the quality of the samples, several quality control metrics were
generated as described below (data not shown), and inspected using MultiQC
version 1.11 [86]. Duplicate reads were marked and inspected with Picard
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MarkDuplicates version 2.23.8, and alignment statistics were collected using
samtools stats version 1.14 [87]. All samples were found to be of sufficient quality,
and reads were counted and summarized to gene-level from filtered bam-files
using HTSeg-count version 0.12.4 [88].

Subsequent analyses were performed in the R statistical environment version
4.2.2. DEGs were defined using DESeq2 version 1.38.2 [89], comparing conditions
of cytokine cocktail concentrations (controls, Th2, Th2 + IL-17A, and Th2 + IL-22)
within each HEE model (NHEK and N/TERT-2G). Batch corrections were performed
for the NHEK-HEEs, and a multiple testing correction was performed using the
Benjamini-Hochberg method [90].

Heatmaps were generated using ComplexHeatmap version 2.14.0 [91] based on
genes that were significant (p-adjusted < 0.05) in at least one within-HEE model
comparison. Clustering was performed based on z-scores of countvalues, with abatch
correction applied to the NHEK-HEE count values using limma version 3.54.2 [92].
For each cluster, a Gene Ontology enrichment analysis for biological processes
was performed using the enrichGO function from the R package clusterProfiler
version 4.6.0 [93]. Only terms with a g-value < 0.05 were examined. If any parent/
child terms were significant, only the parent terms were plotted using the ggplot2
package version 3.4.0 [94].

Pseudobulk analysis of scRNA-sequencing data from in vivo samples
Publicly available single-cell RNA sequencing data of skin biopsies from four AD
patients and two healthy controls was downloaded from the Gene Expression
Omnibus (GEO, accession number GSE153760), and pre-processed as described
in Rojahn et al. [19]. Briefly, Cell Ranger version 3.0.2 (10x Genomics) was used to
demultiplex, align, and count the scRNA-seq data. The reference genome GRCh38
was used for the alignment of reads. The R package Seurat version 4.0.0 [95] was
used to analyze the data and a filtering criterion was applied which excluded cells
that had fewer than 100 or more than 5000 genes, more than 20000 counts, or a
mitochondrial count percentage >10%. Mitochondrial genes were also removed
from the dataset. The standard Seurat workflow was subsequently applied,
including normalization, identification of variable genes, data scaling, and principal
component analysis. We then executed the FindNeighbours() and FindClusters()
functions within the Seurat package along with Uniform Manifold Approximation
and Projection (UMAP) to identify and visualize clusters. Skin biopsy keratinocyte
populations were selected based on marker expression of KRT1, KRT5, KRT10 and
KRT14, including only cells with at least 1000 genes. Pseudobulk data was then
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generated through the aggregation (sum) of gene counts in individual cells across
samples, and DEGs were identified using DESeq2 by comparing healthy controls to
AD biopsy samples.

In order to examine the similarities between our in vitro models and the in vivo
pseudobulk data, the overlap between up- and down-regulated pseudobulk DEGs
and DEGs in the in vitro cytokine cocktail conditions (Th2, Th2 + IL-17A, Th2 + IL-22)
relative to untreated controls was examined. Overlaps were assessed using the
GeneOverlap R package [96] and a Jaccard index was used to measure similarity
between two lists of DEGs. In order to test the significance of the overlap, a
contingency table was created (in/not in list 1 versus in/not in list 2) and a Fisher’s
exact test was applied. For these overlap analyses, a p-value threshold of p-adjusted
< 0.05 was applied to all DEGs. For the in vitro data, upregulated DEGs were defined
as having a log2FC > 0, while downregulated genes were defined by a log2FC < 0.
In the in vivo data, up- and downregulated genes were defined by a log2FC > 1
or log2FC < -1, respectively. Gene Ontology enrichment analyses for biological
processes were performed on DEG overlaps using enrichGO as described previously.

Bulk RNA-sequencing data analysis of in vivo samples

Transcriptomic profiles based on 188 AD lesional, 91 AD non-lesional as well as
181 healthy control biopsies have been acquired from public (E-MTAB-8149,
GSE130588, GSE193309) or academic sources (P2N_clinical). For cohort characteristics,
see Supplementary Table 9 (sheet “cohort characteristics”). Punch biopsies have
been profiled using microarray (E-MTAB-8149, Affymetrix Human Gene 2.1 ST Array;
GSE130588, Affymetrix Human Genome U133 Plus 2.0 Array) or RNA-seq technology
(GSE193309, lllumina NovaSeq 6000; P2N_clinical, Illumina NovaSeq 6000/HiSeq
2500). For further details see Supplementary Table 9 (sheet “profiling”). Raw
microarray data (Affymetrix CEL files) has been processed using single-channel array
normalization (SCAN) employing the R package SCAN.UPC version 2.30.0 [97]. Raw
sequencing data has been processed using TrimGalore version 0.6.6 [98], Cutadapt
version 4.4 [99], FastQC version 0.11.9 [100], HISAT2 version 2.2.1 [101], SAMtools
version 1.11 [87] and Rsubread version 2.2.6 [102] and annotated according to
Ensembl release 103 (GRCh38). Sequencing count data has been converted to the
logarithmic scale using the voom transformation provided with R packages limma
version 3.52.3 [92] with scaling factors to normalize library size calculated using
R package edgeR version 3.30.3 [103]. Harmonization of molecular and clinical data
(sex, age, SCOring Atopic Dermatitis (SCORAD), Eczema Area and Severity Index
(EASI)) incorporated in the meta-analyses has been performed using the R package
harmonizeGeneExprData, available at GitHub [104]. Subsequent quality control
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of the resulting datasets has been performed using the R Package QCnormSE,
available at GitHub [105]. For each study, expression values of each gene have been
standardized to mean of zero and standard deviation of 1 to increase comparability
across profiling technologies.

Single-cohort differential expression analysis has been performed using linear
models as implemented in R package limma version 3.54.2 [92] with gene
expression as dependent and sample type (AD lesional, AD non-lesional, healthy
skin) as independent variable. The subsequent cross-cohort analysis pooled the
regression coefficients (corresponding to (log2) FC) using random effects meta-
analysis as implemented by the R package metafor version 3.8-1 [106]. Meta-
analysis p-values were adjusted for multiple testing using the Benjamini-Hochberg
procedure [90] and significantly differentially expressed genes were required to
meet adjusted p-value < 0.05 and the absolute pooled (log2) FC > 1. With the R
package metaAnalyzeGeneExprData [107] the authors provide wrapper functions
implementing the employed meta-analysis workflow. Visual and tabular summaries

of analysis results have been generated using R packages tidyr version 1.3.1,
gtsummary version 1.7.2 [108], and ComplexUpset version 1.3.3 [109].

Competitive gene set enrichment analysis has been performed using R package rSEA
(version 2.1.1), testing the null hypothesis that the members of individual gene sets
of interest are uniformly distributed along the list of ranked measures of differential
expression. Using this approach differential expression signatures of cytokine
stimulated HEEs generated from primary keratinocytes compared to controls
(NHEK_Th2_Control, NHEK_Th2+IL-17A_Control, NHEK_Th2+IL-22_Control), as well
as those generated from immortalized keratinocytes compared to controls (N/TERT-
2G_Th2_Control, N/TERT-2G_Th2+IL-17A_Control, N/TERT-2G_Th2+IL-22_Control)
are contrasted to a set of DEGs derived from the differential expression meta-analysis
comparing AD lesion skin to healthy control skin (ADL_HC, significance criterion:
pvalue.random.adj<0.05 and abs(estimate.random)>1). Associations between the in
vitro signatures and the in vivo gene set are considered significant for BH-adjusted
competitive enrichment p-values <0.05.

HEE harvesting, cryosectioning and fixation for spatial transcriptomics
Per HEE, three 2 mm punch biopsies were taken and a total of 9 punch biopsies
were threaded on a single hypodermic needle. Two needles were sunk in chilled
OCT (Thermo Scientific) per cryomold to align all punch biopsies. Embedded punch
biopsies were flash frozen in partially frozen isopentane (Thermo Scientific) until
frozen solid and immediately stored at -80°C. Blocks were mounted in the cryostat
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(Epredia Cryostar), sectioned at 6 um thickness and directly mounted on cold
Rebus Biosystems coverslips for spatial transcriptomics as well as glass slides for
morphology assessment through H&E staining (as described before). Single sections
from three different blocks were mounted on the same coverslip. Coverslips were
air dried for 5 minutes after mounting the final section and fixed for 10 minutes at
room temperature in 4% PFA (Sigma-Aldrich) in PBS, followed by two 10 minute
washes in PBS and two 5 minute washes in 70% ethanol. Coverslips were stored
submerged in 70% ethanol at -20°C until performing spatial transcriptomics.

Spatial transcriptomics

Spatial transcriptomics was performed using the High Fidelity Assay on the Esper
from Rebus Biosystems using a panel of 30 genes: ABCA12, AHR, CHUCK, CLDN1,
COL17A1, COL7A1, CYP1A1, DCN, DSG1, FLG, GJB2, HRNR, IGFBP5, IRF6, ITGB4, IVL,
KLF4, KRT15, KRT1, KRT2, KRT5, MAFB, MCM3, MKI67, NIPAL4, RPLPO, TFAP2A, TGMT,
TP63 and ZNF750. For validation of the methodology in control HEEs, the marker
genes for basal keratinocytes were collagen (COL)7A1, COL17A1, integrin (ITG)B4,
KRT5, for spinous keratinocytes desmoglein (DSG)1, KRT1, KRT2 and for granular
keratinocytes IVL, FLG. The flow cell was assembled and reagents were prepared
and loaded onto the machine following manufacturer instructions. After tubing
priming and a flow cell wash, a quick scan was made of the entire imageable area,
after which all areas containing properly mounted HEEs were selected for imaging.
The High Fidelity Assay performs tissue pretreatment, DAPI staining and primary
probe hybridization, followed by 10 cycles of secondary probe hybridization,
imaging of three targets and probe stripping.

Image processing and bioinformatic analysis for spatial transcriptomics

Using the Esper Analysis software, high resolution images were constructed from
the raw Synthetic Aperture Optics data. For the intensity in both low and high
resolution images as well as the intensity variation between single low resolution
images, manual thresholds were set to allow for detection of smFISH spots. This was
followed by generation of nuclear masks from the DAPI images using StarDist and
assignment of spots to the closest nuclei within a maximum distance of 80 pixels from
each spot. The resulting cellxgene matrix, including spatial coordinates of every cell,
was analyzed using Scanpy version 1.8.2 [110]. Cells were filtered based on nuclear
perimeter (200-600 pixels) and number of spots per cell (20-800) leaving a total
of 11,672 cells. Spot counts were log transformed, normalized per cell and scaled.
Coordinates of cells per HEE were transformed to allow for horizontal visualization
of each HEE. Per HEE, cells were assigned to a layer by iterating in 400 pixel intervals
through the equivalent from left to right and assigning cells within 100 pixels from
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the bottom cell to layer 1 (L1) and all cells between 100 and 200 pixels from the
bottom cell to layer 2 (L2). All cells within 150 pixels of the top cell per iteration were
assigned to the top layer (LT). All remaining cells were assigned to the middle layer
(LM). Mean relative expression per layer and/or cell type and treatment was plotted
using pyComplexHeatmap version 1.6.1 [111].

Electrical impedance spectroscopy (EIS) measurement

The electrical impedance spectra (EIS) were measured as previously described [20].
Briefly, HEEs were acclimatized to room temperature and submerged in PBS in the
24-transwell system. After calibration, a range 30 of electrical pulses from 10Hz to
100,000Hz was run through the HEEs and the impedance (Q) was measured using
the Locsense Artemis device with SmartSense lid (Locsense). The impedances
were corrected for the impedance of blank filters. The area under the curves
(AUC) between 127Hz and 2212Hz were calculated and presented as percentages
relative to the untreated condition of the same donor and experiment, as measure
for differentiation protein expression (EISY®). The AUC between 28,072Hz and
100,000Hz are presented as percentages relative to the untreated condition of the
same donor and experiment, as measure for stratum corneum resistance (EIS*).

Statistical analysis of qPCR and EIS data

For qPCR results, data is represented as mean +/- standard error of the team (SEM)
of at least 3 biological or technical replicates. Raw ACT values were used to test
for statistical significance of RT-qPCR data. One-way analysis of variance followed
by Dunnett post hoc testing was performed in GraphPad Prism version 9. For EIS
data, statistical analyses were performed similarly on AUC values. For correlation
analyses, simple linear regression modeling was performed in GraphPad and a
correlation was considered significant when the slope significantly deviated from
zero. P-values of <0.05 were considered statistically significant.
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Abstract

Following descriptive studies on skin microbiota in health and disease, mechanistic
studies on the interplay between skin and microbes are on the rise, for which
experimental models are in great demand. Here, we present a novel methodology
for microbial colonization of organotypic skin and analysis thereof. An inoculation
device ensured a standardized application area on the stratum corneum and a
homogenous distribution of bacteria, while preventing infection of the basolateral
culture medium even during prolonged culture periods for up to two weeks at a
specific culture temperature and humidity. Hereby, host-microbe interactions
and antibiotic interventions could be studied, revealing diverse host responses to
various skin-related bacteria and pathogens. Our methodology is easily transferable
to a wide variety of organotypic skin or mucosal models and different microbes at
every cell culture facility at low costs. We envision that this study will kick-start skin
microbiome studies using human organotypic skin cultures, providing a powerful
alternative to experimental animal models in pre-clinical research.
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Introduction

The skin is a multi-faceted barrier organ that hosts a diversity of commensal microbial
communities, composing the human skin microbiota. Over the past decade, we
have witnessed a scientific breakthrough with respect to our knowledge and
understanding of these microorganisms due to advances in sequencing technologies
and the initiation of the human microbiome project [1]. Skin microbiome
composition and diversity varies between body sites and individuals and is affected
by environmental influences [2, 3]. The most abundant bacteria identified at the
genus level are Corynebacterium, Cutibacterium and Staphylococcus [2, 4], along
with the most common fungal commensal Malassezia [4-6]. These microbes play an
important role in skin health by educating the immune system [7-9], preventing the
colonization by pathogens [10, 11] and promoting skin barrier function [12, 13].

Alterations in skin microbiome composition, called dysbiosis, are nowadays
associated with a plethora of skin conditions, such as atopic dermatitis (AD), psoriasis
and acne [14-21]. Colonization and infection of the skin by Staphylococcus aureus
(S. aureus) has been under investigation for decades [22, 23], but recent studies
also suggest other Staphylococcus species like S. epidermidis [24] and S. capitis [25]

to contribute to skin pathologies. The question remains whether dysbiosis is the
cause or consequence of skin diseases and to what extent the microbiome can be
leveraged as a therapeutic target [26-28]. Following initial descriptive studies on
the skin microbiome [4, 29], investigative mechanistic studies using biologically
relevant experimental models are of utmost importance to dissect the cause or
contribution of microbial dysbiosis to health and disease [27, 30, 31].

Notwithstanding the importance and utility of widely used in vivo-animal
models [32-34], the skin microbiome of rodents is significantly different from humans
and the instability of the microbiome in laboratory animals is known to affect the
experimental outcome [30]. Alternatively, human skin cell cultures (e.g., keratinocyte
monolayer cultures) allow investigations on the direct interaction between
keratinocytes and microbes [35, 36]. Herein, cultures inoculated with live bacteria are
restricted to be short-term as cell viability will be compromised upon the bacterial
overgrowth within a few hours [37, 38]. Optionally, heat-killed bacteria, bacterial
components or the bacterial culture supernatant can be used [39-41]. However, these
do not mimic the actual colonization onto the protective stratum corneum, which acts
as a physical barrier and filter for microbial metabolites [42]. Investigative studies on
these metabolites and potential quorum sensing molecules [43, 44] that interact with
bacterial or host cell receptors to activate signal transduction pathways [13, 45, 46],
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would benefit from models in which live bacteria are grown under biologically
relevant culture conditions, such as a natural growth substrate (the stratum corneum)
with a viable epidermis underneath.

Advanced organotypic skin models (either full thickness skin or epidermal
equivalents) have recently been used more often in host-microbe interaction
studies. Next to bacterial infection models, microbial colonization is reported for
a variety of skin-related bacteria and fungi. To summarize the current state-of-the-
art, we provide a literature overview including experimental details and read-out
parameters in Supplemental Table S1. These studies clearly indicate the utility of
organotypic skin models for skin microbiome research, but also highlight a lack of
standardization, relatively short culture periods of up to 24 hours, the high risk of
basolateral culture infections and low assay throughput at high costs. Furthermore,
the common use of standard cell culture conditions (37°C at a high relative
humidity) in these microbial exposed culture studies favors the growth of aerobic
bacteria which will affect the bacterial diversity of in vitro cultured skin microbiome
samples [47].

In an attempt to overcome these limitations, we here present a low cost and
easy to use technical advance for microbial colonization of 3D human epidermal
equivalents (HEEs). This may enable standardization of microbiome research using
organotypic skin models and facilitate multi-parameter analytics from one single
culture. Using this model system we provide proof-of-concept for differential
host defense responses by skin commensals and pathogens, establish long-term
culture periods up to two weeks and implement effective intervention studies by
topical antibiotics.

Methods

Primary keratinocyte isolation

Surplus human skin was obtained from plastic surgery (according to the principles
of the Declaration of Helsinki). Human primary keratinocytes were isolated as
previously described [48]. Briefly, 6 mm full-thickness biopsy punches of the freshly
excised skin tissue were taken and placed into antibiotic/antimycotic medium
for 4 hours at 4°C. Thereafter, 0.25% trypsin in phosphate buffered saline (PBS)
was added and incubated overnight (o/n) at 4°C. Next, the enzymatic reaction
was stopped by the addition of 10% (v/v) fetal bovine serum (GE Healthcare Life
Sciences). A pair of tweezers was used to scrape the surface of the biopsy for
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harvesting of the keratinocytes. The keratinocytes were counted and seeded onto
feeder cells at a density of 50.000 cells/cm? in keratinocyte growth medium. The
cells were harvested at 95% confluency with a final DMSO concentration of 10%
and the cryovials were placed o/n into a freezing container at -70°C, after which the
cells were stored in liquid nitrogen.

3D human epidermal equivalent (HEE) culture

HEEs were generated according to the protocols previously described by Rikken et
al. 2020. Briefly, cell culture inserts (24-wells, 0.4 um pore size filters; Thermo Fisher
Scientific, Nunc) were coated with 150 pL of rat tail collagen in sterile cold PBS
(100 pg/mL, BD Biosciences, Bedford, USA) at 4°C for 1 hour. Thereafter, excessive
collagen solutions were carefully aspirated and the filters were washed with sterile
cold PBS. Then, 150.000 primary human keratinocytes were seeded submerged
in 150 puL CnT-prime medium (CELLNTEC, Bern, Switzerland). 900 pL of CnT-prime
was added to the basolateral chamber, after which the cultures were incubated
at 37°C and 5% CO,. After 48 hours, cultures were switched to 3D differentiation
medium, which consists of 60% CnT-Prime 3D Barrier medium (CELLNTEC, Bern,
Switzerland) and 40% High Glucose Dulbecco’s Modified Eagle’s Medium (DMEM,
D6546, Sigma-Aldrich). 24 hours later, the HEEs were lifted to the air-liquid interface
(ALI) using 1600 uL of 3D differentiation medium, which was refreshed every

other day. The HEE culture schedule is depicted in Figure 1F (created with Adobe
[llustrator, https://www.adobe.com/illustrator).

For the N/TERT-2G cells [49, 50], EpiLife medium (Gibco) or CnT-prime (CELLNTEC)
was used (based on availability) for seeding the cells and during the first 48 hours
of submerged culture. The N/TERT-2G HEEs were generated from N/TERT-2G
keratinocytes at passage 3.

Bacterial cultures

Bacterial strains (see Supplemental Table S2) were obtained from the Department
of Medical Microbiology of the Radboud University Medical Center and the
Department of Dermatology of the Heinrich-Heine-University in Disseldorf
(clinical isolate of AD skin, SA-DUS-011). S. aureus, S. epidermidis, S. capitis and
Corynebacterium aurimucosum (C. aurimucosum) strains were grown o/n on
Columbia agar with 5% sheep blood (Becton, Dickinson and Co.) under aerobic
conditions at 37°C. Single colonies were used to inoculate cultures in 3 mL brain
heart infusion (BHI) medium (Mediaproducts BV) in a 14 mL round bottom tube
with snap cap (Cat#352057, Falcon, Corning) and incubated o/n at 37°C while
shaking (225 rpm). Thereafter, bacterial cultures were diluted 100 times (30 pL in
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3 mL BHI medium) and grown for another 2.5 hours in a shaking incubator to reach
exponential growth. Cutibacterium acnes (C. acnes) was grown on Columbia agar
with 5% sheep blood for 2 days at 37°C under anaerobic conditions (anaerobic
jar system with an Oxoid Anaerogen 3.5L sachet (Cat#ANO035A, Thermo Fisher
Scientific)), after which a single colony was picked and cultured o/n in 3 mL BHI
medium at 37°C under anaerobic conditions. Thereafter, the bacteria were collected
by centrifugation. The pellets containing the bacteria were washed twice in PBS
and finally resuspended in PBS to reach the desired amount of colony forming
units (CFU)/mL.

Glass cylinder methodology for topical application of bacteria

After resuspension, the bacterial strains were topically applied on the stratum
corneum of the organotypic cultures using a glass cloning cylinder (Cat#070303-04,
Bioptechs, Pennsylvania, USA) with an outer diameter of 6 mm (inner diameter
of 4 mm). Cylinders were first washed with soap followed by disinfection with 70%
and 100% ethanol (air-dried in flow cabinet). The cylinder was placed on top of
the HEE, with the raw surface facing downwards in the middle of the insert, using
forceps, leaving approximately 1 mm space at the edge of the culture area. 25 pL
of bacterial suspension (or PBS only) was carefully pipetted inside the cylinder.
During 4-5 hours, the cultures were placed on a heated plate (37°C) in the flow
cabinet (without the lid) to allow the surface to become dry again. Afterwards, the
cylinder was carefully removed and additional supplementation of culture medium
(approximately 100 pL) in the basolateral compartment was required before
returning cultures to the incubator at 37°C and 5% CO,. A macroscopic view of the
glass cylinder on top of the HEE is shown in Figure 1B, whereas a schematic overview
of the HEE culture schedule with bacterial exposure is depicted in Figure 1F.
During the culture experiments, samples of the culture medium were brought onto
blood agar plates and incubated o/n at 37°C to check for sterility.

Depending on the experimental design, the bacteria were applied at different time
points of the ALI (day 7, 8 and 11) and HEEs were harvested after 6 hours up to
13 days of culture. For the N/TERT-2G culture experiment, S. aureus ATCC 29213 was
colonized at day 9 of the ALI.

To mimic the in vivo skin environment and to optimize culture conditions, HEEs
inoculated with the SA-DUS-011 strain were also cultured at 32°C (at the start of
colonization, up to 10 days) at low relative humidity (dry atmosphere). This was
accomplished by removing the water tray from the incubator. Of note, the culture
medium in the basolateral chamber thereby evaporated faster requiring additional
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culture medium supplementation of 200 pL every day. Alternatively, the medium
level could be increased with 500 pL to account for the evaporation and prevent
the HEEs from running dry o/n.

