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The skin: morphology and composition

The skin is known as the largest barrier organ of the body. It has a protective role in
preventing excessive water loss and preventing harmful microbiota and chemicals
from entering the body. The skin is also able to sense warmth and cold, and plays
a role in the thermoregulation of the body. Moreover, the skin has a complex and
dynamic immune system, aiding in defense against microbes and repair in case of
wound healing. The skin consists of three main layers, from inside to outside: the
subcutaneous adipose tissue, the dermis and the epidermis. Each layer consists of its
own cell types and has specific roles in maintenance of the well-being of the organism.
In my thesis, | will focus mostly on the outside layer of the skin, the epidermis.

The epidermis is mainly composed of keratinocytes and is divided in several
layers, also called strata, based on the proliferation and differentiation status
of the keratinocytes (Figure 1). These different layers are easily distinguished,
both in morphology as well as in specific gene expression patterns. In the
stratum basale, keratinocytes are in a proliferative state, renewing the cell pool
at the base of the epidermis. Morphologically, these cells are cuboid shaped and
express keratin 5 and 14 [1]. Keratins are structural components of the epidermis
and are part of the cytoskeleton of keratinocytes [2]. When keratinocytes divide,
some are pushed upwards exiting their proliferative state and embarking on the
terminal differentiation program that commences in the stratum spinosum. Herein,
keratinocytes become more flattened and express the typical marker proteins
keratin 1 and 10 [1]. When differentiating cells are pushed more upward, they form
the last living cell layers, the stratum granulosum, where the cells are characterized
by keratohyalin granules containing keratins, profilaggrin, loricrin and trichohyalin
proteins [3]. Keratohyalin granules play a major role in the keratinization process
in promoting dehydration of the cells. Moreover, profilaggrin is a key component
of keratohyalin granules that functions in cross-linking keratin filaments and
providing a structural skeleton of protein aggregates in the keratinocytes, causing
them to flatten [3]. Granular keratinocytes express a variety of proteins involved
in the formation of the skin barrier, including but not limited to the proteins
mentioned above, which will be more extensively discussed below.

After differentiation in the granular layer, keratinocytes undergo a special form
of programmed cell death, termed cornification. During this process, cells
become more flattened, and lose their organelles and nuclei. Enucleation is the
degradation and clearance of the nucleus from the cells and is mediated by DNA-
degrading enzymes and nucleophagy [4]. Flattened, enucleated cells are now called
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corneocytes. Through crosslinking of several proteins involved in differentiation,
such as involucrin and loricrin, and envelopment in lipids, the cornified envelope is
formed [5, 6]. Here, filaggrin is processed further by proteases, such as caspase 14,
to form natural moisturizing factors (NMFs), having a major contribution to stratum
corneum hydration [7]. NMFs are composed of free amino acids such as histidine,
2-pyrrolidone-5-carboxylic acid (PCA) and urocanic acid (UCA), as well as inorganic
salts such as chlorides and phosphates [8]. They are stored within the corneocytes
and can bind water from the atmosphere in the corneocytes, aiding in skin hydration.
Finally, corneocytes are shed from the skin in a process called desquamation.

Figure 1. Schematic overview of the structures in the skin. Left: the skin is composed of three layers, the
epidermis, dermis and subcutaneous fat. The dermis contains multiple structures, including blood vessels
and hair follicles. Middle: schematic overview of the epidermis. The epidermis consists of several strata.
Right: hematoxylin and eosin staining of healthy human skin, showing the different strata of the epidermis.

Processes involved in keratinocyte proliferation, differentiation, cornification and
desquamation are tightly controlled and orchestrated by key transcription factors
that drive gene transcription, leading to protein translation and thereby facilitate
cell function. These transcription factors do not act on their own, but function in
interactive networks and allow for compensatory regulation. Many transcription
factors and signaling pathways have been described being important regulators of
epidermal homeostasis, amongst others, p63, AP1 transcription factors, grainyhead-
like transcription factors, Kriippel-like factor 4 (KLF4) and the aryl hydrocarbon
receptor (AHR) [9-12]. The AHR is the main subject of this thesis and will be further
introduced in the next paragraphs of this chapter.

The skin barrier

The skin has an important role as a barrier, keeping harmful toxic substances and
pathogens outside and preventing excessive water loss and loss of nutrients from
the body. The skin barrier is effectuated by a quadruple function: the physical,
chemical, immunological and microbial skin barrier (Figure 2).
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The physical skin barrier is generally considered to be formed by adhesions
between keratinocytes in the granular and spinous layers. These adhesions, also
called tight junctions or adherence junctions, are protein complexes between
cells, mostly present in the stratum granulosum [13]. Additionally, a matrix of lipids
consisting of ceramides and fatty acids is present between the corneocytes giving
the stratum corneum a hydrophobic character and, together with tight junctions,
prevent excessive water loss and extensive dehydration of the epidermis [14].

Figure 2. The quadruple skin barrier consisting of the physical, chemical, immunological and microbial
skin barrier. The physical skin barrier consists of lipids in the stratum corneum as well as cell-cell
connections. The chemical skin barrier consists of antimicrobial peptides protecting against pathogens
and ROS scavengers preventing oxidative damage. The immunological barrier consists of various parts
of the immune system, such as adaptive immune cells such as T-cells, tissue-resident Langerhans cells
and pattern recognition receptors on for example keratinocytes. The microbial barrier consists of resident
bacteria, fungi and viruses. Figure is reprinted with permission from Niehues et al [19].
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The chemical skin barrier is mainly composed of antimicrobial peptides (AMPs)
that are expressed by keratinocytes in the granular layer of the epidermis [15].
AMPs have a role in the formation and composition of the skin microbiome and
have a protective role in prevention of infection by pathogens [16]. Several AMPs
expressed in human skin include the human B-defensins, psoriasin, calprotectin,
SKALP/elafin and the LCE proteins [17, 18].

Additionally, reactive oxygen species (ROS) are considered to be part of the
chemical skin barrier. ROS have a role in protection of the host against microbes
by causing oxidative stress in microbial cells as well as increasing ROS-induced
cytokine production like tumor necrosis factor (TNF) and interleukin 6 (IL-6) in host
cells [17]. However, elevated levels of ROS result in DNA damage of the cell and
eventually to apoptosis. To protect against these high levels of ROS, expression of
the NF-E2 p45-related factor 2 (NRF2) pathway is induced upon oxidative stress.
NRF2 is a transcription factor, and its activation leads to increased expression of
antioxidative enzymes [20]. ROS are byproducts of normal oxygen metabolism by
cells, but also formed upon Cytochrome P450 (P450)-mediated phase 1 xenobiotic
metabolism [21, 22] of toxic agents and pollutants [21, 22]. Herein, the AHR plays a
key regulatory role which will be further discussed below.

The immunological skin barrier is composed of innate and adaptive immune cells
present in the dermis and epidermis of the skin. In the epidermis, tissue-resident
Langerhans cells as well as keratinocytes can detect presence of microbes or
microbial substances through their receptors, when the skin barrier is breached.
In response, keratinocytes are able to secrete AMPs, cytokines and chemokines,
inducing an inflammatory response and attracting immune cells, such as T-cells
and neutrophils, from the circulation [23, 24]. Langerhans cells are part of the
innate immune system and play a pivotal role in antigen presentation to cells of
the adaptive immune system, making their response to intruding microbes more
efficient [25]. A larger group of immune cells is present in the dermis. This includes
cells of the innate immune system such as dendritic cells and macrophages,
as well as cells from the adaptive immune system such as the B- and T-cells.
Adaptive immune cells are activated upon registering presence of antigens and
play an active role in removing pathogenic microbes. Activated T-helper cells
are also able to excrete cytokines, dependent on their maturation type (e.g., Th1,
Th2, Th17 or Th22) and plasticity [26]. Excreted cytokines have further signaling
functions and can activate keratinocytes to produce AMPs, further aiding the skin
barrier function [24].