The glass cylinder methodology was compared to a small droplet application
(5 pL volume of bacterial suspension (SA-DUS-011 strain)) without the cylinder.
The droplet was pipetted in the middle of the HEE (to minimize the risk of
basolateral infections) and thereafter subjected to the same protocol as described
above (37°C and 32°C).

Topical application of antibiotics

Fusidic acid (FA, FO881, Sigma-Aldrich) was used as a narrow spectrum antibiotic
known to combat S. aureus infections. Both S. aureus ATCC 29213 and the SA-
DUS-011 strain were analyzed after the addition of FA in a concentration series.
Immediately after the colonization of S. aureus (~4 hours later, complete evaporation
of PBS), 25 pL of FA (1% DMSO in water) was applied inside the same cylinder as
used for the application of S. aureus. Again, the liquid was allowed to evaporate
inside the flow cabinet (without lid on a heated plate, 37°C) and the cylinders were
carefully removed afterwards. The HEEs with S. aureus ATCC 29213 were subjected
to 1, 10 and 100 pg/mL FA, incubated at 37°C and 5% CO, and harvested after
24 hours (technical triplicates).

For a prolonged HEE culture experiment with the SA-DUS-011 strain, FA (10 and
100 pg/mL) was applied every other day using the sterile glass cloning cylinder on
top of the HEE. Cultures were incubated at 32°C (dry incubator) with 5% CO, and
harvested after 24 hours (technical triplicates) and 8 days (technical quadruplicates)
of colonization.

Multi-parameter end point analysis of organotypic cultures exposed
to bacteria

The polycarbonate filter supporting the organotypic culture was gently pressed
out of the transwell by placing it up-side-down and using a 8 mm biopsy punch
(BP-80F, KAl Medical). A 6 mm biopsy punch was used to sample the area that
had been covered by the glass cylinder. The bacterial colonization area was
macroscopically visible to the naked eye, which allowed the precise excision using
the biopsy punch. Of this 6 mm sample, a 3 mm biopsy was punched and fixed for
4 hours in 4% formalin (Sigma-Aldrich) for histological processing. The remainder
of the sample was divided in two, with one part placed in 350 pL lysis buffer for
total RNA isolation and the remainder in 250 pL PBS for CFU count, or in 500 pyL PBS
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for microbial genomic DNA isolation for 16S rRNA gene sequencing. In summary,
also depicted in the schematic image in Supplemental Figure S2B, samples were
obtained for i) tissue morphology and/or protein expression ii) bacterial growth
and iii) host gene expression from one single HEE to minimize batch effects and
increase assay throughput.

Immunohistochemistry and confocal microscopy

6 pm paraffin sections were stained with hematoxylin and eosin (Sigma-Aldrich)
or mounted with DAPI (4',6-diamidino-2-phenylindole) fluoromount-G (Thermo
Fisher Scientific) after deparaffinization. For immunohistochemical analysis,
sections were first blocked with 5% normal goat, rabbit or horse serum in PBS for
15 minutes and incubated with the primary antibody for 1 hour at room temperature
or o/n at 4°C (Supplemental Table S3). Thereafter, the sections were washed in PBS
and subsequently incubated with biotinylated secondary antibodies for 30 minutes.
Next, sections were washed again in PBS and incubated with avidin-biotin complex
(1:50 avidin, 1:50 biotin in 1% BSA/PBS (v/v)) (Vector laboratories) for 30 minutes.
Protein expression was visualized by color change due to the peroxidase activity of
3-amino-9-ethylcarbazole (AEC). The tissue was counterstained with hematoxylin,
after which the sections were mounted with glycerol gelatin (Sigma-Aldrich, Cat
No. 1002946952). For confocal microscopy, the primary antibodies goat anti-hBD2
and rabbit anti-SKALP were used in 1% BSA/PBS. As secondary antibodies, a donkey
anti-goat Alexa Fluor 647 was used for hBD2 and a donkey anti-rabbit Alexa Fluor
594 was used for SKALP/elafin. All secondary antibodies (Molecular Probes, Eugene,
OR) were diluted 1:200 in 1% BSA/PBS. 6 um paraffin sections were mounted
in fluoromount-G (Thermo Fisher Scientific, US) with DAPI (4',6-diamidino-2-
phenylindole). Image acquisition of immunofluorescence-stained tissue sections
was performed by a ZEISS Axio Imager equipped with a ZEISS Axiocam 105 Color
Digital Camera (Zeiss, Oberkochen, Germany). The ZEISS Axiocam 105 color is a
compact five-megapixel camera (2560 x 1920 pixels) for high-resolution images
with a 1/2.5” sensor. For confocal microscopy, the Zeiss LSM900 confocal laser
scanning microscope objective 63 x numerical aperture 1.4, focal plane T mm, was
used. Images were chosen as representative of the whole culture or biopsies and
stored in CZI format.

Keratinocyte RNA isolation and RT-qPCR analysis

RNA from the epidermal cells was isolated with the E.Z.N.A. Total RNA Kit | (OMEGA
bio-tek) according to the manufacturer’s protocol. Isolated RNA was treated
with DNasel (Invitrogen) and used for cDNA synthesis using SuperScript IV VILO
Master Mix (Invitrogen) and UltraScript 2.0 (PCR Biosystems) according to the
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manufacturer’s protocols. Subsequent real-time quantitative PCR (RT-qPCR) was
performed using SYBR Green (Bio-Rad). qPCR primers were obtained from Biolegio
(Nijmegen, The Netherlands) and depicted in Supplemental Table S4. Target gene
expression levels were normalized using the house keeping gene human acidic
ribosomal phosphoprotein PO (RPLP0). The AACt method was used to calculate
relative mRNA expression levels [51].

Bacterial analysis

To isolate the bacteria from the organotypic cultures, the sample was homogenized/
disintegrated in 250 pL PBS using a plastic micro pestle (Bel-Art, USA) in a 1.5 mL
Eppendorf tube with convex bottom, by turning it around 10 times. Then, the
suspension was completely homogenized using a needle (BD Microlance, 0.8 mm
x 50 mm) and syringe (Henke-Ject, Tuberculin, 1 mL) by passing it 10 times. The
homogenate was used to prepare a 10x dilution series and plated out on Columbia
agar with 5% sheep blood. Plates were incubated at 37°C either o/n at aerobic
conditions or for 2 days at anaerobic conditions. CFUs were counted and corrected
for dilution and harvesting method, considering that only a part (3/8) of the culture
was used for counting.

Dye penetration assay

To determine the time point of stratum corneum formation allowing bacterial
colonization, 25 pL of 1 mM lucifer yellow (LY, Sigma-Aldrich) was applied inside
a glass cylinder on top of the HEEs at various time points of the ALl culture (day 5
till day 8) and incubated for 2.5 hours at 37°C. After routine formalin fixation and
embedding in paraffin, 6 um sections were counterstained and mounted using DAPI
Fluoromount-G (Thermo Fisher Scientific). LY was visualized at excitation wavelength
of 488 nm using the ZEISS Axiocam 305 mono and a 10x or 40x objective.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 (https://www.
graphpad.com). Each HEE culture experiment includes technical replicates from a
single keratinocyte donor, unless specified otherwise in the figure legend.

For the RT-qPCR gene expression analysis, the raw ACt values were used. An
unpaired t-test was performed to determine statistical significance between two
groups. Paired (biological replicates) and unpaired one-way analysis of variance
(ANOVA) was used for comparison between multiple groups followed by Tukey’s
multiple comparison post hoc test.
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To determine statistical significance for the CFU count data, unpaired nonparametric
one-sided Mann-Whitney U test was used.

Ethics approval and Consent to participate

The primary cells used in this study were obtained from surplus material from plastic
surgeries according to the Declaration of Helsinki. Patients consent was documented
in electronic patient records on the use of biological material that remained after
treatment for scientific research (Code of Good Conduct). Bacterial isolates were
obtained from non-invasive skin swabs patients after informed consent.

Results

The prerequisites for bacterial colonization of organotypic skin in vitro
For bacterial colonization of organotypic skin and the study of host-microbe
interactions, prevention of cell culture infection is crucial. Like in native intact skin,
the stratum corneum of organotypic skin models should form a barrier preventing
bacteria from penetrating the epidermis. Therefore, bacterial inoculation should
occur subsequent to robust stratum corneum formation of the organotypic HEEs to
discriminate bacterial colonization versus an invasive infection. The first appearance
of lipid-rich stratum corneum layers that marks the time point of inoculation can be
easily visualized by a tracer molecule, lucifer yellow (LY). For all primary keratinocyte
donors (N=8), LY was retained in the stratum corneum at day 7 of the air-liquid
interface (ALl) culture, which was therefore considered as the starting point for
bacterial colonization of HEEs in further experiments (Supplemental Figure S1A).
To address the suitability of the HEE model for long-term bacterial exposed
culture studies, the lifespan of the HEEs was monitored. Expression patterns of the
proliferation marker Ki-67, differentiation markers keratin 10 (K10) and filaggrin
(FLG) and antimicrobial peptide (AMP) SKALP/elafin remained normal [52] for
25 days. The number of stratum corneum layers, however, increased due to lack of
desquamation invitro (Supplemental Figure S1B). After 30 days, a reduced number of
epidermal layers and loss of the granular layer was seen (Supplemental Figure S1C).
Therefore, the window of opportunity for studying host-microbe interactions or
intervention strategies in the herein presented HEE model system was estimated
being 18 days: from the start point of bacterial inoculation at day 7 of the ALl to
maximally day 25.
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Glass cylinder methodology for standardized topical inoculation

of HEEs

In our efforts to optimize the bacterial application method for inoculating HEEs
(from small to larger bacterial suspension droplets or complete coverage of the
HEE), we were challenged by the labor-intensiveness, lack in reproducibility
of bacterial colonization, high inter-individual variation between researchers,
detrimental effects on epidermal morphology and most importantly frequent
immediate infections (<24 hours of bacterial exposed culture) of the basolateral
culture medium via the edges of the HEE. We therefore considered the utility of
a glass cloning cylinder for topical application of the bacteria. The inert material
minimally interacts with the bacteria or epidermis and allows easy sterilization.
To quickly monitor the containment of liquid inside the cylinder at macroscopic
level, we visualized the distribution of trypan blue on the HEE without and with the
glass cylinder (Figure 1A-B, respectively). Microscopic analysis after LY application
indicated an equal distribution over the stratum corneum, containment of liquid
within the cylinder area and foremost clean edges of the HEE (Figure 1C).

Next, we investigated the effects of the glass cylinder and proposed vehicle
(PBS) on the viability and structural integrity of the HEE. Prolonged immersion of
organotypic epidermis is less desirable considering the detrimental effects on skin
barrier formation and function [53, 54]. Indeed, covering HEEs with PBS for 24 hours
changed the expression of markers for epidermal proliferation (Ki-67) and terminal
differentiation (FLG) (Figure 1D). To reduce the time of liquid coverage of the
stratum corneum, the cultures were placed on a laboratory hot plate (set at 37°C)
without the lid of the transwell culture plate in the laminar flow hood to accelerate
PBS evaporation. Thereby, the glass cylinder could be removed within 4-5 hours
before returning the culture plates to the incubator. After careful morphological
analysis (Figure 1E), this culture setup as depicted in Figure 1F was used as the basis
for all further experiments.
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Figure 1. Validation of glass cylinder methodology. (A) i) 25 pL drop of trypan blue in PBS applied
on top of the HEE, ii) the basolateral penetration of trypan blue after 4 hours of incubation (red arrow)
and iii) H&E staining showing the open edges of the HEE (black arrow). (B) i) Glass cloning cylinder on
top of the HEE indicated with the black arrow, ii) 25 pL of trypan blue in PBS was pipetted inside the
cylinder, iii) the PBS was evaporated 4 hours later (in flow cabinet on heated plate at 37°C, without lid)
and iv) the removal of the cylinder revealed a blue colonized circle without basolateral penetration.
(C) Lucifer yellow (LY) added inside the glass cylinder and harvested after 2.5 hours of incubation. DAPI
staining and fluorescent imaging (10x magnification) shows i) the distribution of LY onto the whole
HEE and ii) clean edges. (D) H&E, Ki-67 and filaggrin (FLG) staining of HEE with a drop of PBS on top
for 24 hours to analyze the morphological changes and protein expression patterns compared to the
control. (E) Difference in morphology between the removal of the cylinder after PBS evaporation or
leaving it on top of the HEE for 48 hours shown with an H&E staining. (F) Schematic overview of HEE
culture and the topical application of bacteria using a glass cylinder. Scale bar = 100 pm.
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Inoculation of HEE with pathogens and skin commensals

For acquiring first proof-of-concept on our methodology, a bacterial suspension
of the pathogen S. aureus (ATCC 29213, 10* CFU in PBS) was added inside the glass
cylinder, followed by a colonization period of 24 hours. Whole epidermal tissue
analysis (8 mm biopsy punch) showed a homogenous distribution of the bacteria
on the stratum corneum in the middle part, whilst keeping the edges of the HEEs
free from bacteria (Supplemental Figure S2A). Next, we used one single HEE for multi-
parameter readout analysis (Supplemental Figure S2B). After 24 hours of culture
with two S. aureus strains (ATCC 29213 and a clinical isolate from an AD patient (SA-
DUS-011)), CFU analysis indicated exponential bacterial growth reaching similar CFUs
for both strains, with unaffected epidermal morphology (Figure 2A, Supplemental
Figure S2C). Remarkably, marker gene expression analysis of AMPs (DEFB4, ST00A9
and PI3), revealed a strong induction after culture with SA-DUS-011 (Figure 2B). Also
inflammatory mediators, here illustrated by CCL20 and IL1B, were highly upregulated
(Supplemental Figure S2D) in contrast to the laboratory ATCC strain.

Figure 2. Colonization of HEEs with skin pathogens and commensals. (A) Growth and viability
analysis by means of colony forming unit (CFU) count (input at 0 hours) (biological N=4) and (B) gene
expression analysis of the antimicrobial peptides DEFB4 (gene encoding hBD2), ST00A9 (MRP14) and
PI3 (SKALP/elafin) after 24 hours of exposure to two S. aureus strains (ATCC 29213 and the clinical
isolate SA-DUS-011) (biological N=4, all controls set at 1). (C) CFU count (input at 0 hours) (N=3)
and (D) gene analysis of DEFB4, STO0A9 and PI3 after 24 hours of culture with skin related bacteria
(S. epidermidis = Se, C. acnes = Ca, C. aurimucosum = Cau, S. capitis = Sc) (N=3, control set at 1 (dashed
line)). ¥p<0.05, **p<0.01. Mean + SEM.
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To study the capability of aerobic, aerotolerant or facultative anaerobic skin
commensals to colonize HEEs, S. epidermidis, S. capitis, C. aurimucosum and C. acnes
were applied and cultured for 24 hours. CFU analysis indicated overall bacterial
growth (Figure 2C), albeit at different growth rates between the tested strains
(Supplemental Figure S2E). No differences were observed in the morphological
appearance of the HEEs exposed to different bacterial strains (Supplemental Figure
S2F), yet expression levels of host defense marker genes were significantly different,
and mostly highly induced by S. epidermidis (Figure 2D, Supplemental Figure S2E
and S2G). Importantly, no basolateral infections occurred during all HEE cultures as
confirmed by plating culture medium onto blood agar plates.

Prolonged HEE culture with S. aureus ATCC 29213

Considering the favorable aerobic growth conditions for Staphylococci in HEE
models and cell cultures in general, infections are expected upon long-term
cultures if the glass cylinder does not effectively constrain the bacteria from
leaking via the HEE edges, or when bacteria actively penetrate the stratum corneum.
Being a commonly used human pathogenic strain, S. aureus ATCC 29213 was first
selected for a prolonged two week culture period on top of the HEE. S. aureus
quickly reached a maximum of approximately 108 CFU within 24 hours followed by
a plateau phase during 13 days of culture (Figure 3A). The growth and survival of
S.aureus on the HEE was irrespective of the start inoculum, reaching maximum levels
between 10”and 108 CFU after 20 hours in all conditions (Supplemental Figure S3A).
The epidermal morphology and protein marker expression for keratinocyte
proliferation (Ki-67) and differentiation (FLG, involucrin (VL)) of the HEEs cultured
with S. aureus were comparable to control HEEs (Figure 3B, Supplemental Figure
S3B). Induction of SKALP/elafin protein expression was observed after 24 hours of
bacterial exposure and remained stable over time (Figure 3C).

Accumulating stratum corneum layers due to lack of desquamation in vitro
(Figure 3B) could in principle hamper potential host-microbe interactions at later
stages of the culture period. However, stratum corneum thickness did not influence
bacterial growth and viability (Supplemental Figure S3C), nor did it hamper the
induction of SKALP/elafin (Supplemental Figure S3D) when applying S. aureus at
later stages of the ALI (day 11). Considering the popularity of the immortalized
N/TERT keratinocytes in skin science as an alternative cell source for primary
keratinocytes, we generated HEEs from the N/TERT-2G cell line which resulted in
similar colonization rates as observed for primary keratinocytes (Supplemental
Figure S4A-B). Again, in all experiments, no infections occurred during the short-
term culture period.
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Figure 3. Prolonged HEE culture analysis after S. aureus ATCC 29213 colonization. (A) Colony
forming unit (CFU) analysis of HEEs inoculated with S. aureus ATCC 29213 and harvested at different
time points of culture up to 13 days (input at day 0). All data points represent N=4 biological
keratinocyte donor replicates, except for the 13 days culture (N=1). (B) H&E and (C) SKALP/elafin
staining of the HEE donor cultured for 13 days with S. aureus and its vehicle (PBS). Scale bar = 100 um.

Epidermal infections after prolonged colonization by S. epidermidis
and S. aureus

Commensal bacteria like S. epidermidis can become opportunistic pathogens
causing skin infections [55] and may induce AD-like disease at high abundances [56].
Considering the strong host defense response we observed already after 24 hours
of HEE colonization (Figure 2D, Supplemental Figure S2G), we evaluated the effects
of a more prolonged culture with S. epidermidis. Epidermal infections occurred
within 96 hours, even at a minimal input inoculum of 102 CFU. Structural damage
of the epidermis, including loss of the granular layer, parakeratosis and reduced
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epidermal layers was observed (Figure 4A). Strong induction of hBD2 and SKALP/
elafin protein expression after 96 hours (Figure 4B) was subsequently accompanied
by the confirmed presence of bacteria in the culture medium. Of note, no
basolateral infections were observed after 24 hours. However, the already high
AMP levels at 24 hours may have resulted from intracellular or invading bacteria
in the epidermis not visible by light microscopy. However, confocal microscopy of
immunofluorescent stainings did not reveal any presence of either S. epidermidis
or S. aureus in the lower layers of the stratum corneum nor the living cells beneath
in the epidermis (Supplemental Figure S5) at this time point, confirming a host
defense response by bacteria-secreted factors through the stratum corneum.

Since the S. aureus clinical isolate (SA-DUS-011) also showed strong induction of
host defense gene expression at 24 hours, we also prolonged this culture, resulting
in basolateral cell culture infections within 96 hours (Figure 4C). Prior to bacterial
growth in the basolateral compartment, yellow colonies typical for S. aureus were
macroscopically visible on the HEE surface after 48 hours. Harvesting the SA-DUS-011
HEEs at different time points indicated various degrees of infection by upregulated
AMP expression (hDB2 and SKALP/elafin) at the start of infection followed by
structural damage to the epidermis (Figure 4D). Similar results were obtained
using N/TERT HEEs. Herein, epidermal infections were seen in 5/6 replicates after
72 hours with concomitant upregulation of DEFB4 (Supplemental Figure S4C). The
induction of AMPs upon microbial exposure may thus be considered as an indicator
for epidermal infections in vitro at later days, even when the epidermal morphology
is still unaffected and basolateral culture medium and epidermis shows no signs
of infection.

Bacterial infections related to culture conditions

To address the influence of potential experimental artefacts (e.g., stratum corneum
defects) from the cylinder application, the glass cylinder methodology was head-
to-head compared with the application of a small volume of SA-DUS-011 in
the middle of the HEEs [57-59]. In addition, to better mimic the natural growth
conditions of bacteria on skin, physiologically relevant culture conditions (32°C, dry
atmosphere) were compared to the traditional cell culture conditions (37°C, high
humidity; warm and humid).
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Figure 4. Epidermal infections caused by S. epidermidis and S. aureus. (A) S. epidermidis (10 and
10* CFU input) caused epidermal infections within 96 hours of culture, visualized with H&E staining
that revealed the structural damage and loss of granular layer compared to the control HEE (PBS).
(B) Immunostainings of the AMPs SKALP/elafin and hBD2 showed induction of protein expression in
case of an epidermal infection. (C) H&E staining of HEE colonized with the S. aureus clinical isolate
SA-DUS-011 (10* CFU input) for 96 hours compared to the control HEE (PBS). (D) HEEs inoculated with
SA-DUS-011, harvested at different time points of infection and stained for the AMPs SKALP/elafin
and hBD2. All HEEs had multiple visible large yellow colonies on top of the stratum corneum. Only
the culture medium of the first HEE was not infected yet, analyzed with a blood agar plate and o/n
incubation at 37°C. Scale bar = 100 pm.
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The large bacterial surface area in the cylinder in warm and humid conditions
conferred significantly higher CFU count and relative growth than the droplet area
and reached similar CFU counts as in previous experiments (107-108 CFU) (Figure 5A-B).
At 32°C and dry conditions, a maximum CFU of 10° per HEE was reached at both the
droplet and cylinder application method, albeit the number of HEEs that became
infected significantly differed between both application methods (Figure 5C). Briefly,
the smaller droplet area delayed infection onset in a warm and humid environment
by at least 4 days, but could not prevent all HEEs becoming infected within 7 days
after bacterial inoculation. At 32°C and dry conditions delayed infection onset using
the cylinder and even prevented infections in 80% of HEEs with a small (droplet)
application area.

Figure 5. Bacterial infections using different culture conditions. (A) Colony forming unit
(CFU) analysis and (B) relative growth of the S. aureus clinical isolate SA-DUS-011 after 24 hours of
colonization applying four different methods (glass cylinder methodology (25 pL) versus small droplet
(5 pL) and 37°C (humid) versus 32°C (dry)) (N=3 per method) (input at 0 hours), ¥p<0.05 (Mann-Whitney
U test, CFU outcome of 37°C glass cylinder method compared to the other methods). (C) Percentage
of infected HEEs (N=5 per method), cultured and exposed for up to 10 days with SA-DUS-011 applied
using the four different methods.
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To further dissect the influence of temperature versus humidity on bacterial growth
and infection rate, HEEs were also cultured at 32°C in a humid environment. After
48 hours, SA-DUS-011 caused epidermal infections in all HEEs that were incubated
in humid conditions (of note: the infections started earlier at 37°C compared to
32°C). At 32°C and dry conditions, only 3 out of 8 HEEs became infected.

Topical antibiotic inhibits the growth of S. aureus

Next to more fundamental studies on skin host-microbe interactions, organotypic
3D skin microbiome models could be of importance for research and development
of pre-, pro- and antibiotics to modulate the skin microbiome for therapeutic
purposes. We implemented the cylinder methodology for the topical application
of antibiotics using readout parameters for both host and microbe. Fusidic acid (FA)
is used in clinical practice for the treatment of Staphylococci skin infections and
herein chosen as a proof-of-principle intervention.