1
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Lastly, the microbial skin barrier is made up of a large number of bacteria and
fungi that are present on human skin. These microbes are harmless when on
the outside of the skin and are called the commensals of our microbiome. Their
presence on the skin prevents colonization by more pathogenic species through
a battle for resources such as space and nutrients [27]. Commensal microbes
generally include bacteria from the genera Cutibacterium, Corynebacterium and
Staphylococcus and fungi from the Malassezia species [27]. The composition of the
microbiome is highly diverse between different body sites and differs between
individuals [28, 29]. Recently, an additional mechanism of defense of the microbial
barrier was described for gram-positive anaerobic cocci (GPACs). These GPACs are
commensals on human skin and through, as thus far unknown, secreted factors
stimulate keratinocytes to produce AMPs, which prevent pathogenic growth of
Staphylococcus aureus. Additionally, GPACs stimulate cytokine-production, which
activates immune cells and further hampers the growth of pathogenic species [30].

Inflammatory skin diseases - from pathogenesis
to therapeutics

Healthy skin barrier is pivotal for water balance and prevention of infection,
however in several inflammatory skin diseases the skin barrier is disrupted [31, 32].
Inflammatory skin diseases like atopic dermatitis (AD) and psoriasis are nowadays
highly prevalent in Western populations [33]. For example, a disease such as
AD affects up to 20% of children and up to 4% of the adult population [34].
Psoriasis affects 2% of adults worldwide, with a higher prevalence in Western
population [35]. Both inflammatory skin diseases are characterized by a distinct
clinical representation, morphological features of the skin, and underlying cytokine
signaling pathways, which will be discussed in more detail below (Figure 3).

Atopic dermatitis

AD usually presents early in life and is characterized by red, scaly patches of skin
accompanied by intense itch (pruritis). Itch is often the main discomfort in patients,
as it can cause sleep deprivation and a reduced quality of life. AD often precedes
the development of other allergic diseases, including asthma. This phenomenon is
known as atopic march. The mechanism behind this is sought in the impaired barrier
function in these patients, leading to sensitization against other allergens [36].
Several factors have been associated with the risk of developing AD. Risk factors
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include genetic predispositions, environmental and dietary components. Exposure
to pollution and tobacco smoke increases risk of development of AD, fresh fruit
consumption poses a protective effect [37]. However, loss-of-function variants of
the skin barrier filaggrin gene (FLG) confer the main risk for developing AD [38].
Next to the heterozygous loss-of-function variants of the FLG gene, expression
of filaggrin protein is also targeted by the dominant Th2 cytokine environment
(see Figure 3) in lesional skin, that downregulates expression of epidermal
differentiation genes [39]. Reduction of filaggrin expression directly correlates to
reduced NMF levels causing dehydration of the stratum corneum and changing
corneocyte topography [40]. Whether reduced filaggrin levels are the sole cause
of impaired barrier function in AD has been under debate [41]. Yet, restoration of
filaggrin protein in AD skin is considered an important therapeutic strategy [42].
Genetic variations of other genes involved in epidermal differentiation have
been identified, including variations in hornerin (HRNR) [43]. Additionally, variants
of immune-related genes have been identified as risk factors for developing
AD. These are found in various immune components, like variants in Langerin
(CD207), important for Langerhans cell function. Additionally, genetic variants of
components of the Janus kinase/signal transducer and activator of transcription
(JAK-STAT) signaling pathway are considered a risk factor [44, 45].

The inflammatory process in AD is dominated by increased levels of Th2 cells and
cytokines. Th2 cytokines are produced by CD4 positive T-cells that are abundantly
present in lesional AD skin [46]. Th2 cytokines include several pro-inflammatory
interleukins (IL), e.g., IL-4, IL-13, and IL-5, as well as IL-10, which elicits a more
anti-inflammatory response [47]. Increased Th2 immune response is believed
to be triggered by a compromised skin barrier and allergens, with keratinocytes
producing alarmins (e.g., IL-33 and thymic stromal lymphopoietin (TSLP)) which
then provoke a Th2-mediated immune response [48]. Cytokines such as IL-4 and
IL-13 are able to bind their common receptor, IL-4 receptor alpha (IL4RA), and
activate downstream signaling cascades [49]. In this process, activation of the JAK-
STAT signaling pathway is pivotal [50]. Binding of IL-4 or IL-13 to its receptor causes
phosphorylation of JAK and subsequent phosphorylation of STAT proteins, which
then dimerize and move to the nucleus to act as transcription factors. STAT6 binding
to DNA in the nucleus results in decreased filaggrin expression and subsequent skin
barrier dysfunction whereas binding of STAT3 induces transduction of pruritis [51],
further exaggerating patient discomfort.

The disrupted skin barrier in AD patients results in increased transepidermal water loss
(TEWL) which negatively correlates to disease severity [52]. Next to the biophysical

13
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measurements (erythema, TEWL, hydration, pH), characteristic morphological
features are observed at the microscopic level. Epidermal thickening (acanthosis)
due to keratinocyte hyperproliferation and hypertrophy, intercellular oedema
(spongiosis) and apoptosis can be noted. The decreased presence of keratohyalin
granules or even absence of the granular layer [53] is often accompanied by reduced
expression of keratinocyte differentiation markers, including filaggrin, loricrin and
several keratins (keratin 2) [54]. Many of these epidermal hallmarks can be attributed
to the presence of the disease-specific inflammatory cytokine milieu [55].

Psoriasis

Psoriasis can both have a childhood onset as well as onset in adults and is
characterized by sharply demarcated red, scaly plaques. It is often associated with
other comorbidities, including an increased body mass index as well as systemic
inflammation (metabolic syndrome) and local inflammation at other body sites.
Psoriatic arthritis (inflammation in the joints) is strongly associated with moderate
to severe psoriasis [35].

Genetic background plays a major role in the development of psoriasis. Most notably,
genetic variants of HLA-Cw6, which has a role in regulation of the immune system,
are associated with the development of psoriasis [56]. Other genetic risk factors for
psoriasis include genes important in the epidermis, with a deletion of the LCE3B/C
region being associated with possible impaired barrier response to exogenous
agents [57, 58]. Increased copy numbers of human beta defensin 2 have also been
associated with individuals with psoriasis as compared to healthy controls [59]. Beta
defensins exercise anti-microbial effects in the skin [60]. Besides genetic variations
related to epidermal differentiation and defensins, gene variants related to the
immune response are associated with the risk of developing psoriasis. Some genes
are associated with regulation of the NF-kB pathway, such as CARD14 and IL36RN,
possibly facilitating increased immune cell signaling [61]. Besides genetic risk factors,
lifestyle factors, such as smoking, confer a higher risks of developing psoriasis [62].

Psoriasis is mediated by T helper (Th)1 and Th17 cells, which excrete associated cytokines
including the pro-inflammatory cytokines TNFq, IFNg, IL-1B, IL-17, IL-21, IL-22 and
IL-26 [63-65]. IL-17 affects keratinocytes, leading to increased expression of chemokines,
resulting in a positive feedback loop for inflammation in the skin. In addition, IL-22 also
affects keratinocytes, inducing the STAT3 pathway and leading to keratinocyte swelling
and acanthosis, unrelated to the keratinocyte proliferation rate [55, 66].
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Morphologically, lesional psoriasis skin is characterized by a thickened epidermal
layer (acanthosis), elongated rete ridges, and extensive parakeratosis. In the
dermis, an increased immune cell infiltrate is present [35]. Keratinocytes in
lesional psoriatic skin show aberrant differentiation as well as hyperproliferation.
In addition, connections between keratinocytes, such as tight- and adherence-
junctions, are abnormally regulated in psoriasis, leading to barrier defects [32].
Aberrant differentiation includes dysregulated expression of keratins 14 and 10
and a keratin switch to keratin 16. Moreover, expression of keratinocyte terminal
differentiation genes, such as loricrin and filaggrin is reduced in psoriasis. On the
contrary, expression of transglutaminases 1 and 3, which have a role in crosslinking
proteins and consequent stratum corneum formation, is increased in psoriatic
lesions [32], potentially relating to the extensive scaling of the skin.