Inhibition of S. aureus ATCC 29213 growth was observed in a dose dependent
manner after a single dose of FA was added inside the cylinder directly after
the initiation of S. aureus colonization, indicating the bacteriostatic effect of FA
(Figure 6A). In the morphological analysis, the lower amount of S. aureus colonies
on top of the stratum corneum relate to the effective FA treatment. At the effective
FA concentrations of 10 and 100 pg/mL, no morphological changes of the HEE were
observed (Figure 6B). Based on the aforementioned optimal culture conditions, FA
efficacy was tested (10 and 100 ug/mL) on the S. aureus clinical isolate SA-DUS-011
using the glass cylinder and culturing at 32°C and in a dry environment up to
8 days. At day 1, CFU analysis showed a strong reduction of S. aureus (Figure 6C)
indicative of the effective bacteriostatic effects of FA (bacteria were not completely
killed, resulting in 10° CFU on day 8 upon FA treatment every other day). During the
following 7 days, 50% of the untreated S. aureus-colonized HEEs became infected
after 4 days. The remainder of the untreated S. aureus-colonized HEEs that were
harvested at day 8 showed severe epidermal damage (Figure 6D) with high CFU
counts (Figure 6C) indicative of epidermal infections. FA treatment not only limited
the bacterial growth, but also completely prevented infections and epidermal
damage caused by S. aureus in HEEs.
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Figure 6. Fusidic acid inhibits the growth of S. aureus on HEEs. (A) Dose inhibiting effect via colony
forming unit (CFU analysis) of HEEs topically applied with fusidic acid (FA, 1-10-100 pg/mL, 1% DMSO
in water (0 pg/mL, vehicle)) 4 hours after S. aureus ATCC 29213 colonization (dotted line: amount of
CFUs at start of treatment) and harvested 24 hours later (N=3), and (B) H&E staining thereof. (C) CFU
analysis on day 1 (N=3 per treatment) and day 8 (0 ug/mL (N=2) and 10-100 pg/mL (N=4)), and (D) H&E
staining of HEEs colonized with the S. aureus clinical isolate SA-DUS-011 subjected to the FA treatment
protocol (10 and 100 pg/mL). HEEs were analyzed with a prolonged culture up to 8 days to study
epidermal infections; 50% (2 out of 4) S. aureus HEEs infected after 96 hours (FA applied at day 0, 2, 4
and 6) (of note, cultured at 32°C (dry)). *p<0.05 (Mann-Whitney U test, CFU outcome of fusidic acid
dosages compared to the vehicle (0 pg/mL)). Mean + SEM. Scale bar = 100 um.

Discussion

We here present a technical advance for the topical bacterial inoculation of a 3D
human epidermal equivalent (HEE) with a minimal risk of basolateral infections,
whilst allowing in vitro studies on infectious virulent strains. This methodology using
glass cylinders will be easily transferable to a wide variety of advanced organotypic
skin [60, 61] or mucosal models [62], would be amenable for the application of
diverse microbiota (bacteria [63, 64], viruses [65-67] and fungi [68, 69]) and can
be used in every cell culture facility considering the various sizes and commercial
availability, at low costs. We were able to increase the assay throughput by the large
bacterial exposure area and thus obtaining multiple samples for various endpoint
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analysis from one single HEE. Furthermore, our model allows us to influence the cell
culture environment to study infection vs. colonization. However, to more closely
mimic the in vivo situation, more complex models involving immune cells and
fibroblasts (full-thickness skin, ex vivo) and genetic predisposing factors need to be
taken into account to fully comprehend biological mechanisms that underly host-
microbe interactions in health and disease.

We generated both a colonization and infection model based on the single strain
exposure of a fully developed epidermal model. While other bacterial exposed
culture models to date induce an infection by making a wound [59, 61, 70, 71],
we here showed that the S. aureus clinical isolate (SA-DUS-011) caused epidermal
infections after colonizing an intact skin. Albeit similar growth rates and a high CFU
output (107-108), the S. aureus strain ATCC 29213 did not infect the HEE within two
weeks of culture nor did it induce the expression levels of any of the host defense
markers. Based on these results we consider the inoculum not being related to the
AMP response, but rather depending on a strain specific effect and its secreted
factors. Therefore, screening of various skin related bacterial species and using
more than one strain per bacterium, ideally isolated from individual patients or
volunteers, followed by whole genome sequencing [47], could relate virulence

factors to the clinical features of the patient and host-microbe responses in vitro.

While here we present the model characteristics using single bacterial strains,
the ultimate goal would be the application of whole skin microbiome samples or
pre-designed microbial communities, as used in experimental animal models [13].
Yet, in vitro cell culture conditions have been shown to affect the stability of the
commensal communities, skewing towards a dominance of aerobic bacteria after
the culture period [47] and 16S or shotgun sequencing only includes information
on relative abundancies whilst lacking information on bacterial viability. Methods
to exclude bacterial DNA from dead cells, like propidium monoazide (PMA) [72],
may provide a solution but require a labor-intense multi-step protocol and will be
difficult to validate for the correct dosing of complex bacterial mixtures to avoid
killing of microbes due to treatment.

The major advantage of a glass cylinder is the large colonization surface, allowing
the collection of multiple samples, that we called “multiple parameter endpoint
analysis”. A small droplet, as commonly used, prevents infection of the basolateral
chamber, but will require multiple transwell inserts, large experimental setups or
cell culture formats (6-12well), [57, 60, 63, 64, 73-75]. Others completely cover the
cell culture surface with bacterial suspension, but this requires immediate analysis
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or removal of non-adherent bacteria [69, 76-79]. Furthermore, when the set-up
of experiments require multiple treatment steps of the equivalents, the cylinder
provides a defined area wherein treatments can be applied after each other by
equally distributed evaporation of the solutions, as we here showed for fusidic acid.
This antibiotic prevented infections and maintained the epidermal morphology for
at least 8 days of treatment, which is a novel finding compared to other antibiotic
organotypic models [57, 76, 78, 80]. Although we found that the glass cylinder does
accelerate the start of epidermal infections, a small droplet application also resulted
in infections. Therefore, we value the utility of the glass cylinder and changed the
culture environmental conditions (32°C in a dry atmosphere) to delay the onset
of infections and maximize the culture period and window of opportunity for
interventions. By changing the cell culture environmental conditions and varying
the application area of bacteria we leverage the opportunity to either study
skin infection or colonization. Interestingly, we observed that under dry culture
conditions, cultures located in the middle of the culture plate infected earlier than
those in the outer rows, presumably due to higher humidity in the middle of the
culture plate. Hence, only controlling the humidity in the cell culture incubator is
not sufficient to fully standardize environmental conditions within the culture plate.

Modulation of microbiome composition and its effects might also be
accomplished by changing host factors. We here showed that the use of the
N/TERT-2G immortalized keratinocyte cell line is a suitable alternative for microbial
colonization of HEEs since the epidermal structure is similar to that of primary
keratinocytes [50]. In addition, it is the preferred cell type for genome editing and
the use of a cell line instead of primary cells will reduce the biological variation.
For example, knockdown of the differentiation protein filaggrin (FLG) showed
increased colonization of S. aureus on top of the organotypic N/TERT model [77].
This correlation between FLG and microbial colonization is also observed in vivo for
S. aureus [81, 82]. In addition, specific commensal species are underrepresented on
FLG-deficient skin showing a reduction of gram positive anaerobic cocci [37], that
appear to harbor important AMP-inducing capabilities [41]. Furthermore, continued
efforts in the optimization of culture conditions and protocols to better mimic the
in vitro skin barrier to that of native skin [83, 84] will also affect the interaction
between microbes and epidermal keratinocytes in organotypic model systems and
as such, it will remain a challenge to compare results obtained between various
models. Detailed information on the model characteristics (morphology, skin
barrier function, cell sources, culture medium, microbial strain selection) are pre-
requisites for studies that aim to investigate cell-host-microbe interactions in
organotypic skin models.
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In conclusion, our developed model system allows for easy utilization of organotypic
human epidermal models for investigative skin microbiome research. This opens
avenues into the application of more complex microbial cultures, the evaluation of
specific pathogens in genotype-defined organotypic human skin models, and the
screening of pre-, pro- or antibiotic treatments therein.
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Supplemental figures

Supplemental Figure S1. Stratum corneum formation and lifespan of HEEs. (A) H&E and DAPI
staining of two HEE donors that were topically applied with LY for 2.5 hours on different days of the
air-liquid interface (ALI) to evaluate stratum corneum penetration (images represent eight biological
keratinocyte donors). (B) Protein expression of the proliferation marker Ki-67, differentiation markers
filaggrin (FLG) and keratin 10 (K10) and the AMP SKALP/elafin of a HEE at day 25 of the ALI. (C) H&E
staining of HEEs harvested at day 25 and 30 of the ALI to investigate the lifespan of the culture.
Scale bar =100 pm.
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Supplemental Figure S2. Multi-parameter endpoint analysis, bacterial colonization, growth and
host defense response. (A) DAPI (white nuclei and colonies (white arrow)) and H&E (colonies indicated
with black arrow) staining of HEE cultured for 24 hours with 10* colony forming units (CFU) of S. aureus
ATCC 29213 to visualize bacterial colonization and clean edges of the HEE. (B) Multi-parameter analysis
for i) morphology and/or protein expression, ii) host gene expression and iii) bacterial growth. (C) H&E
staining and (D) inflammatory gene expression (CCL20 and IL1B) of HEEs colonized with S. aureus ATCC
29213 and the S. aureus clinical isolate SA-DUS-011 for 24 hours to analyze epidermal morphology
(biological N=4, controls set at 1). (E) Logarithmic growth, (F) H&E staining and (G) inflammatory gene
expression (CCL20 and IL1B) after 24 hours of culture with skin related bacteria (S. epidermidis = Se,
C. acnes = Ca, C. aurimucosum = Cau, S. capitis = Sc) (N=3, control set at 1). *p<0.05, ***p<0.001.
Mean + SEM. Scale bar = 100 pm.
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Supplemental Figure S3. Inoculum and stratum corneum thickness do not influence growth of
S. aureus ATCC 29213. (A) Colony forming unit (CFU) count of HEEs inoculated with a concentration
series (107, 10%, 103, 10% 10° and 107 CFU) of S. aureus and harvested after 20, 28 and 44 hours of culture
(N=2). (B) Normal epidermal protein expression after S. aureus colonization up to 13 days compared
to the control HEE (PBS) shown with the proliferation marker Ki-67 and the differentiation markers
filaggrin (FLG) and involucrin (IVL). (C) CFU analysis of S. aureus colonized at day 8 and day 11 (thick
layer of stratum corneum) of the air-liquid interface (ALI) for 24 hours (biological N=5, input at day 0).
(D) SKALP/elafin protein expression of HEE inoculated with S. aureus at day 11 of the ALI (thick layer
of stratum corneum) in comparison with the control HEE (PBS) and cultured for 24 hours. Images
represent N=5 biological keratinocyte donors. Scale bar =100 um.
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Supplemental Figure S4. HEEs generated with immortalized N/TERT cells and colonized with
S. aureus strains. (A) Colony forming unit (CFU) analysis of N/TERT HEEs colonized with S. aureus
ATCC 29213 and harvested after different time points of culture up to 7 days (each data point N=3), in
comparison with primary human keratinocytes (grey line, biological N=4) and (B) H&E staining thereof.
(C) Gene expression analysis of the antimicrobial peptide DEFB4 after 72 hours of culture with the
S. aureus clinical isolate SA-DUS-011 (N=6). ****p<0.0001. Mean + SEM. Scale bar = 100 pm.
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Supplemental Figure S5. Antimicrobial protein expression in HEEs colonized with S. aureus
clinical isolate SA-DUS-011. Immunofluorescence detection of hBD2 (red signal) and SKALP/elafin
(green signal) in HEEs using confocal microscopy. Nuclei of keratinocytes as well as bacteria are stained
with DAPI (blue signal). Bacteria on top of the stratum corneum (upper panel S. epidermidis; lower panel
S. aureus) are indicated with white arrows. Colocalization of hBD2 and SKALP/elafin in the upper layers
of the epidermis is detected as a yellow signal in the merge column (only in HEEs colonized with
S. aureus). HEEs were grown at 37°C and high humidity.
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Supplemental tables

Supplemental Table S1. Studies that used 3D organotypic skin models to investigate bacterial
colonization, infection and host-microbe interactions.

Model Cell source Microbe(s) Inoculation  Culture Analysis Ref
HSE, NHEK S. epidermidis 10%-10° 72,120 hours  CFUs, histology  [85]
colonization  (foreskin) C. acnes and TEWL

M. furfur

S. aureus
HSE, NHEK S. epidermidis 10* 24 hours RNA [86]
colonization  (foreskin) S.aureus (microarray)
HSE, NHEK P. aeruginosa 107 24-72hours  CFUsand [70]
wound S.aureus histology
HSE, NHEK P. aeruginosa 10° 3,5,7,10,24  Histology [59]
wound (neonatal) S. aureus hours
HEE, NHEK A. baumannii 10° 72 hours CFUs, histology  [79]
colonization A. junii and RNA (qPCR)
HSE, NHEK S. aureus 10° 24,48 hours CFUs, histology, [78]
wound, IHC, RNA (gPCR)
antibiotic and ELISA
HEE, Skinethic S. aureus 107-10° 24 hours Biochemical [58]
colonization S. epidermidis assays, RNA

C.acnes (gPCR)
HEE, N/TERT S. aureus 10° 24 hours CFUs, histology, [77]
colonization IHC, RNA (gPCR)

and ELISA
HEE, NHEK P. aeruginosa 10° 2,24 hours CFU, MTT [80]
colonization S. aureus
Exvivo, Ovine D. nodosus 10 28 hours Histology, FISH  [87]
colonization  biopsy (anaerobic) and ELISA
HSE, NHEK S.aureus 107 24 hours CFUs, Histology, [57]
infection, LDH, RNA
antibiotic (gPCR) and
ELISA

HSE, NHEK S. aureus 10* 2 hours SEM, CFU [88]
wound
HSE, NHEK S.aureus 107 24 hours CFUs, histology, [60]
infection IF
HSE, Labskin E. faecium 10° 24,48,72,96  LESA mass [71]
wound S. aureus hours spectra

K. pneumoniae
A. baumannii
P.aeruginosa
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Supplemental Table S1. Continued

Model Cell source Microbe(s) Inoculation Culture Analysis Ref
HSE, NHEK C. albicans 10° 24 hours Histology, [69]
Infection, TEM, XTT
antibiotic assay, WB and
immunoassay
Ex vivo, Human M. sympodialis ~ 10° 6 days Histology, SEM,  [61]
wound biopsy TUNEL, RNA,
Immunoassay
HSE, MatTek M. luteus 10*-10° 4,8 days CFUs, Gram [73]
colonization  EpiDerm P. oleovorans stain, ELISA,
RNA (qPCR,
microarray), WB
HEE, Episkin C. acnes 10°-10’ 72 hours CFUs, histology, [89]
colonization M. restricta TEER, IF and
SEM
HEE, NHEK C. acnes 10° 24, 48 hours Histology, IF, LY, [64]
colonization  (foreskin) TEER, RNA and
ELISA
HSE, EpiDerm S. aureus 10° 18 hours 16S and RNA [74]
colonization P. aeruginosa sequencing,
Microbiome histology and IF
HEE, NHEK S. aureus 10* 1 hour CFUs, histology, [76]
colonization, (foreskin) C. acnes RNA (qPCR)
antibiotic S. epidermidis
HEE, LabCyte S. aureus 10°-10° 48 hours CFUs, LDH, [63]
colonization  Epi-Model  S. epidermidis ELISA, IF
(foreskin)
HSE, NHEK S. aureus 107 2,24,48 hours CFUs, histology, [75]
infection (foreskin) TUNEL
HEE, Episkin Microbial 107 24 hours Histology, [90]
colonization, biofilm RNA (qPCR),
therapeutics Proteomics
HSE, Phenion C. albicans 10? 24, 48 hours CFUs, LY, [91]
colonization,  (foreskin) histology,
therapeutics TUNEL, IF, ELISA
HEE, N/TERT, S. aureus 10° 24,48 hours, 8 CFUs, ELISA, [92]
colonization ~ NHEK days Luminex

CFU - colony forming units, ELISA - enzyme-linked immunosorbent assay, FISH - fluorescence in situ
hybridization, HEE - human epidermal equivalent, HSE - human skin equivalent, IF - immunofluorescence,
IHC - immunohistochemistry, LDH - lactate dehydrogenase, LESA - liquid extraction surface analysis,
LY - lucifer yellow, NHEK - normal human epidermal keratinocytes, gPCR - quantitative polymerase chain
reaction, SEM - scanning electron microscope, TEER - Transepithelial electrical resistance, TEM - transmission
electron microscopy, TEWL - transepidermal water loss, TUNEL - terminal deoxynucleotidyl transferase biotin-
dUTP nick end labelling, WB - western blot.
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Supplemental Table S2. Antibodies used for immunohistochemistry

Target Antibody clone Antigen Dilution
retrieval
Filaggrin (FLG) FLGO1, Thermo Fisher Yes 1:100
Ki-67 SP-6, Abcam Yes 1:200
(o/n 4°C)
Involucrin (IVL) Mon150, van Duijnhoven et al. 1992 Yes 1:20
Keratin 10 (K10) DE-K10, Abcam Yes 1:100
SKALP/elafin 92-1, Schalkwijk et al.1993 No 1:500
Human B-Defensin-2 (hBD2) ab9871, Abcam No 1:100

Supplemental Table S3. Bacterial strains

Strain Identification number Gram Growth conditions
Cutibacterium acnes ATCC-6919 positive anaerobe
Staphylococcus epidermidis ATCC-12228 positive aerobe
Staphylococcus capitis Clinical isolate positive aerobe
Corynebacterium aurimucosum  Clinical isolate positive aerobe
Staphylococcus aureus ATCC-29213 positive aerobe
Staphylococcus aureus Clinical isolate positive aerobe

Supplemental Table S4. Primers for qPCR

HUGO Protein Forward primer (5'— 3’) Reverse primer (5'— 3’)

gene symbol

RPLPO ribosomal caccattgaaatcctgagtgatgt tgaccagcccaaaggagaag
phospoprotein PO

DEFB4 human defensin-2, gatgcctcttccaggtgttttt ggatgacatatggctccactctt
hBD2

ccL2o chemokine (C-C tggccaatgaaggctgtga gatttgcgcacacagacaactt
motif) ligand 20

IL1B interleukin-1f3 aatctgtacctgtcctgegtgtt tgggtaatttttgggatctacactct

ST00A9 $100 calcium- tgtggctcctcggctttg gcgttccagctgcgacat

binding protein A9
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Abstract

The versatility of induced pluripotent stem cell (iPSC)-derived, also called induced,
keratinocytes (iKC) enables developing personalized disease models for drug
target discovery and therapeutic screening. However, the overall poor proliferation
capacity and heterogeneity of iKC has hampered modeling of the epidermis, such
as in air-liquid interface cultures that are the gold standard 3D human model for
studying inflammatory skin diseases. Here, we optimized iPSC to keratinocyte
differentiation conditions and the subculturing of iKC for generation of human
epidermis equivalents (HEEs). While addition of ROCK inhibitor and the choice of
coating were imperative for cell survival and proliferation, change to CELLNnTEC-30
medium greatly increased the iKC homogeneity as compared to commonly used
keratinocyte serum free medium. Single-cell RNA sequencing of iKC cultures
revealed different cell populations including a large population of keratinocytes
that were similar to primary keratinocytes (pKC). Subculturing of iKC enhanced
overall keratinocyte marker gene expression, while sustaining proliferation
rates necessary for cell banking. Upon induction of epidermal differentiation in
monolayer cultures, iKC showed a flattened morphology and increased expression
of suprabasal keratinocyte maker genes. Epidermal differentiation defects typical
for chronic inflammatory skin diseases were mimicked using atopic dermatitis (AD)-
associated cytokines interleukin (IL)-4, IL-13 and IL-22 in iKC monolayers. Finally,
iKC-derived air-liquid interface cultures demonstrated key features of epidermal
stratification, including basal Ki67 expression, suprabasal involucrin and filaggrin
expression, and terminal differentiation including cornified layers. iKC-HEEs also
presented parakeratosis and a weaker epidermal barrier, measured by electrical
impedance spectroscopy, as compared to pKC-HEEs, requiring further optimization.
Altogether, our improved methodology to generate iPSC-derived keratinocytes
facilitates future applications of the iKC to investigate epidermal biology and
related diseases.
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Introduction

The discovery of induced pluripotent stem cells (iPSC) has revolutionized
regenerative medicine. Any somatic cell can be reprogrammed into iPSC with an
indefinite in vitro lifespan by introducing the four Yamanaka factors [1], providing
an unlimited supply of cells that can be genetically modified and differentiated into
any cell type. iPSC have been used in numerous studies on disease modeling, drug
screening and developing cell therapies, especially in a personalized manner due
to their versatile nature [2]. For instance, in investigative dermatology, generating
fibroblasts, keratinocytes and other skin cell types from the same donor iPSC
facilitates the development of complex skin models in a personalized manner. iPSC-
derived skin cells may be preferred over primary cells for availability or accessibility
reasons, and to easily introduce or correct genetic disease-associated variants,
potentially useful for gene/cell therapies. iPSC are also of interest when studying
the developmental process of pluripotent stem cells into skin cell lineages, related
to developmental disorders or genodermatoses. Various studies have applied
iPSC-derived keratinocytes to unravel molecular mechanisms in genodermatoses,
among others epidermolysis bullosa (Table 1). By genetic correction of patient-
derived iPSC, COL7AT expression was restored in cells with a COL7A1 patient variant,
making cells suitable for regenerative medicine [3].

Next to the huge potential of iPSC for regenerative medicine in genodermatoses,
iPSC provide an unlimited cell supply for monolayer cultures and 3D air-liquid
interface cultures like human epidermal or skin equivalents (HEE or HSE). 3D cultures
are required when studying important features of the epidermis, like stratification
and skin barrier formation, and thereby to model epidermal biology and function in
health and disease [4]. These key processes are often disturbed in common chronic
inflammatory skin diseases, like atopic dermatitis (AD). In AD, the complex interplay
between epidermal barrier defects, the overactive immune system and skin
microbiome dysbiosis drives disease pathology [5]. Epidermal barrier defects in AD
are often displayed by reduced expression of epidermal differentiation proteins like
involucrin (IVL) and filaggrin (FLG). This can be a result of genetic predisposition [6]
or the presence of inflammatory mediators [7], including T helper (Th)2 derived
cytokines interleukin (IL)-4 and IL-13 and Th17/22-derived IL-22 [8]. These disease-
associated cytokines have demonstrated to induce different AD hallmarks through
in vitro studies [9]. Specifically, the presence of IL-22 in a Th2 cytokine milieu
appeared crucial to drive epidermal differentiation and barrier defects [10].
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Box 1. Differentiation terminology

(iPSC) differentiation iPSC differentiation toward keratinocytes
Epidermal differentiation Keratinocyte differentiation (= stratification)
Early epidermal differentiation Basal keratinocyte differentiation toward spinous

keratinocytes

Terminal (epidermal) differentiation ~ Spinous keratinocyte differentiation toward granular and
corneal keratinocytes

Despite the previously mentioned benefits of iPSC for disease modeling, iPSC-
derived keratinocytes, also called induced, keratinocytes (iKC) need to meet
specific criteria to replace primary keratinocytes (pKC), like the ability to undergo
epidermal stratification, terminal differentiation and skin barrier formation. To
discriminate between the various types of differentiation or stratification, Box 1
shows the terminology used in this study. So far, immaturity (e.g., low keratinocyte
marker expression), heterogeneity and limited proliferation potential have
hampered the use of iKC in 3D air-liquid interface cultures. In Table 1 studies are
summarized demonstrating the use of iKC in investigative dermatology, that
mainly focused on proof-of-concept for the system or on genodermatoses. The
morphological description in Table 1 highlights that HEE and HSE cultures from iKC
are often less well formed as compared to pKC-derived counterparts. Noteworthy,
only two studies applied iKC for inflammatory skin diseases AD or psoriasis with
emphasis on genotype-transcriptome correlations rather than 3D models [11, 12].
However, especially for modeling inflammatory skin diseases wherein epidermal
proliferation and differentiation malfunction is a key hallmark and target for
intervention, homogenous, mature, a proliferative and stratifying iKC cultures
are required. Therefore, we here aimed to improve differentiation conditions that
can steer iPSC to keratinocytes to better resemble pKC. Retinoic acid (RA) and
bone morphogenetic protein 4 (BMP-4)-supplemented keratinocyte serum free
medium (KSFM) is commonly used for iPSC to keratinocyte differentiation, and was
used as a starting point for optimization (Supplementary Table 1). We compared
various seeding densities, coatings, media and timings to add ROCK inhibitor. The
reproducibility of iKC differentiation was tested in 2D and 3D culture systems with
multiple iPSC lines. Furthermore, the response of iKC to AD cytokines IL-4, IL-13
and IL-22, was investigated to demonstrate the applicability for future studies on
disease mechanisms and therapeutic screening.
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Table 1. Overview of studies utilizing iPSC derived keratinocytes for dermatological research.
Only studies using 2D iPSC to keratinocyte differentiation protocols were included (no 3D organoid
differentiations). * Poor resolution of microscopic images in respective publication hampers qualification.