Therapeutic strategies for AD and psoriasis

Nowadays, even though inflammatory skin diseases cannot be cured, several
treatment options enable the management of the disease and its symptoms.
Mild-to-moderate disease phenotype can be treated by application of emollients,
with or without corticosteroids, as well as UVB-light therapy. Emollients are a
generic treatment, focusing on keeping the skin moist and therefore alleviating
disease symptoms. However, emollients lack active therapeutic components and
therefore do not treat the underlying cause of the disease [67]. Corticosteroids
are an effective anti-inflammatory drug and a relatively cheap treatment option,
however prolonged use has been associated with the development of adverse
effects including atrophy [68]. This makes corticosteroids an effective treatment
option during disease flares, but unsuitable for long-term disease management. For
more severe disease presentations, nowadays several biologicals are available for
treatment [69, 70]. Biologicals are antibodies that can be systemically administered
and target various parts of the immune response involved in inflammatory skin
diseases. An overview of biologicals used in the treatment of AD and psoriasis, as
well as targeted pathways, is presented in Table 1. Treatment with biologicals is
expensive and therefore often used as a last option in case of severe disease. For
example, treatment with dupilumab has an annual cost of 30,000 USD per patient
in 2020 while a substantial proportion of patients do not respond to treatment or
discontinue due to side effects [71-74]. This underlines the need for new treatment
options, especially topical medications, to be discovered for use in a larger patient
population with less systemic side effects.

15
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One of the oldest treatment options for inflammatory skin diseases is coal tar.
For a long time, it was unknown how coal tar functioned in the treatment of
these diseases. However, recently our group discovered that coal tar exerts its
therapeutic mechanism through activation of the aryl hydrocarbon receptor [75]
and subsequent epidermal differentiation [76], elevated AMP production [77], and
that it is safe for prolonged topical use [78]. | will elaborate more in detail on the
biological functions and signaling pathways in which AHR is involved in the skin.

Table 1. Approved biologicals and targeted pathways for treatment of atopic dermatitis and psoriasis

Biological name Disease Targeted molecule Mechanism

Dupilumab Atopic dermatitis IL-4/IL-13 Receptor blocking

Tralokinumab Atopic dermatitis IL-13 Cytokine binding

Adalimumab Psoriasis Tumor necrosis factor Cytokine binding
(TNF)

Etanercept Psoriasis Tumor necrosis factor Cytokine binding
(TNF)

Certolizumab Psoriasis Tumor necrosis factor Cytokine binding
(TNF)

Infliximab Psoriasis Tumor necrosis factor Cytokine binding
(TNF)

Golimumab Psoriasis Tumor necrosis factor ~ Cytokine binding
(TNF)

Ustekinumab Psoriasis IL-12/1L-23 Cytokine binding

Guselkumab Psoriasis IL-23 Cytokine binding

Risankizumab Psoriasis IL-23 Cytokine binding

Tildrakizumab Psoriasis IL-23 Cytokine binding

Secukinumab Psoriasis IL-17 Cytokine binding

Ixekizumab Psoriasis IL-17 Cytokine binding

Brodalumab Psoriasis IL-17 Receptor blocking

Bimekizumab Psoriasis IL-17 Cytokine binding

Spesolimab Psoriasis IL-36 Receptor blocking
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Figure 3. Clinical representation, morphology on hematoxylin and eosin staining of atopic dermatitis
(left) and psoriasis (right). In the H&E pictures, increased epidermal thickness (line), spongiosis (solid
arrow) and parakeratosis (open arrow) are shown. Also, a schematic overview of part of the signaling
mechanism underlying disease development is shown. However, the full mechanism underlying
development of these diseases is far more complex and involves complex interplay between various
parts of the skin and the immune system.

The aryl hydrocarbon receptor and signaling events

The aryl hydrocarbon receptor (AHR) was initially discovered in the 1950s as an
environmental sensor for exogenous xenobiotic chemicals [79]. In an inactive state,
the AHR resides in the cytoplasm in complex with its chaperone proteins heat shock
protein 90 (Hsp90), p23, X-associated protein 2 (XAP2) and cellular SRC kinase (c-SRQC).
AHR can be activated by a wide variety of both exogenous and endogenous ligands
and functions as a transcription factor, regulating target gene expression [80-82].
The AHR is activated upon ligand binding and then translocates to the nucleus. Here,
heterodimerization of the AHR with the aryl hydrocarbon nuclear translocator (ARNT)
displaces the chaperone proteins [83]. The DNA recognition motif of the AHR/ARNT
complex is referred to as dioxin-responsive elements (DRE) or xenobiotic response

17
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elements (XRE), which consists of the core consensus sequence 5-GCGTGA-'3 [84].
Binding of the AHR/ARNT complex to these DREs drives expression of a wide variety
of genes and hence modulated important signaling pathways, including xenobiotic
metabolism, immune response and intestinal homeostasis [85, 86] (Figure 4).