Application iPSC-derived Type of Epidermal Reference
cells 3D culture morphology
Recessive dystrophic  Keratinocytes HSE with collagen - Multiple cell layers [13]
epidermolysis l'and primary - No stratified epidermis
bullosa fibroblasts
Proof-of-concept 3D  Keratinocytes, HSE with collagen - Multiple cell layers [14]
skin modeling fibroblasts l'and induced - Stratified epidermis
fibroblasts NB: no granulosum
NB: parakeratosis
Ectodermal Keratinocytes - - [15]
dysplasia
Unravel pathways Keratinocytes - - [16]
regulating epithelial
commitment
Epidermal barrier Keratinocytes HEE - Multiple cell layers [17]
function - Stratified epidermis
Recessive dystrophic  Keratinocytes Xenograft Xenografts are out of [18]
epidermolysis scope here
bullosa
Epidermolysis Keratinocytes HSE with collagen - Multiple cell layers [19]
bullosa l'and primary - Stratified epidermis*
fibroblasts NB: no granulosum?
Proof-of-concept Keratinocytes - - [20]
iPSC to keratinocyte
differentiation
Melanin production  Keratinocytes, HSE with collagen - Multiple cell layers [21]
fibroblasts, l'and induced - Stratified epidermis
melanocytes fibroblasts NB: minimal granulosum
Recessive dystrophic  Keratinocytes, - - [22]
epidermolysis mesenchymal
bullosa stem cells,
haematopoietic
progenitor cells
Genetic and Keratinocytes HEE No H&E available [23]
epigenetic footprint
during epidermal
differentiation
Myelomeningocele  Keratinocytes HSE with collagen - Multiple cell layers [24]

l'and primary
fibroblasts

- No stratified epidermis
Note: no healthy iPSC
were used, so twin-twin
transfusion syndrome
iPSC-HSE qualified.
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Table 1. Continued

Application iPSC-derived Type of Epidermal Reference
cells 3D culture morphology
Regenerative Keratinocytes, HSE with collagen - Minimal cell layers* [25]
medicine fibroblasts I'and induced - No stratified
fibroblasts epidermis*
Atopic dermatitis Keratinocytes - - [11]
(genotype)
Regenerative Keratinocytes, HSE with collagen - Minimal cell layers* [26]
medicine fibroblasts I'and induced - No stratified
fibroblasts epidermis*
Transdermal drug Keratinocytes, HSE with collagen - Multiple cell layers [27]
permeation fibroblasts l'and induced - No stratified epidermis
fibroblasts
Recessive dystrophic  Keratinocytes, Xenograft Xenografts are out of [28]
epidermolysis fibroblasts scope here
bullosa
Metabolic plasticity ~ Keratinocytes, - - [29]
fibroblasts
Psoriasis (genotype)  Keratinocytes - - [12]
Proof-of-concept Keratinocytes HEE - Multiple cell layers [30]
iPSC to keratinocyte - No stratified epidermis
differentiation and
3D modeling
Regenerative Keratinocytes, Xenograft of Xenografts are out of [31]
medicine fibroblasts, spheroids scope here
endothelial cells
Fanconi anemia Keratinocytes HSE with collagen - Multiple cell layers [32]
and squamous I and primary - Stratified epidermis*
cell carcinoma fibroblasts NB: no granulosum?
susceptibility
Congenital Keratinocytes - - [33]
ichthyosis
Proof-of-concept Keratinocytes, HSE with primary - Multiple cell layers [34]
iPSC to keratinocyte  fibroblasts fibroblasts in - Stratified epidermis*
differentiation and polystyrene NB: no granulosum?
3D modeling scaffold NB: no continuous
corneum?
Dystrophic Keratinocytes, Xenograft Xenografts are out of [3]
Epidermolysis fibroblasts, scope here
Bullosa melanocytes
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Methods

iPSC culture

iPSC line 1 (Supplementary Table 2) was cultured on vitronectin XF (Stem cell
technologies)-coated plates in E8F plus medium (Gibco). iPSC line 2 and 3
(Supplementary Table 2) were kindly provided by the LUMC hiPSC core facility and
cultured on vitronectin XF (Stem cell technologies)-coated plates in mTESR plus
medium (Stem cell technologies). All iPSC lines were cultured at 37 °C with 5% CO,
with fresh medium every other day.

iPSC to keratinocyte differentiation

For directed differentiation, iPSC were singularized using Accutase (Gibco) and
seeded onto geltrex (Gibco)-coated plates with or without rat tail collagen type |
(from rat tail, Sigma-Aldrich) (Figure 1A). iPSC were cultured in E8F plus (Gibco)
(iPSC1) or mTESR plus medium (Stem cell technologies) (iPSC2 and 3) including 1x
Revitacell (Gibco) or 10 uM Y-27632 (MedChem) for the first day. After two days,
medium was switched to KSFM (Gibco) or CnT-30 (CELLNTEC), with 1 uM all-trans RA
(Sigma-Aldrich) and 10 ng/mL BMP-4 (Peprotech). When KSFM was used, cells were
split at day 7 using Accutase onto geltrex-collagen | coated plates. 10 uM ROCK
inhibitor Y-27632 (MedChem) was added from day 7 (KSFM) or 8 (CnT-30) onwards.
The following small molecule compounds were tested: 100 nM JAK inhibitor |
(Sigma Aldrich), 1 uM kenpaullone (KLF4 inhibition, StemPro) and 10 uM LY294002
(PI3K inhibition, MedChem). Between day 27 and 30 of differentiation, iPSC-derived
keratinocytes were stimulated or stored in liquid nitrogen until further use. For

storage, iKC were dissociated using 5 mg/ml dispase (grade II, Sigma-Aldrich) and
frozen in DMEM (Sigma-Aldrich) + 10% fetal bovine serum (FBS) (Cytiva) + 10%
DMSO (Sigma-Aldrich). All reagents that were tested to passage iKC are listed in
Supplementary Table 3.

To induce 2D epidermal differentiation, 2mM CaCl, (Fluka) or 10% FBS (Cytiva) was
added to CnT-30 medium. To induce 2D inflammatory signaling, iKC were treated
with a cytokine cocktail containing 50 ng/mL IL-4, 50 ng/mL IL-13 and 10 ng/mL
IL-22 (all Peprotech).

iKC culture and human epidermal equivalent (HEE) generation

iKC were seeded onto 1 pg/cm? collagen IV (from human placenta, Sigma-
Aldrich)-coated plates in CnT-30 with 10 uM ROCK inhibitor Y-27632. Cultures were
maintained at 37 °C with 5% CO,, refreshed every other day and split using 5mg/mL
dispase (grade Il, Sigma-Aldrich). For HEE generation, dispase-dissociated cells were
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counted and 150,000 iKC were seeded per transwell as previously described [35]
with the following modification: 24-wells transwell inserts (Nunc) were coated with
4 pg/insert collagen IV and cells were grown in CnT-30 with 10 pM ROCK inhibitor
Y-27632 in the submerged phase. The number of cells seeded or the duration of the
submerged phase were according to this protocol unless stated otherwise.

Electrical impedance spectroscopy (EIS) measurement

The electrical impedance spectra were measured according to previously
determined protocol [36]. In brief, HEEs were acclimatized to room temperature
and brought to the middle position of the 24-transwell system with 1600 puL PBS
underneath and 500 pL on top. After calibration using PBS in a regular 24-wells
plate (PBS blank), 30 electrical pulses ranging from 10 Hz to 100,000 Hz were run
through the HEEs and the impedance (Q) was measured using the Artemis device
with SmartSense lid (Locsense). Impedances were corrected for the PBS blank, and
the area under the curves (AUC) were calculated between 127Hz and 2212Hz as a
proxy for the differentiation status (EIS®ff) and between 28,072Hz and 100,000Hz for
stratum corneum thickness (EIS*). Next, the percentages of EIS4f and EIS* relative to
the pKC were calculated and visualized.

RNA isolation and real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Total RNA was isolated using the Quick-RNA Microprep Kit (ZYMO research)
according to manufacturer's protocol. ¢cDNA synthesis was performed with
UltraScript reverse transcriptase (PCRBiosystems), followed by real-time quantitative
PCR (RT-gPCR) with Sybr Green (Bio-Rad) and the primers listed in Supplementary
Table 4. Raw ct values measured by the CFX Connect™ Real-Time System (Bio-Rad)
were normalized to the expression of Ribosomal Protein Lateral Stalk Subunit PO
(RPLPOQ). The 222 method [37] was used to calculate relative expression levels.

Morphological and immunohistochemical analysis

For immunostaining of monolayer cell cultures, iKC were passaged onto collagen |
(rat tail, Sigma-Aldrich)-coated coverslips and fixed upon confluency using 4%
formaldehyde solution (Sigma-Aldrich). Cells were permeabilized for 15 minutes
with 0.1% TritonX (ThermoFisher) and antigen retrieval was performed for 10 min
in boiling citrate buffer (1.8 mM citric acid and 8.2 mM sodium citrate). Coverslips
were blocked for 1 hour with 5% normal donkey serum (SouthernBiotech). Primary
antibodies (Supplementary Table 5a) in 1% BSA/PBS were incubated overnight in
1% BSA (ThermoFisher) in PBS at 4°C. Secondary antibodies (diluted 1:200 in 1%
BSA/PBS) donkey anti-mouse IgG (Alexa Fluor 647, ThermoFisher) and donkey
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anti-rabbit 1gG (Alexa Fluor 488, Abcam) were applied for 1 hour. Coverslips were
mounted with Fluoromount-G with DAPI (ThermoFisher).

For hematoxylin and eosin (H&E) or immunostaining of HEEs, samples were fixed in
4% formaldehyde solution (Sigma-Aldrich) for 1 hour and paraffin (Leica) embedded.
6 um paraffin sections were H&E stained or used for immunohistochemistry as
follows: sections were blocked with 5% normal horse serum (FLG, IVL, KRT10) (Vector
laboratories), normal goat serum (Ki67) (SouthernBiotech) or normal donkey serum
(claudin (CLDN)1/4) (SouthernBiotech) in PBS for 15 minutes. Primary antibodies
(listed in Supplementary Table 5b) were diluted in 1% BSA/PBS (all except CLDN1/4)
or 3% BSA/PBS (CLDN1/4) and incubated for 1 hour at room temperature, followed
by biotinylated secondary antibodies (Vector laboratories) 1:200 dilution in 1%
BSA/PBS, donkey-anti rabbit AF488 (CLDN1) (Abcam) or donkey anti-mouse
AF647 (CLDN4) (Invitrogen) in 3%BSA/PBS for 30 minutes. Next, all sections except
for CLDN1/4 were incubated with avidin-biotin complex (Vector Laboratories) for
30 minutes and protein expression was visualized using 3-Amino-9-ethylcarbazole
(AEC) (Merck Millipore) and nuclei were counterstained with heamatoxylin. Sections
were mounted with glycerol gelatin (Sigma Aldrich). For CLDN1/4, sections were
enclosed in Fluoromount-G™ met DAPI (Invitrogen).

Bulk RNA-sequencing

To prepare RNA sequencing libraries, 400 ng of RNA was used in combination
with the KAPA RNA HyperPrep kit with RiboErase (human/mouse/rat [HMR])
(Kapa Biosystems). Oligonucleotide hybridization, rRNA depletion and cleanup,

DNase digestion and cleanup, and RNA elution were executed according to
manufacturer's protocol. Fragmentation and priming was performed at 94°C
for 6 minutes. First- and second-strand synthesis, and A-tailing were executed
according to manufacturer's protocol. For adapter ligation, a 1.5 uM stock (NEXTflex
DNA barcodes; Bio Scientific) was used. Post-ligation cleanups were performed
according to manufacturer's protocol, with eight cycles of library amplification
and a 0.8x bead-based cleanup. To determine the library size, high-sensitivity DNA
bioanalyzer (Agilent Technologies) was used. To measure the library concentration,
the DeNovix double-stranded DNA (dsDNA) high-sensitivity assay was executed.
The Illumina NextSeq 500 instrument was used for sequencing and 42bp-paired
end reads were generated.

Bulk RNA-sequencing analysis

RNA-sequencing data was analyzed using the seq2science RNA-seq workflow [38]
version 0.9.5, like previously described [39]. GRCh38.p13 was used for mapping
bulk RNA-seq reads to the genome.
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KEGG pathway analysis of differentially expressed genes (DEG) between pKC and
iKC from CnT-30 medium (p adjusted below 0.05, Log2FC below 0.5 or above 2) was
performed with the online tool DAVID Bioinformatics [40].

Single-cell (sc)RNA-sequencing

To generate scRNA-seq libraries from iKC and pKC, the GEXSCOPE® Single Cell RNA
Library Kit Cell V2 (4180011, Singleron) was used. In brief, the SCOPE-chip SD was
primed with absolute ethanol (Merck) and 0.02% v/v Tween-20 (Sigma-Aldrich) in
PBS, and barcode beads and lysis mix were prepared according to manufacturer’s
protocol. Next, 0.25% trypsin-EDTA (Gibco) was used to detach cells and make
single cell suspensions of iKC and pKC for scRNA-sequencing. Blocking of trypsin-
EDTA was performed with 10% FBS (Cytiva) in DMEM (Sigma-Aldrich), and cells were
washed in DPBS (Gibco) and counted. The cell suspension was filtered through a
30 pm cell strainer (CellTrics) and diluted until 350000 cells/mL. The SCOPE-chip was
washed with PBS before loading of 100 uL cell suspension. Cells in the microwells
were washed twice with PBS and barcode beads were loaded before washing again.
100 pL lysis mix was injected and incubated at room temperature for 20 minutes
to allow mRNA binding to barcode beads. The singleron magnetic rack was placed
under the SCOPE-chip and the chip was washed with wash buffer A (Singleron).
Retrieval of cells in wash buffer A was performed by placing the magnetic rack
on top of the chip. Reverse transcription, cDNA amplification and purification
were performed according to manufacturer’s protocol. ¢cDNA concentrations
were measured with the DeNovix dsDNA High Sensitivity Assay for Thermo Fisher
Qubit™ 3.0 / 4 Fluorometers and the fragment size profiles with the Agilent 2100
Bioanalyzer Instrument High Sensitivity DNA kit. After manufacturer’s cDNA quality
control criteria where met, libraries were prepared and amplified according to
manufacturer’s protocol. Library quality control was performed using the DeNovix
dsDNA High Sensitivity Assay and Agilent 2100 Bioanalyzer Instrument High
Sensitivity DNA kit. The Illlumina NovaSeq X instrument was used for sequencing
and 150bp paired-end reads were generated.

ScRNA-sequencing analysis
GRCh38.p14 was used for mapping scRNA-seq reads to the genome.

Pre-processing and quality control of scRNA-seq

The CeleScope v2.0.7 pipeline [41] was run with default parameters described in
GSE285034 [42] to retrieve the matrix, barcodes and features files necessary for
downstream analysis. scRNA-seq datasets were analyzed in Python with Scanpy
version 1.9.6 [43], as described in the GitHub repository. scRNA-seq cells were
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selected with a minimum count of 2000, a maximum count of 100000, a feature
number higher than 1000 and lower than 10000 as well as a mitochondrial
percentage lower than 30 percent. Expected doublets were removed with Scrublet
0.2.3 [44]. Only cells with a mitochondrial ratio lower than 30 percent were selected.

Clustering and integration of scRNA-seq datasets

Clustering in each dataset was conducted with specific parameters from dimension
numbers (Elbow plot) and with clustering resolution using Clustree version 0.5.0 [45].
Clustering of scRNA-seq data on the two conditions: iKC separate vs. iKC + pKC
integrated, was performed with Leiden clustering [46], using 30 dimensions and
10 for the neighbors parameter. The most optimal clustering resolutions were
determined by analyzing the clustering scores for the silhouette index [47], Davies-
Bouldin index [48] and Calinski-Harabasz index [47], resulting in final clustering
resolutions of 0.1 (iKC separate) and 0.05 (iKC + pKC integrated). iKC integrated
with pKC datasets were first clustered on marker genes in individual datasets and
were then integrated with scVI [49] (scvi-tools version 1.0.0). The parameters for the
Variational Autoencoder were selected as 2 for “n_layers”, 30 for “n_latent” and "nb"
for “gene_likelihood".

Statistical analysis of RT-qPCR and EIS data

Data are presented as mean +/- SEM. Raw ACt values were used to test for statistical
significance of RT-qPCR data, and AUC values for EIS data. One-way analysis of
variance followed by Tukey, Dunnett or Bonferroni (indicated in figure legends)
post hoc testing was performed in GraphPad Prism version 10. P-values of <0.05
were considered statistically significant, with * = p-value below 0.05, **= p-value
below 0.01, ***=p-value below 0.001 and ****=p-value below 0.0001.

Results

Optimized pluripotent stem cell differentiation into iKC by defined
cell culture conditions

To improve iPSC to keratinocyte differentiation, we used a previously established
protocol [50, 51] and tested i) various seeding densities (500/cm2 to 4000/cm2),
ii) coatings after splitting at day 7 (geltrex, collagen |, collagen IV), and iii) timings of
adding ROCK inhibitor Y-27632 (not at all or starting between day 7 and 14) using
iPSC1 (Supplementary Table 2, Supplementary Figure 1A). In KSFM, we observed
the most optimal attachment, proliferation/viability and keratinocyte marker
expression when the following culture conditions were applied: 1000/cm2 iPSC
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were seeded; splitting onto collagen IV coated plates at day 7; and ROCK inhibitor
added from day 7 onwards (Figure 1A, orange box). However, morphological
heterogeneity was still apparent (Figure 1B, left). To increase cell culture
homogeneity and remove fibroblast-like cells, EDTA washing before splitting or
removal of non-adherent cells after 30 minutes during splitting was performed, but
unfortunately proven unsuccessful.

Next, we compared the use of KSFM to CnT-30 medium in the differentiation
protocol, the latter being a chemically defined medium specifically developed for
differentiation of pluripotent stem cells into epithelial lineages. Differentiating
cells grew slower in CnT-30, as compared to those in KSFM. In KSFM, differentiating
cells became fully confluent and needed to be passaged after one week, whereas
in CnT-30 passaging was not necessary. Therefore, to accommodate growth and
differentiation of iPSC in becoming iKC, we designed a combination coating of
geltrex and collagen | for the complete iPSC to iKC differentiation when CnT-30 was
used (Figure 1A, red box). Under this condition, cultures were more homogeneous
with a majority of cobblestone-like cells (Figure 1B, right, indicative for epithelial
cell fate) and showed higher keratinocyte marker expression levels at day 30
(Figure 1C). To assess the similarities and differences between iKC and pKC bulk
RNA-sequencing was performed. In this analysis, we also included RNA-seq data
of a pluripotent stem cell (PSC) line for comparison. Principal component analysis
demonstrated that the cell state of day 30 iKC in both KSFM and CnT-30 was closer
to pKC than to PSC, mainly shown by PC1 (57% variance, Figure 1D). As compared
to PSC, iKC showed reduced expression of pluripotency genes including POU5F1
encoding OCT4, and increased expression of epithelium and keratinocyte genes
like TP63, KRT5, KRT14 and ITGB6 (Figure 1E, F). As compared to pKC, marker genes
for early epithelial cells such as TP63 and ITGB6 reached similar levels in iKC from
both media, showing that the commitment to the epithelial lineage was overall
successful. Basal keratinocyte marker gene expression, KRT5 and KRT14, was
lower in iKC than pKC. Yet, expression levels were higher in CnT-30 than in KSFM,
corroborating the cellular morphology and confirming that CnT-30 medium
improved the differentiation protocol and iKC outcome (Figure 1F). Therefore, the
CnT-30 condition was selected for further data analyses and follow up experiments.

Data- and hypothesis-driven small molecule compounds do not
improve iKC generation

To identify potential pathways which could be targeted in further optimization
strategies to push iKC to a cell state being more similar to pKC, differentially
expressed genes (DEG) between iKC from CnT-30 and pKC (PC2, Figure 1D) were
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used. iKC showed higher expression of inflammatory (GO “response to virus”)
genes like CXCL10 and lower expression of basal keratinocyte (GO “epidermis
development”) genes as compared to pKC (Figure 1F, Supplementary Figure 1B, C).
KEGG analyses indicated underlying pathways, like increased JAK/STAT pathway-
related genes, as well as PI3K/Akt/mTOR genes, in iKC than in pKC (Supplementary
Table 6). We therefore targeted these pathways by JAK inhibitor | and LY294002 from
day 7 onwards, in previously determined concentrations. PI3K inhibitor led to major
cell death, also when added later or only for a short time period, indicating this
pathway is crucial for cell survival as previously suggested [52]. JAK inhibition did
not induce any morphological changes, nor improved keratinocyte gene expression
in iKC (Supplementary Figure 1D). Being suggested to promote expansion of
functional keratinocyte precursors [53], kenpaullone was supplemented from
day 20 onwards for KLF4 inhibition. Kenpaullone did not affect the morphology,
proliferation rates nor change epithelial and keratinocyte marker gene expression
levels (Supplementary Figure 1D). Target gene expression of CCL5/CXCL10 for JAKi
(unpublished data, [54]) and CYPTAT1/CYP1B1 for KLF4i (unpublished data, [55]) was
not majorly altered by the inhibitors (Supplementary Figure 1E). Altogether, the
selected small molecule compounds did not benefit the iKC differentiation in the
tested conditions (concentration, timing).
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Figure 1. Comparison of iPSC to keratinocyte differentiation in KSFM and CnT-30 medium.
A) Schematic overview of the cell culture protocols. B) Phase contrast image of iKC cultures. Scale
bar =100 pm. C) mRNA expression of epithelium (TP63) and keratinocyte (KRT5/14) marker genes. Data
is presented as mean +/- SEM and all conditions were statistically compared by one-way ANOVA with
Tukey’s post hoc correction. D) Principal Component Analysis (PCA) on bulk transcriptomes of PSC,
pKC and iKC differentiated in KSFM and CnT-30. E) Genes that drive PC1 in the PCA. F) Heatmap of
the 100 most differential genes between PSC, iKC and pKC. All iPSC1-iKC data is representative for

N=3 technical replicates.



Deriving keratinocytes from iPSC | 229

Reproducibility of iPSC to keratinocyte differentiation with multiple
iPSC lines

Since (epithelial) commitment across experiments and iPSC lines can be
irreproducible [56], we addressed the robustness of our optimized differentiation
protocol by differentiating three independent iPSC lines established from
different donors (Supplementary Table 2) into iKC. All iPSC lines showed epithelial
commitment based on cobblestone-morphology and high expression of early
epithelium markers KRT18 and TP63, keratinocyte markers KRT5 and KRT14, and low
expression of fibroblast marker VIM (Figure 2A-C). Protein expression of P63 and
KRT14 validated the mRNA data, but interestingly, not all P63 positive cells were
KRT14 positive, indicating culture heterogeneity issues (Figure 2D). Noteworthy,
more cell death was observed in iPSC1-derived cultures yielding fewer cells for
analysis or subculturing experiments. Hence, for further experiments only iPSC2
and iPSC3-iKC were used.

scRNA-sequencing reveals three cell populations in the iKC culture

Notwithstanding the reproducibility of our differentiation protocol, heterogeneity
issues remained. To investigate the degree of cell heterogeneity in the iKC culture,
we performed single-cell (sc)RNA-sequencing on iPSC2-iKC and pKC. After quality
control analysis (Supplementary Figure 2A-F), 1618 iKC cells and 25785 pKC cells
were further analyzed. Using Uniform Manifold Approximation and Projection
(UMAP) visualization, data integration of iKC and pKC (Figure 3A) revealed three cell
clusters (Figure 3B). Cluster 1 and 3 clustered separately and mainly consisted of
iKC, whereas cluster 2 was a mixture of iKC and pKC. Highly variable gene analysis
demonstrated that cluster 1 contained cells expressing early epithelium genes
KRT8 and KRT18 (Figure 3C). Cells from cluster 2 expressed high levels of TP63,
KRT5, KRT15, COL17A1, ITGA6 and DSG3 that are typical for basal keratinocytes. In
cluster 3, cells expressed genes like fibroblast markers VIM and FAP, and neuronal
markers NCAM1, DCX, ENO2 and NEFL. That iKC were clustered into three distinct
groups was consistent with the analysis of iKC only, showing similar marker gene
expression (Supplementary Figure 3A, Table 2). Overall, iKC in cluster 2 most closely
resembled the transcriptome of pKC. Interestingly, among the highly variable
genes between the clusters, cell surface markers like ITGA6 were enriched in iKC
cluster 2 and pKC (Figure 3D, Supplementary Figure 3B). In contrast, V-Set Domain
Containing T Cell Activation Inhibitor 1 (VTCNT) was highly expressed in cluster 1 only
and platelet-derived growth factor receptor alpha (PDGFRA) in cluster 3 (Figure 3E, F,
Supplementary Figure 3C, D). This suggests that positive and/or negative sorting
strategies could be applied to enrich keratinocyte-like cells from the iKC population.
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Figure 2. Reproducibility of iPSC to keratinocyte differentiation using the optimized protocol with
various iPSC lines. (A) Phase contrast image of iKC and pKC. (B) mRNA expression levels of pluripotency
(NANOG), early epithelium (KRT18), epithelium (TP63), keratinocyte (KRT5, KRT14) and fibroblast (VIM)
marker genes over time. Dashed line indicates pKC expression levels, straight line is representative of
primary fibroblast cultures (Fib). (C) mRNA expression levels of early epithelium (KRT18), epithelium
(TP63), keratinocyte (KRT5, KRT14) and fibroblast (VIM) marker genes. iKC were statistically compared to
pKC by one-way ANOVA with Dunnett’s post hoc correction. (D) Protein expression of P63 and KRT14
after differentiation. Scale bar = 100um. All day 30 iKC data is representative for N=2 or more technical
replica per biological replica (iPSC1, 2 and 3). Data is presented as mean +/- SEM.
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Figure 3. Clustering of iPSC2-iKC and pKC based on single-cell RNA-sequencing. (A) UMAP
visualization of iKC and pKC, (B) UMAP clustering of the integrated population of iKC and pKC,
(€) Highly variable genes between the three clusters, (D) Expression of keratinocyte-related cell surface
marker gene ITGA6, (E) Expression of fibroblast-related cell surface marker gene PDGFRA, F) Expression
of epithelium-related cell surface marker gene VTCNT.

Table 2. Highly variable genes per cluster of iPSC2-iKC only. (This table is available upon request via
the Radboud Data Repository: ru.rumc.p4fikc_r0005499a_dsc_696)

Subculturing of iKC improves their resemblance to primary keratinocytes
Aside from reproducible protocols and cell culture homogeneity, we examined
the proliferative potential of iKC as an important parameter for successful
expansion of the desired cell populations. We also hypothesized that expansion
by subculturing on collagen IV-coated plates could enrich for the keratinocyte-like
cells (cluster 2), given the presence of collagen IV in the basement membrane that
basal keratinocytes adhere to [57]. In addition, the extended culture time could
potentially further mature the early epithelial-like cells (cluster 3). To detach iKC,
we tested five different reagents (Supplementary Table 3). From these, dispase
yielded the best detachment with least cell death and optimal re-attachment after
passaging, and was used to subculture iPSC2- and iPSC3-iKC from passage (P)0 to
P9. Remarkably, expression levels of TP63, KRT5 and KRT14 greatly increased during
the first four passages reaching levels similar to pKC (Figure 4A). The cobblestone
morphology of iKC was maintained up till passage (P)8/9 (Figure 4B, dashed line)
but also many enlarged senescent cells appeared at these later passages (Figure 4B,
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solid line). Since KRT14 expression in iKC already peaks around P5/6 and minimal
enlarged cells were present, these passages were used for follow-up experiments.
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Figure 4. Subculturing of induced keratinocytes derived from IPSC2 and 3. (A) mRNA expression
levels of early epithelium (KRT18), epithelium (TP63), keratinocyte (KRT5, KRT14) and fibroblast (VIM)
marker genes. Data is presented as mean +/- SEM. iKC were statistically compared to PO by one-way
ANOVA with Dunnett’s post hoc correction. (B) Phase contrast image of iKC cultures, solid line: enlarged
cells, dashed line: cobblestone cells. Scale bar = 100um. All iKC data is representative for N=2 or more
technical replica per biological replica (iPSC2 and 3). * = p-value below 0.05.

iKC are capable of early epidermal differentiation

To test the functionality of iKC and their ability to epidermally differentiate (see Box 1
for differentiation terminology), we applied known protocols to induce epidermal
differentiation in monolayers by addition of calcium (Ca?*, 96 hours) [58, 59] or fetal
bovine serum (FBS, 72 hours) [51, 60]. Both protocols resulted in cell flattening of PO
andP5/6iKC(Figure5A,B),afeatureinkeratinocyte monolayerswhichtypically mimics
characteristics of suprabasal (differentiated) keratinocytes in the epidermis [61].
Epidermal differentiation marker expression of KRT1 was significantly decreased
upon FBS in PO iKC and even much stronger in P6 iKC (Figure 5C). However, upon
Ca?*, KRT1 expression was significantly increased in P5 iPSC3-iKC. Epidermal
differentiation marker [VL was increased during FBS-induced epidermal
differentiation of both PO and P6 iKC, with a stronger induction in P6 as compared
to PO iKC (Figure 5Q). Interestingly, contact inhibition upon confluency was potent
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enough to elevate IVL expression levels in P5 iKC (Figure 5D), a phenomena
observed in pKC as well [62, 63]. Thus, subcultured iKC cultures function more
similar to pKC and are better suitable for epidermal differentiation experiments
than PO iKC.

iKC can model epidermal differentiation defects by inflammatory
skin disease cytokines

Given the capacity of iKC to mimic (early) epidermal differentiation, we questioned
the applicability of iKC to study defects in the epidermal differentiation program as
typically seen in inflammatory skin diseases resulting in skin barrier defects [6-8].
We differentiated PO and P6 iKC with FBS in presence or absence of AD-associated
cytokines. The effect of the Th2 cytokine mix entailing IL-4 and IL-13 was compared
to the added effect of IL-22 to the Th2 mix, which is known to exert additive effects in
pKC [10]. While morphological flattening was not prevented by the cytokines in both
PO and P6 iKC (Figure 6A, B), expression of epidermal differentiation genes KRTT and
IVL in PO iPSC2-iKC (but not iPSC3-iKC) treated with Th2 + IL-22 appeared reduced
(Figure 6C). Stronger effects were observed in P6 iKC, where inhibition of KRT7 and
IVL expression by the Th2 mix was already significant and even more by Th2 + IL-22
(Figure 6D). Next to epidermal differentiation defects, Carbonic Anhydrase-2 (CA2) is
an AD-specific marker gene known to be elevated in AD lesional skin and Th2-induced
AD monolayer cultures [64]. In PO and even more significant in P6 iKC, CA2 expression

was increased upon stimulation with AD-associated cytokines (Figure 6C, D).
Inflammatory gene CCL2 was significantly increased by Th2 cytokines (3 to 9-fold)
and even stronger by Th2 + IL-22 (5 to 21-fold) in P6 iKC (Supplementary Figure 4A).
CCL20 was significantly but not substantially altered by Th2 + IL-22 as compared to
FBS alone (2-fold up in iPSC2-iKC and not even 2-fold down in iPSC3-iKC). PO iKC did
not show effects upon cytokines on CCL expression, again suggesting they are less
similar to pKC than the P6 iKC. This minor inflammatory response to cytokines could
not be explained by the level of IL-4 and IL-13 receptor expression, which was low in
iPSC but at similar levels in iKC as in pKC (Supplementary Figure 4B).
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Figure 5. The response of iKC to epidermal differentiation inducers calcium (Ca%), fetal bovine
serum (FBS) and contact inhibition (confluency). (A) Phase contrast images of PO iKC upon Ca*
and FBS. (B) Phase contrast images of P5 iKC upon Ca? and P6 iKC upon FBS. (C) mRNA expression
levels of epidermal differentiation marker genes KRT1 and IVL in PO and P5/6 iKC upon Ca?* and FBS.
(D) mRNA expression levels of KRTT and IVL over time in PO and P5 iKC upon contact inhibition. All data
is representative for N=2 or more technical replica per biological replica (iPSC2 and 3), and presented
as mean +/- SEM. iKC were statistically compared to the control (for C) or to timepoint 0 (for D) by one-
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way ANOVA with Dunnett post hoc correction. Scale bar = 100um.
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Figure 6. The effect of AD cytokines on FBS-driven iKC responses. (A) Phase contrast image of
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(€) mRNA expression levels of epidermal differentiation marker genes KRT7 and IVL and AD marker CA2
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replica (iPSC2 and 3), and presented as mean +/- SEM. Conditions were statistically compared to FBS
by one-way ANOVA with Dunnett’s post hoc correction. Scale bar = 100um.
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iKC are suitable for human epidermal equivalent generation

Given that 3D human epidermal equivalents (HEE) are preferred over monolayer
cultures to model terminal epidermal differentiation and epidermal barrier
function, we applied iKC in our air-liquid interface culture system. While P1 iPSC3-
iKC did not form any suprabasal layers within 4 days of the air-liquid interface
(ALI) culture, P1 iPSC2-iKC formed multiple epidermal layers (Figure 7A). Again,
subcultured iKC demonstrated improved epidermal differentiation, mainly for
iPSC3-iKC which presented suprabasal layers when used at P6 (Figure 7B). Whereas
P1 iPSC2-iKC expressed minor levels of KRT10 and barely any IVL, P6 iPSC3-iKC
showed higher expression levels of both (Figure 7C, D). The proliferation capacity
in the basal layer measured by Ki67 expression was maintained with any of the iKC.
We also compared the presence and absence of ROCKi Y-27632 in the air exposed
phase, and found ROCKi to induce swelling of HEEs and to reduce the epidermal
thickness (Figure 7E). ROCKi treated HEEs were therefore not further analyzed.

By extending the ALI phase to the regular 8 days, P6 iPSC2-iKC showed improved
KRT10 and IVL expression, and slight expression of late epidermal differentiation
protein FLG (Figure 8). P6 iPSC3-iKC even generated all epidermal strata, including
stratum granulosum and corneum, with prominent expression of KRT10 and IVL
in suprabasal layers and FLG in the granular layer, while maintaining proliferative
Ki67+ cells in the basal layer. However, in contrast to pKC, the orientation of basal iKC
appeared more horizontal and parakeratosis was present in the stratum corneum.
With respect to epidermal barrier formation, tight junction proteins claudin CLDN1
and 4 were expressed in iPSC3-iKC-HEEs similar to pKC-HEEs (Figure 8).

To investigate whether the basal keratinocyte orientation and parakeratosis
could be a result of low numbers of basal iKC, we increased the number of cells
for HEE seeding (250,000 versus 150,000 cells per insert) and the duration of the
submerged phase (five days versus three days) to hypothetically allow for a better
monolayer formation before the ALI. Both interventions did not improve HEE
morphology, with horizontal basal keratinocyte orientation and parakeratosis
still present (Supplementary Figure 5A). In addition, expression of IVL, FLG and
CLDN1/4 did not seem to increase (Supplementary Figure 5B). To better study the
epidermis formation, we quantified the barrier function of iKC and pKC-HEEs by
electrical impedance spectroscopy (EIS) [36]. Under the standard culture protocol
(150,000 cells, submerged for three days), iKC-HEEs demonstrated an 87% lower EIS
corresponding to the differentiation status (EISY®) and 46% lower EIS corresponding
to stratum corneum thickness (EIS*) as compared to pKC (Supplementary Figure 5C).
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In accordance with the morphological analysis, EISY" did not improve by seeding
more cells or extending the submerged phase.

A

iPSC2-iKC P1 pKC

iPSC3-iIKC P6 pKC

+ ROCKi

B
K
pKC pKC
iPSC2-iKC P6
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Figure 7. Human epidermal equivalents derived from P1 and P6 iKC and pKC. (A) Morphology of
epidermis day 4 ALl generated from P1 iKC and pKC. (B) Protein expression levels of KRT10, IVL and
Ki67 expression in epidermis day 4 ALl generated from P1 iPSC2-iKC and pKC. (C) Morphology at day
4 ALl when P6 iKC are used. (D) Protein expression levels of KRT10, IVL and Ki67 expression at day 4
ALl when P6 iKC are used. (E) Morphology of epidermis day 4 and 8 ALI generated from P6 iKC with
continuous ROCK inhibitor supplementation to the medium. Scale bar = 100pum.
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pKC (day 8 ALI) iPSC2-iKC P6 (day 8 ALI) iPSC3-iKC P6 (day 8 ALI)

CLDN1 Ki67 FLG IVL KRT10 H&E

CLDN4

CLDN1/4

Figure 8. Human epidermal equivalents derived from P6 iKC and pKC at day 8 ALI. Morphology
and protein expression of KRT10, IVL, FLG, Ki67 and CLDN1/4. Scale bar = 100um.

Discussion

There is limited evidence that iPSC-derived keratinocytes can be consistently
obtained with sufficient quality (mature, homogeneous) to study epidermal biology
and inflammatory skin diseases. To our knowledge, we are the first to reproducibly
generate iKC with similar morphology and keratinocyte marker gene expression
as pKC. To get there, we pinpointed crucial culture conditions for successful iPSC
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to keratinocyte differentiation, including the use of defined CnT-30 medium that
is not commonly used by others (Supplementary Table 1) and subculturing of iKC
to gain a more mature keratinocyte phenotype. The obtained iKC were capable of
epidermal differentiation in 2D and 3D systems, and showed potential to mimic
epidermal differentiation defects in 2D upon AD-related cytokines. This provides
good reason to further explore the utility of iKC in personalized modeling and
unraveling of chronic inflammatory skin diseases and beyond.

The heterogeneous nature of in vitro 2D iPSC differentiations, as here demonstrated by
scRNA-seq data, might be caused by the simplicity of culture protocols as compared
to embryonic development. For example, in vitro differentiation into keratinocytes
is often initiated only by RA and BMP-4 (Supplementary Table 1), while in vivo a
3D micro-environment of cells and their secreted factors is present [65]. Therefore,
strategies to push differentiation in the right direction or enrich keratinocyte-
like cells after differentiation can be useful. As a quick approach we tested small
molecule compounds, based on the bulk RNA-seq data that we already obtained
and literature, which were not effective for iKC in the concentrations that were
competent enough in pKC (unpublished data). In addition, with the heterogeneity
in the iKC culture, scRNA-seq would be better suitable to identify pathways that
are differential between keratinocyte-like iKC and pKC. On the other hand, our data
indicated that subculturing of iKC did improve the overall keratinocyte marker

expression, yet scRNA-sequencing of lower and higher passage iKC will have to
reveal if subculturing induced maturation of early epithelial cells or selected for
keratinocyte-like cells. Alternatively, implementation of fluorescence-activated cell
sorting (FACS) has shown success for pluripotent stem cell-derived corneal limbal
stem cells [66], and for pluripotent stem cell-derived keratinocytes [3]. The latter
study used ITGAG6 for sorting, which we here also demonstrate to be expressed in iKC
most closely resembling pKC. In addition, negative selection of unwanted cells [66]
could be a complementary approach to remove fibroblast and neuron-like cells
from the total iKC population, for instance using PDGFR as presented in our study.
Alternatives to overcome viability and time issues with FACS, could be the faster
“magnetic-activated cell sorting” (MACS) [67, 68] or more gentle “buoyancy-
activated cell sorting” (BACS) [69].

While iKC showed impaired FBS-driven differentiation upon Th2 + IL-22 similar to
pKC [10], also differences between the cell types could be observed. For instance,
KRT1 was reduced in iKC upon FBS, which is hypothesized to be a timing issue,
since KRT1 is expressed earlier in differentiation as IVL and the latter did increase.
Extending the panel of epidermal differentiation markers could potentially confirm
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or reject this hypothesis. With regard to inflammatory cytokine production, FBS
significantly induced CCL20 expression, which opts against using FBS to model
inflammatory diseases with iKC in monolayer cultures. By optimizing ALI cultures,
this could indeed be prevented. Moreover, the substantial induction of CCL2
(more than 1000-fold [10]) and CCL20 (10-fold [10]) by Th2 + IL-22 in pKC was only
partially resembled in iKC, while IL-4 and IL-13 receptors were expressed. This could
potentially in part be explained by a higher baseline expression of CCL20 in iPSC2-
iKC as compared to pKC (Supplementary Table 7), similar to their overall greater
inflammatory signature as shown in Figure 1F. Additionally, the culture system
was different (2D iKC and 3D pKC) and therefore the differentiation status (more
advanced in 3D) as well as the stimulus of differentiation (FBS versus air exposure),
so side-by-side comparisons are required to show the resemblance of cell types.

For future personalized disease modeling, we optimized human epidermal equivalent
development by testing subcultured iKC, the presence versus absence of ROCK
inhibitor, seeding more cells or extending the submerged phase. Our data confirms
previous research demonstrating that ROCKi can negatively affect epidermal
morphology when supplemented during the ALl culture phase [70]. Our EIS data
show that the epidermal barrier function of iKC-HEEs was still impaired as compared
to pKC-HEEs, in contrast to previous results [17]. Since many epidermal components
and proteins important for barrier functioning were present in our iKC-HEE (stratum
granulosum, stratum corneum, IVL/FLG expression, CLDN1/4 expression), the missing
link should be further explored. Besides assessment of more barrier proteins
(e.g., loricrin, transglutaminase 3) and lipids (e.g., ceramides) [71], other inside-out and
outside-in barrier measurements could be performed to localize the impairment [35].
Potentially, heterogeneity in epidermis development across the HEE could have
caused the lower EIS, because the current follows the “quickest route”. This could
be investigated by H&E staining at multiple sites across the culture. The impaired
barrier of iKC-HEEs despite clear stratification also implies that protein stainings
most studies summarized in Table 1 use to show the epidermis development might
not be enough to state the HEEs formed equally well to pKC-HEEs. For further
optimization, seeding of FACS, MACS or BACS enriched keratinocyte-like cells
from the subcultured iKC population, or applying the iKC on top of a fibroblast-
populated dermal layer, might improve the barrier formation and function.
Fibroblasts (and their excreted products like keratinocyte growth factor [72])
are suggested to influence epidermal development including expression of
activation markers KRT6/16/17 [73, 74] that are associated to the inflammatory skin
disease psoriasis in which parakeratosis is also observed [75, 76]. Therefore, it would
be interesting to observe if parakeratosis can be reduced by addition of fibroblasts.
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Fibroblasts also seem to contribute to the localization of involucrin [73, 74], of which
the latter was expressed suprabasal in iKC-HEEs but more gradually increased during
differentiation of pKC-HEEs. If the barrier function of iKC-HEEs would still not be
improved, this iKC-HEE model could be used to screen epidermal barrier improving
drugs like aryl hydrocarbon receptor ligands [10, 36].

Future investigation could focus on subjecting the optimized iKC-HEEs to the AD
cytokines to show whether epidermal differentiation and barrier function defects
can be studied using this alternative cell source. This would also open doors for
genetic-inflammation interaction studies by comparing iKC from AD patients with
FLG variants [11] to genetically corrected iKC in their response to AD cytokines. AD
patient-derived iPSC could also be used to generate not only keratinocytes but also
fibroblasts and other skin cell types for full thickness skin equivalents. Finally, our
protocol for the reproducible generation of iKC and proposed plans for enrichment
of the keratinocyte-like population also fuels regenerative medicine and disease
modeling of genodermatoses.

Data and code availability

Bulk RNA-seq datasets used in this study are available in the Gene Expression
Omnibus (GEO) with accession number GSE287810, and scRNA-seq datasets under
GSE285034. The full processing workflow and documentation of code used for
scRNA-seq analysis in Python is available in the GitHub repository [77]. An interactive
web app was developed to visualize scRNA-seq datasets interactively, and is
available at: https://huggingface.co/spaces/Arts-of-coding/singleronkeratinocytes.
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Supplementary Figure 1. Overview of optimization strategies and the effect of small molecule
inhibitors on iPSC to keratinocyte differentiation. (A) Schematic overview of cell culture
optimization strategies. (B) Genes that drive PC2 in the PCA plot from Figure 1D. (C) Gene Ontology
(GO)-term analysis on genes driving PC2. (D) mRNA expression levels of epithelium (TP63) and
keratinocyte (KRT5/14) marker genes. (E) Target gene expression of CCL5 and CXCL10 for JAK inhibition,
and of CYP1AT and CYP1B1 for KLF4 inhibition. Data is presented as mean +/- SEM, and conditions
were statistically compared to control by one-way ANOVA with Dunnett’s (subfigure D) or Bonferroni
(subfigure E, left) post hoc correction or unpaired t-tests (subfigure E, right). All iPSC1-iKC data is
representative for N=2 or more technical replica.
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Supplementary Figure 5. Human epidermal equivalents derived from P6 iPSC3-iKC and pKC at
day 8 ALI. (A) Morphology of epidermis when 150k or 250k cells were seeded after 3 or 5 days of
submerged culture and 8 days at the ALI. (B) Protein expression of IVL, FLG and CLDN1/4. (C) Electrical
impedance spectra (EIS) and EISYf/EIS relative to pKC 3 days submerged condition. iKC-HEE were
statistically compared to pKC-HEE, and 5 days submerged conditions to 3 days submerged conditions
within the same cell type by one-way ANOVA with Bonferroni post hoc correction. Scale bar = 100um.
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Supplemental tables

Supplementary Table 1. Culture details of studies utilizing iPSC derived keratinocytes. Only
studies using 2D iPSC to keratinocyte differentiation protocols were included (so no 3D organoid

differentiations). SB431542: TGF-{ inhibitor.

Coating Medium Supplements Reference
Matrigel — fibronectinand DM or FAD or KSFM 1 UM RA, [13]
collagen — KSFM 10 ng/mL BMP-4
Matrigel KSFM 1 UM RA, [14]
— CnT-07 10 ng/mL BMP-4
Mitomycin-treated 3T3-G2 DMEM/F12-based 25 ng/mL BMP-4, [15]
feeders — Green 0.3 mM ascorbic acid,
10 uM SB431542
Matrigel or Synthemax DMEM/F12-based SU6656 [16]
— KSFM — 1 UM RA,
10 ng/ml BMP-4
Matrigel mTESR1 1 UM RA, [17]
— decellularized 3D ECM — DMEM/F12-based 25 ng/ml BMP-4
— Collagen IV — KSFM
— Epilife
Gelatin FAD 1 ug/ml RA, [18]
— N2 25 ng/ml BMP-4
— N2 or KSFM
Protocol of Itoh et al. 2011 Protocol of Iltoh et al. 2011 Protocol of Itoh et al. 2011 [19]
with following modifications:
CnT-07 or KSFM
— CnT-57
Geltrex and collagen | N2B27 1 UM RA, [20]
— rapid attachment on — KSFM 25 ng/mL BMP-4
collagen | and collagen IV — CnT-07
Protocol of Itoh etal. 2011 Protocol of Iltoh et al. 2011 Protocol of Itoh et al. 2011 [21]
with following modifications:
KSFM
— CnT-07
Geltrex KSFM 1TUMRA, [22]
— rapid attachment on — CnT-07 25ng/ml BMP-4
collagen | and collagen IV — 10 uM ROCK inhibitor
Protocol of Petrova et al. Protocol of Petrova et al. Protocol of Petrova et al. [23]
2014 2014 2014
VTN KSFM 1 UM RA, [24]
— Collagen land 10 ng/mL BMP-4
fibronectin — 20 ng/mL EGF
— 10 uM Y-27632,

20 ng/mL EGF
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Coating Medium Supplements Reference
Collagen IV DMEM/F12-based 1 ug/mlRA, [25]
— KSFM 25 ng/ml BMP-4,
20 ng/ml EGF
— 25 ng/ml BMP-4,
20 ng/ml EGF
Based on protocol of Petrova  Based on protocol of Petrova  Based on protocol of Petrova  [11]
et al. 2014 with following et al. 2014 with following et al. 2014 with following
modifications: modifications: modifications:
VTN XF KSFM T UMRA,
10 ng/pl BMP-4
Protocol of Kim et al. 2018 Protocol of Kim et al. 2018 Protocol of Kim et al. 2018 [26]
Matrigel KSFM 1 UM RA, [27]
— fibronectin and collagen 25 ng/mL BMP-4
| — 20ng/ml EGF
— 10 uM Y-27632,
20ng/ml EGF
Protocol of Itoh et al. 2011 Protocol of Itoh et al. 2011 Protocol of Itoh et al. 2011 [28]
with following modifications:  with following modifications:
VTN E8
— KSFM
Protocol of Kogut et al. 2014 Protocol of Kogut etal. 2014 Protocol of Kogut etal. 2014 [29]
Protocol of Sebastiano et Protocol of Sebastiano et Protocol of Sebastiano et [12,78]
al. 2014 with following al. 2014 with following al. 2014 with following
modifications: modifications:DMEM/F12- modifications:
Geltrex based TUMRA,
— N2 20ng/mL BMP-4
— 10ng/mL EGF,
TUMRA,
20ng/mL BMP-4
— 10ng/mL EGF
Matrigel KSFM 1 UM RA, [30]
— Collagen IV — CnT-07 25 ng/mL BMP-4
— 10 pM ROCK inhibitor
Y-27362
Protocol of Kogutetal. 2014 Protocol of Kogut et al. 2014 Protocol of Kogutetal. 2014 [31]
with following modifications:  with following modifications:
Matrigel KSFM
— CnT-PR
Matrigel KSFM 1 UM RA, [32]
— Collagen IV — CnT-07 25 ng/mL BMP-4
— 10 uM ROCK inhibitor
Y-27632
Gelatin with 3T3 J2 MEFs KCM 10 ng/mL KGF/FGF7, [33]
1 UM RA,

25 ng/mL BMP-4
— 10 ng/mL KGF/FGF7
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Supplementary Table 1. Continued

Coating Medium Supplements Reference
Matrigel KSFM TUMRA, [34]
— CnT-07 10ng/mL BMP-4
VTN E6 1UMRA, [3]
— KSFM 5ng/mL BMP-4

Geltrex and collagen | CnT-30 1 UM RA, This study
10 ng/mL BMP-4
— 1 UM RA,
10 ng/mL BMP-4,
10 uM ROCK inhibitor
Y-27632
— 10 uM ROCK inhibitor
Y-27632

Supplementary Table 2. iPSC lines

iPSC Full name Origin cell type Reprogramming Reference

number method

1 29.3 Fibroblast Lentivirus [50]

2 LUMCO0004iCTRL10 Fibroblast Polycistronic LUMC hiPSC core

lentivirus facility
3 LUMCO0030iCTRL12 Fibroblast Polycistronic LUMC hiPSC core

lentivirus

facility

Supplementary Table 3. Reagents tested for passaging iKC and their success in detaching iKC

Reagent Concentration Manufacturer Outcome

Dispase 5mg/mL Sigma-Aldrich Cells detach and
survive

EDTA 0.5 mM Sigma-Aldrich Minimal cell
detachment

Accutase - Stem cell technologies  Major cell death

Trypsin-EDTA

Gentle cell dissociation
reagent

0.25 or 0.05%

Gibco

Stem cell technologies

Major cell death

Minimal cell
detachment
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Primer target

Forward primer (5’-3’)

Reverse primer (3’-5’)

RPLPO
NANOG
KRT18
TP63
KRT5
KRT14
VIM
KRT1
VL
ccLz
ccL2o
CA2
IL4R
ILT3RA1

CACCATTGAAATCCTGAGTGATGT
CCTATGCCTGTGATTTGTGG
ATATCACACGACTGCAGCTG
GAGCCAGAAGCCAATCTACA
TGGAGATCGCCACTTACCG
GGCCTGCTGAGATCAAAGACTAC
AAGTTGAGATAGCAGTCTTC
GATGAAATCAACAAGCGGACAA
ACTTATTTCGGGTCCGCTAGGT
GAAGAATCACCAGCAGCAAGTG
TGGCCAATGAAGGCTGTGA
AACAATGGTCATGCTTTCAACG
CTGCCTGTTGTGCTATGTC
TGGGTGACAGAGCAAGACTC

TGACCAGCCCAAAGGAGAAG
CATGGAGGAAGGAAGAGGAG
CTGGCAATCTGGGCTTGTAG

TATTGCATGTCCTGGCAAAC
CCAGAGGAAACACTGCTTG

TG

CACTGTGGCTGTGAGAATCTTGTT
AGGTAGTCTAGTGAAGCTGT
TGGTAGAGTGCTGTAAGGAAATCAATT
GAGACATGTAGAGGGACAGAGTCAAG
GATCTCCTTGGCCACAATGG
GATTTGCGCACACAGACAACTT
TGTCCATCAAGTGAACCCCAG
TCTGATCCCACCATTCTTTCT

CAGAGGAAAATGCTGTCGA

A

Supplementary Table 5a. Primary antibodies for immunostaining of monolayer cell cultures

Antibody Clone Product nr Manufacturer Dilution

Rabbit anti-P63 H-129 sc-8344 Santa Cruz 1:100

Mouse anti-KRT14 LL002 50-255-2220 Novocastra 1:100 n
Supplementary Table 5b. Primary antibodies for immunostaining of HEEs

Antibody Clone Product nr Manufacturer Dilution

Mouse anti-KRT10 DE-K10 MK10 Euro-diagnostica 1:100

Mouse anti-IVL Mon 150 - [79] 1:20

Mouse anti-FLG FLGO1 MA5-13440 ThermoFisher 1:100

Rabbit anti-Ki67 SP6 ab16667 Abcam 1:200

Rabbit anti-CLDN1 polyclonal 51-9000 Invitrogen 1:400

Mouse anti-CLDN4 3E2C1 32-9400 Invitrogen 1:400

Supplementary Table 6. KEGG pathway analysis of DEG between iKC (CnT-30 condition) and pKC.
(This table is available upon request via the Radboud Data Repository: ru.rumc.p4fikc_r0005499a_dsc_696)
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Supplementary Table 7. Ct values of CCL20 qPCR in pKC and iKC. pKC data is from a previous study
and every row presents one keratinocyte donor.

CT hARP CT CCL20 dCT (CCL20-hARP)
pKC 17,91 32,16 14,25

18,66 31,04 12,38

17,09 27,57 10,48

19,81 32,96 13,15

18,36 26,98 8,62

18,2 30,03 11,83

Mean: 11,79

iPSC2-iKC PO 16.98 24.44 7.46

17.07 24.25 7.18

16.52 25 8.48
iPSC3-iKC PO 16.48 28.95 12.47

16.43 28.78 12.35

16.55 29.25 12.7
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Chapter 9.

Summary, general discussion and
future perspectives
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General summary

As described in chapter 1, the epidermis provides an important barrier to the
human body to retain water inside and harmful stimuli like pathogens outside. The
keratinocyte’s proliferation-differentiation balance and many structural proteins
like filaggrin (FLG) play a key role in the epidermal barrier physiology. However,
when epidermal homeostasis is disturbed, chronic inflammatory skin diseases such
as atopic dermatitis (AD) can arise or worsen. The complex pathophysiology of
AD, which is an interplay between genetic predisposition (e.g., FLG variants), the
inflammatory milieu (e.g., T helper cell (Th)2, Th17 and Th22 cells and cytokines) and
microbiome dysbiosis (e.g., Staphylococcus (S.) aureus colonization), varies between
patients resulting in disease heterogeneity that impacts the efficacy of intervention
strategies. Therefore, better understanding of underlying disease mechanisms
is crucial for personalized and more effective treatment. Our perspective article
(Chapter 2) stresses the important contribution of epidermal defects to AD and
the need for understanding how keratinocytes contribute to inflammatory cell
signaling in AD development. Moreover, the value of organotypic skin models and
omics technologies are discussed to study the effects of genetic, immunologic,
microbiome-mediated and environment-driven signaling events in keratinocytes.
To generate these skin models, three main groups of epidermal cell types are
available: primary keratinocytes, immortalized keratinocytes and stem-cell derived
keratinocytes. Their advantages and disadvantages in dermatological research
are discussed, next to the challenges we still face in modeling the multifactorial
nature of AD. One of these challenges is the implementation of CRISPR/Cas9
genomic engineering in keratinocytes to study the effect of genetic predisposition
on epidermal defects in AD. This is further entailed in chapter 3 by a literature
review on the tools used for CRISPR/Cas9-mediated editing of keratinocytes. We
determined that variable editing efficiencies and low cell viability are major culprits
for efficient genome editing of keratinocytes in experimental dermatology. To
overcome these problems, we identified key success factors, including the use of
immortalized keratinocytes with their extensive in vitro lifespan that facilitates the
single-cell cloning procedure. In addition, electroporation of ribonucleoprotein
(RNP) complexes is highly efficient for the transient expression of guide (g)RNA
and Cas9 protein, while limiting the introduction of potential off-target effects.
In the following empirical chapters of my thesis, the goal was to decipher disease
mechanisms and key contributors to AD pathophysiology (Chapter 4, 6, 7), by
development and usage of optimized and new AD models (Chapter 4, 6, 7), from
various keratinocyte cell sources (Chapter 6, 7, 8), and a novel technology to
quantitate epidermal barrier function (Chapter 5). Hereafter, | will provide more
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extensive capsule summaries, discussion points and future perspectives per overall
aim of my thesis.

Aim 1.To develop 3D human epidermal atopic dermatitis
models and readouts to study disease pathophysiology

Summary

Our studies resulted in optimized or new human epidermal equivalent (HEE)-
based models and relevant readout parameters for future research on AD disease
mechanisms based on the following four innovations:

1. CRISPR/Cas9-based FLG knockout in immortalized keratinocytes mimics the
effect of FLG loss-of-function variants (Chapter 4);

2. Electrical impedance spectroscopy (EIS) applied to HEEs generates a spectrum
of impedances across many frequencies that correlates with epidermal
differentiation (EIS®®) and stratum corneum thickness (EIS*) (Chapter 5);

3. Exposure of HEEs to combinations of Th2 cytokines with interleukin (IL)-17A or
IL-22 creates a disease-associated inflammatory milieu with varying degrees
of epidermal barrier defects (Chapter 6);

4.  Transcriptomic technologies (like RNA-seq used in this thesis) are powerful to
compare in vitro models to in vivo skin, illustrating what we can and cannot
model yet and fuel human model optimization strategies;

5.  Topical application of microbiota on HEEs, exemplified by S. aureus colonization

or infection, demonstrates effects of AD-associated microbiome dysbiosis and
(long-term) epidermis-microbe interactions in health and disease (Chapter 7);

6.  Bacterial strains isolated from an AD patient induced a stronger host defense
response and infected basolateral culture medium quicker as compared to a
laboratory strain. Thereby, AD patient-derived strains may be better suited to
model skin infections in AD.

Discussion and future perspectives

Towards more personalized or AD endotype-specific in vitro models

Our developed models and readout methodologies are key in unraveling the
effects of protein loss (FLG), presence of particular inflammatory cytokines
(IL-4, 1L-13, IL-17A, IL-22) and microbial colonization (S. aureus) on epidermal
development. In the near future, these innovations can also provide a solid basis
to develop disease phase (acute vs. chronic) or endotype-specific (e.g., ethnicity,
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age) AD models. For instance, clinical studies have demonstrated which immune
cells and mediators are more highly present in the skin of AD patients with specific
endotypes as compared to healthy control skin, and which epidermal changes can
be observed in these endotypes [1]. Using this knowledge, cytokines associated
to the endotype of interest can be tested in HEEs while screening for the desired
epidermal changes. As a result, the most optimal cocktail can be applied and the
HEE serves as a drug screening platform for this specific endotype, albeit still not
fully covering the (patient- or endotype-specific) complexity that contributes to the
pathophysiology in vivo. Depending on the experimental question, extension of the
models presented in this thesis will be required. To improve the resemblance of the
genetic, inflammatory and microbial influences on the epidermis in AD, | propose
the following model optimizations:

- With respect to genetic predisposition of AD by FLG variants, we used non-

homologous end joining in chapter 4 to disrupt the FLG gene, leading to an
early stop codon in the third (and last) exon of the FLG gene and thus truncated
protein. This facilitated identification of direct effects of FLG loss. However,
patient variants are located in different regions of the FLG gene and may not
result in a stop codon but a frameshift [2], which determines the functionality
of the protein domains resulting in different effects sizes [3]. To reproduce
patient variants, homology-directed repair could be used to provide donor DNA,
as explained in chapter 3. However, this can be difficult if the patient variant
is not close to a protospacer adjacent motif (PAM site, next to where Cas9
cuts) and therefore large DNA templates need to be incorporated. Emerging
techniques like base-editing and prime-editing allow for precise base changes
or small insertions/deletions respectively, of which prime-editing introduces
the least off-target effects [4, 5]. These techniques could therefore be utilized
to recreate one of the most common loss-of-function variants in AD patients in
the Western population called p.R501X (c.1501C>T) [2]. Alternatively, primary
keratinocytes [6] or induced pluripotent stem cell (iPSC)-derived keratinocytes
[7]1 from AD patients with known FLG variants could be used, depending on
the experimental questions or models. With the prerequisite that iPSC-derived
keratinocytes will form skin models with a proper barrier function, these cells
offer the possibility to generate full thickness skin equivalents with the same
genetic background, by differentiation of patient-derived iPSC into multiple skin
cell types, and subsequent genetic variant correction to correlate the genetic
variant to functional epidermal defects. The practical difficulties of this approach
are discussed below under “"AIM 2"
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« Our cytokine-driven AD models from chapter 6 are relatively simple models
that allow for unraveling direct effects of inflammatory cytokines on epidermal

keratinocytes. However, to better resemble the disease complexity, inflammatory
feedback loops between cell types are needed, which requires multicellular in
vitro models. For example, atopic itch is a common and detrimental symptom
of AD, which is caused by an interplay between keratinocytes, immune cells
and neurons [8, 9]. Current keratinocyte-neuron interaction models are based
on skin equivalents with neuronal cell line-derived neurons [10] or iPSC-derived
organoids with neurons [11, 12]. Additional inclusion of immune cells would
enable their interaction with the keratinocytes [13, 14] and allow validation of
targeted drugs. Our recent review highlights immunocompetent AD models that
incorporate T cells [15], but also group 2 innate lymphoid cells, Langerhans cells,
dendritic cells, B cells and mast cells, along with their inflammatory mediators
are associated with the disease [16]. Therefore, other immunocompetent models
should be used as a basis for further research [17-20], although increasingly
complex skin models also come with practical challenges. The major hurdle
comes from the specific cell culture requirements per cell type that calls for
optimized culture media formulations. By identifying the crucial components in
the keratinocyte and immune cell media, and developing a single formulation,
the longevity of multiple cell types in one model could be extended. Furthermore,
multicellular models may benefit from a dynamic flow of cell culture media (e.g.,
microfluidic platforms) instead of the generally used static transwell plates, or
the construction of tissue by bioprinting to control the spatial organization of
cell types [15]. These advanced skin models have been discussed by European n
experts that join forces in the pan-European NETSKINMODELS consortium [15].
Such experts groups are key to form consensus opinions on the best suited
models and technologies for applications in dermatological research.

. For future host-microbiome interaction studies, our bacterial inoculation
method for microbial exposure of HEEs (chapter 7) can be used to colonize

multiple (patient-derived) commensal and pathogenic bacteria, fungi [21-23],
or full microbiomes. It should be considered that the epidermal model we used
mimics colonization of microbiota at the surface of the stratum corneum under
aerobic conditions. This favors aerobe bacterial species like Staphylococcus that
increase in relative abundance over time as compared Cutibacterium species
that only survive but do not expand [24]. Therefore, to better preserve microbial
diversity, more complex models that include anaerobic and sebum-rich niches
could facilitate the colonization of diverse microbial populations [25]. These
anaerobic and sebum-rich niches in native skin are the sebaceous glands and hair
follicles, for which skin models are scarce but in recent development [12, 26, 271.
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In my thesis, we mainly focused on the host responses to S. aureus. However,
to fully understand host-microbe interactions or to identify microbial targets for
growth inhibition of pathogenic microbiota, human and microbial responses
should be distinguished. Metatranscriptomics allows for mapping of the reads
to the human genome assembly and retaining the other reads for microbial
analyses [28], thereby allocating functional responses to either host or microbes.
A quicker and cheaper alternative to analyze expression of pre-defined marker
genes would be to separate human and microbial mRNA before gPCR analysis.
For both techniques, the required mRNA input as well as the corresponding
surface size of the 3D culture should be determined to ensure sufficient RNA
yields for gene expression analysis.

« Ultimately, a “combined AD model” featuring a predisposing genetic FLG
variant, a pathogenic inflammatory milieu, and microbiome dysbiosis including
S. aureus overgrowth, would enable the investigation of interactions between all
underlying disease factors, which is further discussed below under “AIM 3"

Application of molecular and functional readout analyses to in vitro AD models
Besides conventional morphology (H&E), gene (RT-qPCR) and protein
(immunostaining) analyses used in this thesis for model characterization and
validation, we focused on the development of quantitative barrier function
technologies and applied comprehensive transcriptomic analyses to investigate
model characteristics and disease mechanisms. The following considerations
should be taken into account for data interpretation and their future use:

« The EIS technology and smart-lid application developed by Locsense for our HEE
culture platform provides a relatively quick, medium throughput and standardized
readout for epidermal barrier function with its fixed electrode setup and

semiautomated handling (Chapter 5). In addition, it proved noninvasive, allowing
for consecutive measurements, and reducing experimental scales. However, we
experienced that, similar to what we observed in chapter 7, topical application of
PBS on HEEs (necessary for conductance) can induce stratum corneum swelling after
repetitive measurement and longer time of liquid immersion of the models during
the measurement. Since the EIS machine currently measures HEEs successively,
adapting the software to facilitate simultaneous measurement of HEEs will reduce
exposure time to PBS and improve study outcomes. For future application of the
EIS technique to decipher the pathophysiology of inflammatory skin diseases, we
need to better understand what the EIS spectrum that we proposed to correlate
with stratum corneum characteristics actually correlates to. We found a correlation
between EIS* and stratum corneum thickness, but we could not determine
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whether this simply means the number of cornified layers or the additional barrier
properties of these extra layers. To investigate so, mass spectrometry and electron
microscopy are recommended to evaluate stratum corneum structure and content
like lipids [29, 30], keratin filaments [31] and proteins [32] that form the stratum
corneum barrier [33]. Comparison of IL-4 + IL-13 (reduced EIS*) with IL-17A + IL-22
(increased EIS*9)-stimulated HEEs would aid these correlation experiments.

« For extensive molecular characterization of our AD models, bulk RNA-seq and

spatial single-cell transcriptomics pipelines were employed and developed
respectively (Chapter 6). Whereas bulk RNA-seq is an objective readout that
does not require pre-determined target choices, spatial transcriptomics provided
candidate gene expression information at the single-cell level. Hence, both
showed to be complementary with the latter being extremely labor intense
and requiring expert handling expertise for the sample preparation, analysis
and data procurement. Furthermore, establishment of scRNA-seq of epidermal
equivalents (including optimal dissociation protocols) would greatly accelerate
model characterization, allowing whole transcriptome analysis and in silico spatial
mapping of gene expression profiles. While these single-cell technologies are now
widely used for healthy and AD skin biopsies [34-36], they are not commonly used
for in vitro skin, with some exceptions [37-39]. Potentially, this scarcity relates to
dissociation issues and difficulties obtaining large numbers of live cells from all
in vitro epidermal cell layers. For instance, the granular epidermal layer appears
underrepresented in scRNA-seq data, likely due to extensive crosslinking and
advanced terminal differentiation process of cells, which leads to rapid cell death
and loss of mRNA molecules [40, 41]. Nuclear RNA-seq could pose a solution to
this problem by recovering more (subsets of) cell types and reducing dissociation
bias [40], which may apply to granular keratinocytes that are tightly connected
as compared to (supra)basal keratinocytes. Alternatively, spatial transcriptomics,
as used in chapter 6, does not require cell dissociation and preserves the tissue’s
spatial context, but it does require prior selection of genes to be analyzed.

Comparison of in vitro epidermal models to in vivo skin for model optimization
The two optimized AD cytokine cocktails (Th2 + IL-17A versus Th2 + IL-22) induced
similar but also distinct AD features in our epidermal model. The choice of which
cytokine cocktail to perform follow-up experiments with was therefore based
on overall similarity to in vivo AD skin. As representative in vivo data, we used )
a pseudobulk of keratinocyte transcriptomes acquired from scRNA-seq of skin
biopsies, and II) full thickness skin transcriptomes obtained from microarray and
bulk RNA-seq of skin biopsies. The retrieval of the first dataset was most optimal,
since it allowed to compare our keratinocyte-only model to only keratinocytes
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of the skin, however only four AD patients were included in this study [34]. The
second method offered a less fair comparison between cell types present in vitro
and in vivo, but with the strength of a greater sample size (188 AD patients).
The use of publicly available data is a quick, cost-effective and sustainable way
in scientific research, but one has to compromise as existing studies and their
chosen methods may not fully align with own studies and experimental samples.
In addition, to understand the implications of the in vitro-in vivo comparison, it is
important to know characteristics of the patient cohort. In our case, the cytokine
cocktail contained Th2 and Th17/22 cytokines in absence of Th1 cytokines,
which represents the situation of acute AD [1], while the four patients of Rojahn
et al. (2020) probably presented chronic AD as demonstrated by the differential
expression of interferon responsive genes. Logically, this resulted in a lack of
(Th1-driven) IFN signaling in vitro when transcriptomically comparing to in vivo
data, thereby lowering the overlap in differentially expressed genes. Next to
these biology-founded differences, we also encountered a better comparison
of in vitro models based on the keratinocyte source used to generated them. We
found a greater overlap of differentially expressed genes in N/TERT-2G AD models
with AD patients, as compared to primary keratinocyte AD models. This, however,
may not be biologically relevant but merely a technical issue resulting from the
heterogeneity in responses of primary keratinocytes from different donors, while
N/TERT-2G-derived HEEs showed less variation in transcriptional response, which
increased statistical power and increased the number of significant differentially
expressed genes that corresponded to the in vivo transcriptome.
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Aim 2, To investigate which keratinocyte cell sources are
valuable to unravel the different underlying genetic,
inflammatory and microbiome mechanisms of AD

Summary

Considering primary keratinocytes as the gold standard for in vitro epidermal

research, we characterized two alternative cell sources and compared them to

primary cells (Table 1). Our research highlights that:

1. Immortal N/TERT-2G keratinocytes exhibit a similar response to the Th2 + IL-22

cytokine cocktail, with the exception of milder hyperproliferation and barrier

impairment (Chapter 6). They also show comparable S. aureus colonization

rates and antimicrobial peptide production upon infection in vitro (Chapter 7);

2. iPSC-derived or induced keratinocytes (iKC) seem suitable to model cytokine-

driven epidermal differentiation defects, while their expression of cytokines

and chemokines is less induced by the Th2 + IL-22 cocktail (Chapter 8);

3. scRNA-sequencing is highly valuable for determination of the cell maturation

status and heterogeneity of iKC and reveals different cell populations in the iKC

culture that are characterized by expression of specific cell surface markers.

Table 1. The AD hallmarks that can be modeled per keratinocyte cell type according to this thesis
and literature. + Can be modeled; +/- Can be partially modeled; - Cannot be modeled

Cell type Primary N/TERT-2G iPSC-derived
AD hallmark keratinocytes immortalized keratinocytes
keratinocytes
Cytokine-driven  Hyperproliferation + +/- Not investigated yet
Epidermal differentiation — + + +
defects (only investigated
in 2D monolayers)
Impaired barrier + +/- Not investigated yet
Inflammatory gene + + -
expression
Genetics-driven  Epidermal differentiation  Table 1 from + Not investigated
defects and impaired Chapter 2, and yet, but cells are
barrier [6] available [7]
Pathogen- Antimicrobial peptide + + Not investigated yet
driven production
Epidermal infections + + Not investigated yet
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Discussion and future perspectives

The utility of alternative keratinocytes greatly depends on their similarity to the gold
standard primary keratinocytes and requires in-depth characterization, which we
started in chapter 6 and 7.To further benchmark N/TERT-2G immortal cells to primary

keratinocytes, increasing the cytokine concentrations or testing hydrocortisone-
free medium to assess whether hyperproliferation and barrier impairment become
more prominent while maintaining cell viability would be useful. However, one must
consider that N/TERT-2G cells are derived from one specific donor and, alike primary
keratinocytes, inter-donor variability determines the cellular responses. Hence, the
N/TERT cells may simply respond differently to cytokines than the primary
keratinocytes tested here. This may be results from their origin, being foreskin-derived
and known for differential responses as compared to primary keratinocytes [42].
Therefore, experimental studies using N/TERT-2G keratinocytes would benefit from
validation with an extended panel of primary keratinocyte donors.

For the application of iPSC-derived keratinocytes, which are currently the least well
characterized keratinocyte cell type for AD studies, the culture heterogeneity still
seems a challenge (see scRNA-seq in chapter 8). This might be the reason that iKC are
not yet capable to form an epidermal barrier similar to pKC when used to generate
HEEs. The iKC population most similar to pKC demonstrated expression of integrin
(ITG)A6+ on their cell surface, which allows for positive cell sorting. However, the
scRNA-seq analysis should first be repeated with iKC at higher passage numbers,
to determine whether passaging further induced maturation of a subpopulation or
enriched keratinocyte-like cells and how this affects their cell surface marker expression
profile. Hereafter, to demonstrate if iKC are suitable to model and decipher AD (alike
studies with primary keratinocytes and N/TERT keratinocytes proposed under “AlM 1
and 3”), comparison of the response of unsorted iKC, sorted iKC and pKC to AD cytokines
and bacteria is needed. Future extension of our preliminary scRNA-seq analyses to
include the expression analysis of pattern recognition and cytokine receptors for the
three identified iKC clusters would suggest the potential benefit of cell sorting. The next
step would be to analyze the iKC response to heat-killed S. aureus or its supernatant
in comparison to the response of pKC in 2D monolayers [43, 44]. Additionally, if the
epidermal barrier of iKC-HEEs can be improved, even microbial colonization can be
performed on 3D models. Currently, the only skin microbiota models using iPSC
are skin organoids, which are cut open to flip the epidermis outward for bacterial
colonization at the air-liquid interface [45]. However, barrier protein expression and
function, as well as long-term bacterial colonization without infections, were neither
investigated nor presented in this study.
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Aim 3. To dissect how genetic predisposition,
inflammatory cytokines and microbiome dysbiosis
drive epidermal defects and how these can be
restored upon treatment

Summary

We demonstrated the effects of three AD predisposing factors on epidermal
functioning and its restoration through therapeutics (illustrated in Figure 1),
emphasizing the potential of AD-HEEs to unravel disease pathophysiology and
facilitate drug screening:

1. FLG knockout keratinocytes are not only deficientin FLG but also present a (partial)
loss of other epidermal differentiation proteins and a compromised epidermal
barrier in HEEs, which is restored by the re-expression of FLG (Chapter 4);

2. Epidermal models generated from keratinocytes with a knockout of
differentiation or barrier proteins, or stimulated with inflammatory cytokines,
exhibit lower EIS values and, therefore, compromised barrier function, linking
these specific AD-related proteins and cytokines to barrier defects (Chapter 5);

3. The presence of IL-22 in the Th2 cytokine milieu drives key morphological and
transcriptomic AD hallmarks, resulting in major skin barrier defects (Chapter 6);

4. The combination of epidermal differentiation-promoting (AHR ligand
tapinarof) and inflammation-inhibiting (JAK1/3 inhibitor tofacitinib) drugs
more effectively restores epidermal defects driven by multiple cytokines
compared to single therapeutics;

5. A clinical S. aureus isolate from an AD patient induced a strong host defense
response and cell culture infections, indicating that this strain was able to
cause barrier defects. The antimicrobial peptides (AMP) produced in the
epidermis could not prevent subsequent infections (Chapter 7);

6. Topical application of antibiotic fusidic acid inhibited growth, infection, and
epidermal damage caused by the S. aureus strain of the AD patient.

Discussion and future perspectives

Successful AD model optimization, as proposed under “AIM 1%, would require
characterization of these models against the current ones (e.g., HEEs with patient
FLG variants versus our FLG knockout), yielding information on the contribution
of specific variants to epidermal barrier defects, or even the potential benefit of
gene correction. In addition, to decipher the role of S. aureus in AD development
and skin infections, multiple clinical S. aureus isolates from patients with clinically
defined varying degrees of disease (e.g., SCORAD or EASI assessment-based) should
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be screened in epidermal models for their infection potential and secretome, in
order to pinpoint causal virulence factors and potential intervention strategies.

Knowledge on endotype-specific disease mechanisms from AD-HEE models could
hint toward which patient groups would benefit from specific therapeutic strategies
e.g., targeting particular cytokines (IL-4, IL-13, IL-22), receptors (IL-4R, AHR), or
microbiota (antibiotics), and make the drug choices in clinics more efficient. While
many different interaction studies can be performed in vitro to understand the
underlying genetic, inflammatory and microbial imbalances in AD, the following
poorly understood disease mechanisms can particularly be studied in our HEEs.
Filaggrin breakdown products like trans-urocanic acid (UCA) and 2-pyrrolidone-5-
carboxylic acid (PCA) influence the skin pH and S. aureus growth [46]. As natural
moisturizing factors (NMFs) also contribute to the skin hydration status, and
microbiota vary between body sites with different hydration status and pH [47], an
interaction between FLG and microbial growth is suggested [48]. To investigate if
FLG variants related to AD thereby also influence S. aureus growth and/or epidermal
infections as seen in AD, host-microbe interaction studies between FLG wildtype
and FLG null keratinocytes and various clinical isolates of S. aureus would be useful
in HEE models. This complexified AD model would also accelerate drug screening or
predict the effectiveness of gene therapies [49] or microbiome transplantation [50].
Currently, FDA-approved JAK inhibitors (e.g., abrocitinib, upadacitinib, baricitinib,
tofacitinib), of which tofacitinib showed to be effective to prevent epidermal
defects upon cytokines in this thesis, come with side-effects like infections [51].
Combination of immunocompetent skin models with our microbial colonization
technique on epidermal equivalents will allow to test drug combinations that
minimize this infection risk.
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Figure 1. Summary of epidermal defects driven by genetic loss of FLG, AD-associated
inflammatory cytokines, and S. aureus colonization as investigated through human epidermal
equivalents in this thesis. The culture manipulation is visualized in bold and color, and effects
thereof in black. The tested therapeutics are presented by blunt arrows (). * shows the defects that
are rescued by tapinarof, and ** by tofacitinib. Of note, the defects can be present in more epidermal
layers than the text is annotated in.

Final consideration

“Altogether, | envision that comparing in vitro disease models to well-characterized
in vivo patient skin tissue samples, using omics approaches, will drive the
development of disease (endotype-specific) models. These models will not only
reduce the need for experimental animals in unraveling disease mechanisms, but

also facilitate drug screening, making decisions on therapeutic strategies more
patient-centered and thereby, hopefully, more efficient.”
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In dit proefschrift heb ik laten zien hoe 3D huidmodellen geoptimaliseerd en
gebruikt kunnen worden om de ziektemechanismen van atopisch eczeem, ook wel
atopische dermatitis (AD) genoemd, beter te leren begrijpen. Dit is belangrijk om
huidige behandelingen te verbeteren en nieuwe behandelingen te ontwikkelen,
omdat er patiénten zijn die onvoldoende reageren of een terugval krijgen tijdens
gebruik van hun medicatie.

In hoofdstuk 1 beschrijf ik de opbouw en functie van de huid, met name
van de buitenste laag, de opperhuid of epidermis. Een belangrijke functie
van de epidermis is het vormen van een barriére die uitdroging voorkomt en
ziekteverwekkers buitenhoudt. Zowel genetische aanleg, de aanwezigheid van
overactieve cutane ontstekingscellen en hun cytokines (signaalmoleculen), als
een veranderde samenstelling van het huid microbioom kunnen bijdragen aan
een verstoring van de balans tussen proliferatie (celdeling) en differentiatie (cel
specialisatie) van epidermale cellen, de keratinocyten. Dit alles kan leiden tot
de ontwikkeling van AD. Mutaties in het filaggrine gen, wat codeert voor een
belangrijk structureel eiwit van de epidermis, vormen de belangrijkste genetische
aanleg voor AD. Veelvoorkomende ontstekingscellen in de huid van AD patiénten
zijn de T helper cellen (Th)2, 17 en 22, die cytokines zoals interleukine (IL)-4,
IL-13 en IL-22 uitscheiden. Daarnaast is aangetoond dat de microbiéle samenstelling
op de huid van AD patiénten minder divers is dan dat van gezonde vrijwilligers.
In het microbioom is onder andere meer Staphylococcus (S.) aureus aanwezig. Dit
noemen we dysbiose van het microbioom. De precieze gevolgen van deze drie
bovengenoemde factoren op het functioneren van de epidermis zijn lastig te
bestuderen in het menselijk lichaam (in vivo). De aanwezigheid van andere cellen
dan keratinocyten vertoebeld het beeld. Daarnaast is het onethisch om deze
ziekteprocessen aan te wakkeren in gezonde personen, en zijn proefdieren in veel
opzichten te verschillend van mensen. Humane 3D huidmodellen (epidermale
equivalenten) zijn daarom een waardevol alternatief. Voor het genereren van
humane epidermale equivalenten kunnen verschillende cellen gebruikt worden,
namelijk primaire keratinocyten van gezonde vrijwilligers, onsterfelijk gemaakte
keratinocyten, of keratinocyten die zijn gedifferentieerd vanuit stamcellen. Elk
van deze keratinocyten heeft zijn voor- en nadelen in het onderzoek naar AD, en
daarom bepaalt de onderzoeksvraag welke het meest geschikt is. In hoofdstuk 1
en 2 beschrijven we hoe de drie bovengenoemde ziekte aandrijvers (genetische
aanleg, overactieve ontstekingscellen en microbioom dysbiose) gemodelleerd
kunnen worden in 3D huidmodellen.
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In hoofdstuk 3 geven we een overzicht van methodes voor het genetisch
modificeren van keratinocyten met de CRISPR/Cas9 techniek, en wat er nodig
is voor de succesvolle toepassing van deze techniek. Deze kennis hebben we
gebruikt in hoofdstuk 4 om het filaggrine gen zodanig aan te passen waardoor
keratinocyten een verkort en niet functioneel eiwit maken, zoals ook in AD het
geval kan zijn. Het bijkomende effect was dat ook andere epidermale differentiatie-
eiwitten verminderd tot expressie kwamen en dat de epidermale barrierefunctie
verslechterd was. Vervolgens hebben we in hoofdstuk 5 deze barrieremeting,
genaamd elektrische impedantiespectroscopie (EIS), verder gevalideerd voor het
analyseren van 3D epidermale equivalenten. De EIS waardes konden we correleren
aan de aanwezigheid van epidermale differentiatie-eiwitten en stratum corneum
(hoornlaag) dikte.

Aan de hand van deze EIS techniek, evenals morfologie-, eiwit- en genanalyses,
hebben we diverse combinaties van inflammatoire cytokines gekoppeld aan
verschillende epidermale AD-kenmerken in hoofdstuk 6. Hierdoor hebben we
ontdekt dat de aanwezigheid van IL-17A of IL-22 in een Th2 cytokine milieu
(IL-4 en IL-13) leidt tot ernstigere epidermale defecten en grotere overeenkomsten
met in vivo AD patiénten dan Th2 cytokines alleen. Deze combinatie van cytokines
is dus een verbetering ten opzichte van het voorheen vaak gebruikte AD model
met alleen Th2 cytokines. Deze defecten van ons epidermale AD model werden
grotendeels hersteld door behandeling met een combinatie van AD medicijnen:
aryl hydrocarbon receptor (AHR) stimulerende tapinarof en Janus Kinase (JAK)
remmende tofacitinib.

Naast het modeleren van de inflammatoire oorzaak van AD, hebben we een manier
gevonden om bacterién aan te brengen op epidermale modellen om langdurige

huid-microbioom interacties en dysbiose van het microbioom te onderzoeken
(Hoofdstuk 7). We vonden dat een S. aureus laboratoriumstam een minder sterke
afweerrespons veroorzaakt dan een klinische stam die geisoleerd is van een AD
patiént. Ook veroorzaakten klinische stammen vaker infecties dan de laboratorium
stam. Voor het modeleren van AD en microbioom onderzoek is het dus belangrijk
om (klinische) stammen van AD patiénten te gebruiken. Ook konden we in dit huid-
microbioom model gerichte behandelingen testen, waarbij topicale toepassing van
fusidinezuur de bacteriéle infecties en epidermale schade voorkwam.

Na het bestuderen van deze drie belangrijke factoren die bijdragen aan de
pathofysiologie van AD, hebben we ook onderzoek gedaan naar alternatieve
cellen om epidermale AD modellen mee te maken. Geinduceerde pluripotente
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stamcellen (iPSC) kunnen gemaakt worden van AD patiénten cellen, waardoor
ze de genetische informatie bevatten die bijdraagt aan de ziekte ontwikkeling.
Vervolgens kunnen deze iPSC, in theorie, gedifferentieerd worden naar
verschillende huidcellen, waaronder keratinocyten. Echter, om ze voor AD
onderzoek te gebruiken, moet de differentiatie van iPSC naar keratinocyt leiden
tot een homogene populatie van geinduceerde keratinocyten die vergelijkbaar
functioneren als primaire keratinocyten (de gouden standaard in dermatologisch
onderzoek). In hoofdstuk 8 hebben we een geoptimaliseerd protocol beschreven
om vanuit iPSC zoveel mogelijk keratinocyt-achtige cellen te verkrijgen.
Daarnaast stellen we een methode voor om de gewenste cellen te selecteren
op basis van membraaneiwit expressie, met behulp van MACS of FACS, om de
heterogeniteit verder te reduceren. Om epidermale differentiatie na te bootsen
en het nut van geinduceerde keratinocyten in AD onderzoek te bestuderen,
hebben we differentiatie stimulatoren calcium en serum gebruikt met of zonder
AD-gerelateerde cytokines IL-4, IL-13 en IL-22. De geinduceerde keratinocyten
waren in staat om epidermale differentiatiemarkers tot expressie te brengen,
wat werd tegengehouden door AD cytokines. Hierdoor lijken ze geschikt om
epidermale differentiatie-defecten te bestuderen. Epidermale equivalenten
gemaakt van geinduceerde keratinocyten toonden stratificatie kenmerken en de
vorming van een stratum corneum, hetgeen hun toepassing in de ontwikkeling van
3D huidmodellen benadrukt.

Algemene conclusies uit deze thesis zijn:

1. Geoptimaliseerde epidermale modellen en nieuwe uitleesmethodes zijn
ontwikkeld en kunnen gebruikt worden om AD te bestuderen;

2. De waarde van alternatieve onuitputtelijke keratinocytbronnen voor AD
onderzoek, waaronder onsterfelijk gemaakte keratinocyten en keratinocyten
afgeleid van stamcellen, is aangetoond;

3. Meer inzichten zijn verkregen over de bijdrage van genetische aanleg,
inflammatoire cytokines en dysbiose van het microbioom aan epidermale
defecten in AD;

4. Het beinvloeden van verschillende signaaltransductieroutes door een
combinatie van medicijnen kan de effectiviteit van de interventie vergroten
bij specifieke AD patiénten met een complexe inflammatoire component.
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which is supported by the Information and Communications Technology (ICT)
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server of Radboud University. As second laboratory data and research protocol
storage, the electronic labjournal Labguru, that is accessible to all researchers of the
experimental Dermatology group, was used. Paper labjournals are stored in cabinets
at the department of Dermatology, Radboudumc. All published data is available
through open access on the journals website, and other datasets can be requested
via the last author. In addition, data and metadata are stored in the Radboud Data
Repository (ru.rumc.p4fcyto_r0005499a_dsc_385 and ru.rumc.p4fikc_r0005499a_
dsc_696) and available upon request. Raw in vitro RNA-sequencing data from
Chapter 6 is published in the GEO database under GSE282371 in fastq and count
table format including the metadata. For this chapter, in vivo RNA-sequencing
data was re-used from Rojahn et al. (2020)* or the BIOMAP project (as described
in chapter 6, datasets are available through ArrayExpress E-MTAB-8149 and GEO
GSE130588 and GSE193309). Raw RNA-sequencing data from Chapter 8 is available
under GSE287810 for bulk RNA-seq and GSE285034 for scRNA-seq in the same
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Bock, C., Mildner, M., & Brunner, P. M. (2020). Single-cell transcriptomics combined
with interstitial fluid proteomics defines cell type-specific immune regulation in
atopic dermatitis. The Journal of allergy and clinical immunology, 146(5), 1056-
1069. https://doi.org/10.1016/j.jaci.2020.03.041
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Lieve (dr.) Hanna, wat heb jij een eindeloos geduld met mensen. Hoe vaak ik ook
bij je binnen liep, je verwelkomde me altijd met een lach en luisterend oor. Jij wist
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veel verbetering nodig was. Ook jouw work-life balance is iets waar ik bewondering
voor heb. Naast het onderzoek, heb ik veel van jou geleerd op het gebied van
educatie. Ik hoop dat jij het net zo leuk vond om mij als je eerste PhD te begeleiden
als dat ik het vond om door jou begeleid te worden!

Dear (dr.) Jo, even though you didn't know me before | started my PhD, you
believed in me to successfully do a PhD in your group. | really learned a lot from you
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open when | needed you, even for refreshing my cells in the weekend (!), which
| did not take for granted. You could be very direct (like a real Dutchie), but also
regularly gave me compliments and showed me your enthusiasm for research. Also
your efforts to socially keep the group together, with trips to Keukenhof or dinners,
were very much appreciated.

Lieve paranimfen!
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avonturen en zochten we elkaar op als we motivatie nodig hadden. Bedankt voor
alle grapjes, wijsheid en ook zeker onzin (lees: tiktok filmpjes) die je met mij hebt
gedeeld. Ik wens iedereen een vriend, partner, vader, collega of begeleider zoals
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someone needs you. After we went to Amsterdam for the ESDR conference and the
personal talks we had there (what happens in Amsterdam, stays in Amsterdam), it
felt like we got to a level of trust and comfort, which translated for us in acting
crazy around each other. You were always around to kick me off my chair, and we

had many coffee breaks together. It was also very special to see you finding and
marrying your life partner, and | am happy | get to share the latter with you too next
year. | am going to miss our brunches and girls nights, but luckily | am about to visit
you and Steven in France!

Lieve Jaimy, wat begon als een stagiaire-begeleider relatie veranderde al snel in een
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uitreiking al zei, zag ik jou meteen als nette en gemotiveerde jongen, ook al ben ik
van dat eerste wel terug gekomen. Het is eigenlijk altijd een feestje als jij in de buurt
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deze paragraaf, want wat heb ik vaak mogen crashen bij jullie na borrels en feestjes.
Jullie zijn twee toppers en ik weet zeker dat jullie je proefschriften ook mooi gaan
afronden. Bedankt voor onze bijzondere vriendschappen en alle herinneringen die
nog gaan komen!

Lieve collega’s van lab Dermatologie:

Diana en Ivonne, wat zijn jullie gezellig, behulpzaam en attent! Er was altijd ruimte
voor een praatje, over de (klein)kinderen of hobby’s, maar jullie hebben ook enorm
veel werk verzet om mij te ondersteunen tijdens mijn PhD. Bedankt dat jullie me
nooit zat werden (of het niet lieten blijken) als ik weer bij jullie stond met een vraag.
Hoe extra gezellig jullie werden na de benodigde alcoholische versnaperingen, heb
ik bij Diana mogen ervaren en helaas bij lvonne alleen van horen zeggen. Ik hoop
dat we op mijn promotiefeestje verandering gaan brengen in dat laatste! Ik wens
jullie veel werkplezier en geluk in jullie privéleven, en wil jullie bedanken voor de
significante bijdrage aan mijn scriptie.

Patrick J (PJ), er zijn een paar dingen die ik van jou ga onthouden: je kennis van
moleculaire biologie, passie voor biertjes, foute muzieksmaak (lees: vieze Jack), en
soms leuke maar ook soms irritante grapjes;). Een kantoor delen met jou betekende
muziek-vrijdag, rondslingerende papieren (OVERAL) en stipt op tijd meegesleurd
worden naar de koffiekamer voor pauze. Natuurlijk heb ik veel van je geleerd, over
restrictie-enzymen en lentivirussen enzo, maar vooral ook over gezelligheid op de
werkvloer, Oktoberfest nummers en biersoorten.

Patrick Z (PZ), ik moet toegeven dat ik best heb moeten wennen aan jouw
directheid en standvastigheid, maar na een persoonlijkheidstest met het hele
team bleken wij gewoon veel op elkaar te lijken. Van jou heb ik veel geleerd over
kwalitatief goed onderzoek doen, en er was niemand die zoveel spelfouten uit een
presentatie, manuscript of scriptie kon halen als jij. Hopelijk blijven we met elkaar
proosten op Untappd, en kan ik nog een keer bij je terecht met vragen over de
reizen die jij al hebt gemaakt en ik nog wil maken!
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Noor, jou leerde ik kennen als student van Noa en gezien ik zelf pas net met mijn
PhD was begonnen zaten wij bijna in dezelfde levensfase en zochten elkaar dus
ook buiten werktijd op. Je bent een super creatief persoon, zowel in de keuken,
waar wij regelmatig van konden meegenieten, als in het maken van presentaties
of organiseren van activiteiten voor de groep. Bedankt voor de gezelligheid de
afgelopen jaren, en veel plezier en succes met je verdere promotietraject!

Rens, wat vond ik het knap hoe snel jij je (als een van de enige die geen stage bij
ons had gelopen) ingelezen had in ons vakgebied. Je stelde altijd goede vragen,
en ik heb goed kunnen profiteren van jouw handigheid in programma’s zoals
Graphpad. Ondanks dat we maar een jaar tegelijk PhD waren in Ellen’s groep, heb ik
genoten van jouw aanwezigheid op het lab/kantoor en tijdens borrels daarbuiten.
Je was een fijne en geinteresseerde collega en gesprekspartner!

Aranka, wij begonnen de week altijd gezellig met het bespreken van alle dingen
die we in onze eerste koophuizen hadden gedaan. Daarnaast konden we ook heel
goed samenwerken, want waar ik georganiseerd was, was jij dat nog een tikkeltje
meer! lk wil je natuurlijk sowieso bedanken voor je bijdrage aan “het cytokine
paper” waar jij in korte tijd veel werk voor hebt verzet. Ik ben benieuwd hoe je het
gaat vinden bij Kinderlongziekten in Utrecht.

Lieve oud-collega’s van lab Dermatologie:

Danique, ik wil je bedanken voor de fijne ontvangst in het kantoor van jou en PJ.
Ondanks dat je voor mijn komst echt “one of the guys” was, konden wij lekker
over vrouwendingen praten zoals de beste krullen-cremes. Ook hadden we open
gesprekken over de eigenschappen die we in elkaar bewonderden en bij onszelf
wilden verbeteren. Hopelijk zie ik je bij mijn verdediging en kunnen we weer
even bijkletsen!

Gijs, mijn avontuur bij Dermatologie ben ik begonnen als jouw stagiaire en ik kan

me geen gezelligere begeleider bedenken! Naast het kletsen over onze plannen
buiten werk, heb ik natuurlijk ook heel veel geleerd over huid-microbioom
onderzoek en heeft dit me een makkelijke start gegeven toen ik terugkwam als PhD
(met als bewijs hoofdstuk 7 van mijn scriptie). Ook jouw relaxte houding (“komt wel
goed”), o.a. terwijl je een PhD aan het afronden was met drie kinderen thuis en al
een nieuwe baan, was iets waar ik bewondering voor had. Terwijl ik dit schrijf zijn
we een maand verwijderd van jouw verdediging en ik wens je veel succes daarmee
en je verdere toekomst!
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Noa, tijdens mijn stage bij dermatologie leerde ik jou kennen als rustig persoon,
maar ik ben blij dat ik tijJdens mijn PhD ook jouw gekke kant heb mogen leren
kennen! Ik vond het jammer toen je wegging, omdat het erg stil werd zonder jouw
gezang in het lab, maar gelukkig hebben we samen nog het oude lab kunnen
uitluiden. Ik vind het fijn dat we op precies dezelfde dag de acceptatie mail van
onze theses kregen, want we kunnen goed overleggen over het geregel en het
mooi samen afsluiten. Ik ben blij dat je zo'n leuke en bij jou passende baan hebt
gevonden en wens je veel plezier en succes voor de toekomst!

Felicitas, dat het niet makkelijk is om op twee afdelingen je PhD te doen dat
hebben wij wel ervaren, maar gelukkig hadden we elkaar om hierover te praten.
Ik hoop dat je ondanks dat kan terugkijken op een leerzaam traject met ook leuke
uitjes zoals de retreat van Mol (Dev) Bio, de PhD retreat verkleed als superhelden
en ook samen naar de vierdaagsefeesten gaan (en jij zelfs karaoke zingen op
het podium van plein '44: daredevil!). Nog even doorzetten en ook jij kan je PhD
afronden, dus als je ooit hulp nodig hebt weet je me te vinden. Terwijl ik dit schrijf
werk je als project codrdinator, en ik hoop dat je je daar of in een ander vakgebied
helemaal thuis gaat voelen!

Piet, ondanks dat we niet heel lang hebben samengewerkt, herinner ik jouw
grappige verhalen en eindeloze inzet voor de afdeling. Volgens mij hield je er niet
echt van om in de spotlight te staan, maar gelukkig ben je daar wel een paar keer in
geplaatst door jouw goede inzet. Nadat jij met welverdiend pensioen ging, merkten
we hoe fijn het was geweest om iemand in het team te hebben die goed is met ICT
zaken waaronder de microscoop, maar hopelijk ben je nu lekker aan het genieten
van je tijd met de familie!

Dear Zhou group:

Dulce, when you and Camille joined Jo's group just after me, | gained two unofficial
mentors. | learned from you how to balance my perfectionism and being in control
with letting go sometimes. Your experience with iPSC and even differentiating them
into keratinocytes was of great help to me. But, next to that, we also had a lot of fun
during coffee breaks, brunches, housewarmings, train rides and group outings. | am
curious to see what your future career brings, but | hope it will be great!

Jos, ook jij had al ervaring met iPSC naar keratinocyt differentiatie en gaf me daarin
mee dat het niet makkelijk was en ik niet te lang in een richting moest blijven
hangen, en dat heeft geholpen! Ik heb je leren kennen als een grappig en creatief
persoon, en het was nooit saai als jij er was. Dit laatste gold trouwens ook voor
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jouw congres presentaties en recente verdediging. Ik ben blij dat je een super leuke
nieuwe baan hebt gevonden.

Julian, ook jou ken ik ondertussen een tijdje, want toen ik met mijn PhD startte liep
jij stage in onze groep en niet veel later begon je ook met je PhD. Echt iedereen
die jouw hulp nodig had die kreeg hem ook, en voordat je het wist had je heel wat
projecten lopen. Jouw doorzettingsvermogen, op werk en met alle persoonlijke
dingen die je te verduren kreeg, is bewonderingswaardig! Ik wens je veel succes
en plezier met het afronden van je eigen proefschrift en het vinden van een leuke
nieuwe baan.

Yavuz, | have to thank you for the many times you covered for me in the lab when
I was ill or you were in TC in the weekends! | hope you don't forget to think about
yourself sometimes too. We worked together a lot over the last two years, and your
experience with cell culture provided me with different perspectives. | wish you the
best for the future.

Lieve moleculaire (ontwikkelings-) en celbiologie collega’s:

Dear collaborators of “the cytokine paper” Niels, Janou, Marijke, Musa, | would
like to thank you for the laboratory work, computational analyses and/or reviewing
of the manuscript. | really enjoyed working together and it majorly improved the
research project and paper!

Lieve borrel en karaoke-genootjes Aniek M, Aniek V, Margit, Thomas, Jonas,
Ruben, wat hebben jullie me goed geholpen mijn gedachtes te verzetten na
werk! Ik heb genoten van de afdelingsborrels, en misschien nog wel meer van
de karaoke avondjes erna, maar ook van super gezellige PhD retreat momenten
of mijn housewarming met jullie. Ik wens jullie veel succes met jullie verdere
promotietraject of voor sommigen het schrijfproces en hoop dat we binnenkort
(misschien wel na mijn verdediging) nog een keer in Roxy’s te vinden zijn. Ook

nog een bedankje aan Cyriel voor het gezelliger maken van de soms langdurige
TC sessies, en natuurlijk Siebren voor de mental support in de trein en op de fiets
onderweg naar werk!

Beste support system, staf (secretariaat), waaronder Diny, Marieke, Amy
(Dermatologie), Marion, Anita, Maaike (RIMLS-FNWI). Jullie hebben alles een
stukje makkelijker en leuker gemaakt op beiden afdelingen. Van administratieve
taken tot de organisatie van leuke uitjes voor de afdeling, wat iedereen bij elkaar
bracht en hield.
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Beste klinische staf waaronder prof. dr. Elke de Jong, dr. Juul van den Reek, ik wil
jullie super bedanken voor jullie feedback op mijn onderzoek en presentaties, en
voor het klinische perspectief wat jullie mij hebben meegegeven. Hierdoor bleef
ik in mijn achterhoofd houden waar we het uiteindelijk ook al het fundamentele
onderzoek voor doen: de patiénten!

Lieve arts-onderzoekers Sarah, Nikki, Malak, Charlotte, Liana, Linda en Josje,
wat zijn jullie een heerlijke groep meiden! Sarah, wij zijn tegelijk gestart en
konden daardoor samen onze zenuwen overwinnen bij NVED praatjes, maar ook
goed kletsen en tips uitwisselen tijdens verschillende fases van ons onderzoek.
Ik vond het hartstikke gezellig toen ook de rest van de arts-onderzoekers werd
aangenomen en ondanks dat we niet meer in hetzelfde gebouw zaten, hebben
we elkaar regelmatig opgezocht voor leuke uitjes. Ik wens jullie allemaal ook veel
succes met het afronden van jullie onderzoeken en proefschriften!

Lieve studenten Priscilla, Roos, Jaimy (alweer), Bram en Wietske. Wat hebben
jullie allemaal hard meegewerkt aan het onderzoek en daarbij mijn leven een stukje
makkelijker gemaakt. Ook was het gezellig om met leeftijdsgenoten te kletsen
tijdens de saaie wachtstappen in het lab, of om feestjes mee te pakken buiten
werktijd! Ik wens jullie veel succes in jullie carriere maar gezien de banen die jullie
allemaal nu al hebben, gaat dat helemaal goedkomen.

Beste collega’s van plastische chirurgie, zonder jullie was dit hele feestje sowieso
niet doorgegaan, want alle huid en daarmee de huidcellen die we gebruikt hebben
voor ons onderzoek komen bij jullie afdeling vandaan, dus dank daarvoor!

Dear team PAST4FUTURE, Abdoel, Sue, Bouke, Stefan, Christian and Koen. Thanks
for your warm welcome four years ago and amazing feedback during the years. It's an
honor to have worked with many important researchers in the field and I've learned
a lot from all of you! | hope to see some of our P4F work being built on by your
research groups and companies, among others by Taco, Alesha and Marcel to whom
| transferred the stem-cell derived keratinocytes and | shortly got to collaborate with.
Finally, thanks to the funders of the P4F project, HealthHolland, Samenwerkende
Gezondheidsfondsen, Proefdiervrij, among whom Carine van Schie, who joined our
user committee meetings and provided us with good feedback.

Dear external collaborators Sara, Luke, who co-wrote chapter 2 of this thesis, and
BIOMAP consortium, specifically Matthias who co-wrote chapter 6 and performed
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many computational analyses for this manuscript, | would like to thank you for your
scientific contributions and the pleasant collaboration.

Dear board and scientific committees of NVED and ESDR/E2BRN, | would like
to thank you for the multiple opportunities to present my work at your annual
conferences, for the presentation prizes | received, and for the invitation to join the
jury and chair a session. | learned a lot from all of these experiences and it made my
PhD more memorable!

Beste prof. dr. Alessandra Cambi, dr. Marieke Bolling, prof. dr. Nael Nadif Kasri,
ik wil jullie bedanken voor het lezen en positief beoordelen van mijn scriptie! 1k
ben benieuwd naar jullie vragen (en die van de andere opponenten dr. Esther
Hoste, dr. Klaas Mulder en prof. dr. Elke de Jong) en onze discussies tijdens mijn
verdediging, maar dat ze interessant worden daar ga ik wel vanuit.

Lieve Esmeralda, toen ik onverwachts een nieuwe mentor moest zoeken dacht ik
meteen aan jou! Ik kende je als docent van mijn master, maar jouw enthousiasme en
leuke persoonlijkheid waren blijven hangen. Dankjewel voor de tips die je me hebt
gegeven, die onder anderen mijn schrijfproces en loopbaan planning makkelijker
en beter hebben gemaakt!

Lief mede-PhD council bestuur Judith, Amina, en Lieke en de rest van de
council leden waaronder Iris, Emma en Noor, ik ben trots op hoe wij ons met
zijn allen hebben ingezet voor alle Radboudumc PhD’s! Hopelijk hebben we toch
kleine veranderingen in gang gezet, die het promoveren voor generaties na ons
makkelijker of leuker gaan maken. Daarnaast wil ik jullie bedanken voor de nodige
afleiding en momenten om bij elkaar te ventileren, van borrels tot treinritjes met
Iris. Vooral de (dansjes tijdens) PhD retreats met jullie ga ik niet vergeten!

Beste onderzoeksinstituut management team Clasien, Judith, René (RIMLS),

Marieke, Kathleen en Guillen (RRIMI): Van jullie heb ik veel geleerd over het reilen
en zeilen in het Radboudumc, van beleid maken tot evenementen organiseren.
Ook wil ik jullie bedanken voor het bieden van een luisterend oor en oprecht
open staan voor feedback op het Graduate School beleid. En om met een kritische
noot te eindigen: elke stap die jullie hebben gezet voor de RUMC PhD’s was een
belangrijke, maar we zijn er nog niet!

Beste Annemieke, Matthew, Annelie en Frank, ik wil jullie bedanken voor
jullie vertrouwen om mij als project manager Medische Microbiologie in het
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Radboudumc aan te nemen. Tijdens het eerste sollicitatiegesprek voelde ik al dat
het zou gaan klikken tussen ons, en het blijkt inderdaad dat wij (en Markus) goed
kunnen samenwerken en het gezellig met elkaar hebben in de pauzes!

Lieve bachelor vrienden, waaronder Willem (en Garrett), Anne, Nina, Emre, en
master vriendinnen Veerle, Mara en Diante. Waar sommigen van jullie ook met
hun promotie-traject bezig zijn en we hier heerlijk over konden klagen en steun
vonden bij elkaar, waren anderen er vooral voor gezelligheid buiten werktijd, maar
allemaal was dit enorm belangrijk voor een goede werk-privé balans. Ik ben blij dat
ik zulke slimme en leuke vrienden om me heen heb verzamelt, en kijk uit naar de
komende PhD verdedigingen en andere mijlpalen die ik met jullie ga meemaken!

Beste vriendinnetjes uit Den Bosch, ook wel Luca’s liefjes genoemd: Waar moet ik
beginnen... Bij jullie heb ik eigenlijk maar een half woord nodig en jullie weten wat
ik bedoel, maar daar is een dankwoord niet voor! Liefste Mare, ik heb jou niet voor
niets als getuige gevraagd voor mijn bruiloft. Je bent niet alleen mijn nichtje, maar
ook een van mijn beste vriendinnen. Naast je mentale steun tijdens mijn PhD tijd,
was je er ook fysiek toen je in het weekend mee mijn celkweken ging verversen!
De afgelopen jaren waren niet makkelijk op persoonlijk vlak, maar elke tegenslag
trotseren we samen. Je bent een doorzetter en daarin ook een voorbeeld voor mij.

Liefste Evie, ook al 15 jaar aan mijn zijde, samen gelachen en samen gehuild, en
ondertussen bijna als familie voor mij. Denkend aan hoe trots jij tegenover mij gaat
zitten tijdens mijn verdediging krijg ik een glimlach op mijn gezicht. Ik hoop niet
dat mijn paranimfen contact met jou hebben gezocht de afgelopen tijd, want als er
iemand verschrikkelijke foto’s heeft van mij van vroeger ben jij het wel... Bedankt
voor je onvoorwaardelijke steun!

Liefste Francien, met jou kan ik uren praten (en feesten!). Als ik ooit direct hulp nodig
heb, dan kan ik jou het beste van de drie bereiken;). Je was erbij op hoogtepunten,
maar staat ook altijd klaar met goed advies. Ook jij hebt trots naast mij gestaan in
het laboratorium voordat we naar de vierdaagsefeesten gingen. Ik wens iedereen een
vriendin zoals jij, en mag zelf van geluk spreken dat ik er een heb!

Lieve Maarten, ook jij verdient een bedankje als een van mijn oudste vrienden (en
onze ceremoniemeester volgend jaar). Jij bent een voorbeeld in je goede levensstijl,
maar ook je doorzettingsvermogen met je dubbele studie. Jouw motivatie werkt
aanstekelijk, maar met ons eetclubje (met Jamie) en gym-afspraken hebben we ook
nodig kunnen klagen en van ons af kunnen zetten. Bedankt voor je steun van A tot Z.



Dankwoord (Acknowledgements) | 303

Lieve schoonfamilie, Nick, Marietje en Glenn, bedankt voor jullie interesse in mijn
onderzoek en de vooruitgang in betere en mindere tijden, maar ook zeker voor de
afleiding zodat ik kon opladen voordat er een nieuwe werkweek begon! Volgend
jaar worden jullie officieel mijn schoonfamilie, en dat is super bijzonder. Op nog
veel succesvolle en leuke momenten samen!

Lieve familie,

Lieve Jona, wat ben je een heerlijk jong. Ik hoop dat je je onzekerheid wat vaker los
kan laten, want die is nergens voor nodig. Je hebt een natuurlijk instinct om mensen
te helpen, wat je enorm siert. Jij bent tot veel in staat, maar alles begint nu langzaam
op zijn plek te vallen. Volgend jaar sta je als getuige op mijn bruiloft en ik kan me
geen bijzonderder moment voorstellen om te laten zien hoeveel ik van je hou.

Lieve ome Bert (1), ik had niets liever gewild dan dat jij er vandaag bij was geweest,
maar helaas is dat anders gelopen. Jij bent een enorm voorbeeld voor mij geweest.
Er was volgens mij niemand waar jij niet mee overweg kon (of je kon het heel goed
verbergen), je was een echt mensen mens en zag de goede kanten van anderen.
Ook was je creatief, handig en had een enorme algemene kennis. Ik hoop, en weet,
dat je trots op me bent en meekijkt vanaf boven. Je zit voor altijd in mijn hart.
Gelukkig heb jij veel doorgegeven aan mijn lieve neef en nichten. In Charlotte
en Mare zie ik jouw gekkigheid en humor terug, en in Sebastiaan jouw zachte en
technische kant. De aanwezigheid vandaag van de andere helft van onze eetclub,
jouw zus en mijn peettante, is ook heel belangrijk voor mij.

Lieve tante Liek, dat ik eerder een boek heb geschreven dan jij dat had ik niet
verwacht, want wat maak jij veel boek-waardige dingen mee in je leven. Mare en ik
konden altijd uren luisteren naar jouw verhalen en reisavonturen. Die laatste passie
hebben we denk ik van je over genomen. Het feit dat je alleen knuffels wil van Mare
en mij, zegt genoeg over onze band. Ik weet dat je altijd voor me klaar staat, en dat
zal ik ook altijd voor jou doen!

Verder naar papa’s kant van de familie, lieve ome Roel. Ik weet niet wat het is met
die ooms van mij, maar ik heb het wel getroffen. Ook jij bent een super lief en
inspirerend persoon. Dat je met pensioen ging heeft jou niet tegengehouden je
verder te ontwikkelen en inlezen in onder andere economische zaken, dus het is
mooi om te zien hoe jij en Brandon elkaar daarin vinden. Gelukkig voor mij ben je
ook geinteresseerd in medische ontwikkelingen. Door jou had ik extra het gevoel
dat ik belangrijk werk deed en daar ben ik je dankbaar voor.



304 | Appendices

(Ons) pap en mam:

Lieve papa, ik wil jou eerst bedanken dat je je béta-genen of passie voor
bétawetenschappen aan me hebt doorgegeven, want anders stond ik niet waar ik
nu sta. We hebben al heel mijn leven een bijzondere band. Als ik even mijn motivatie
kwijt ben, hoef ik maar aan jouw trotse gezicht te denken en weet ik weer waar ik
het voor doe. Bedankt voor de kleine en grote momenten die we hebben gedeeld.
Het is gek maar ook heel fijn dat ik langzaamaan ook dingen voor jullie terug kan
doen, want dat verdienen jullie nadat jullie jaren alles voor ons hebben gegeven!

Lieve mama, bedankt voor je onvoorwaardelijke steun. Als ik goed of slecht nieuws
krijg, ben jij de eerste (of séms tweede, na Brandon) die ik bel. Zoals velen kunnen
beamen lijk ik niet alleen qua uiterlijk maar ook qua innerlijk enorm op jou, dus ik
denk dat ik een deel van mijn succes daarmee ook aan jou te danken heb. Daarnaast
heb je me ook leuke afleiding gegeven, waaronder tijdens onze paar-jaarlijkse
stedentripjes. Met jou aan mijn zijde voel ik me sterker en trotser!

Allerliefste vriend en verloofde (!) Brandon, al 12 jaar sta jij aan mijn zijde, waarbij
je me hebt zien veranderen van middelbare scholier tot doctor. Jouw heerlijke
relativerende vermogen heeft mij vaak geholpen de afgelopen jaren. Je geeft mij
de stabiele basis die ik af en toe hard nodig heb gehad. Het was niet altijd leuk
als ik 's avonds moest werken of in het weekend weer op het lab stond, maar dat
accepteerde jij omdat je wist dat het belangrijk was voor mij. Als mensen mij
georganiseerd vinden dan kennen ze jou nog niet, want met de aankoop van ons
huis, het plannen van vakanties en nu ook de organisatie van onze bruiloft worden
er uitgebreide Excel sheets gemaakt in ons huishouden. Ik ben trots op wie jij bent,
de goede baan die je hebt, en de fijne mensen die je om ons heen hebt verzameld.
Ik heb veel zin in onze toekomst, want zoals je al zei tijdens je aanzoek: na al die
jaren hebben we het nog steeds enorm leuk samen!

Bedankt allemaal, en proost op fijne samenwerkingen en mooie connecties!

Luce Dulceo Meoéters
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