Figure 4. Schematic overview of the canonical AHR signaling pathway. AHR resides in the cytosol in
complex with Hsp90, c-SRC, XAP2 and p23. Upon binding of a ligand to AHR, the complex translocates
to the nucleus. Here, ARNT binds to AHR and displaces the complex partners. In complex with ARNT,
AHR can bind DREs in the DNA and influence gene transcription, amongst other members of the CYP
family. Figure adapted from Murray et al [87].

Gene regulation by AHR/ARNT is known as the canonical signaling pathway.
Canonical AHR signaling leads to gene transcription of a variety of genes including
members of the cytochrome P450 (CYP) family of genes. The CYP family consists
of monooxygenases, that have a role in metabolizing xenobiotics. Members of
the cytochrome P450 family include CYP1A1 and CYP1B1, of which transcription
was shown to be regulated by the AHR and expression of these genes is widely
used as an indicator of AHR-activation [88]. The most well-known activators of
canonical AHR signaling are several environmental pollutants, including dioxins
(e.g., biphenyls and dibenzofurans) [89], 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and polycyclic aromatic hydrocarbons (PAHs) [90, 91]. Activation of the AHR by
these ligands leads to subsequent transcription of genes with a DRE-binding motif.
Amongst these genes are CYP enzymes that oxidize environmental pollutants to
produce less hazardous products, which are finally excreted. CYP expression was
shown to prevent spreading of environmental pollutants past the liver and therefore
aid in their excretion [92]. However, the detoxification process can also lead to
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formation of mutagenic metabolites and reactive oxygen species (ROS), which can
have mutagenic effects on DNA [93]. Additionally, research showing lack of TCDD-
induced carcinogenesis in Ahr knockout mice proves involvement of the AHR in
development of cancer induced by TCDD [94]. Due to these toxic and carcinogenic
effects associated with AHR activation, pharmaceutical companies have long been
hesitant to develop drugs with AHR activating properties. Recently though, after our
initial finding on the coal tar-mediated AHR-driven therapeutic effects in AD [74],
pharmaceuticals targeting the AHR have become available on the market [95].

Table 2. Ligands binding the AHR

Ligand Source Effect
Dioxins (TCDD) Chemical Chloracne, carcinogenic [100], keratinization,
induction of inflammation [101-103]
PAHs (BaP) Environmental (exhaust, Carcinogenic [104], formation of DNA adducts,
tobacco smoke, smoked induction of inflammation, induced skin
foods) ageing, disruption of skin barrier [105]
6-Formylindolo(3,2-b) Tryptophan Induce skin differentiation, homeostasis of skin
carbazole (FICZ) photoproduct inflammation [106], and photosensitization of
the skin [107]
Tryptophan metabolites  Metabolites formed by Decrease inflammation in skin disease [108],
(Kynurenine, Idole-3- the host or microbiome  protection against UVB damage, enhance skin
Aldehyde) barrier [109]
Tryptophan metabolites  Diet (cruciferous Reduce inflammation in skin disease, reduced
(Indole-3-carbinol) vegetables) proliferation [110, 111]
Coal tar, Tapinarof, Pharmaceutical Therapeutic for inflammatory diseases [75, 95],
Leflunomide, Omeprazol induced keratinocyte differentiation, reduced
(indirect) proliferation, decreased inflammatory response

The AHR is a highly conserved receptor and genes encoding AHR are even found in
invertebrate species. However, invertebrate AHR does not bind the typical ligands
for mammalian AHR, pointing to a conserved role of AHR that goes beyond sensing
the xenobiotic environment [96]. Additionally, AHR function has existed in humans
long before the large increase in pollutants in our environment, indicating core
physiological functions of the AHR in humans. Mammalian AHR has been found
to bind a wide variety of ligands. Next to the already mentioned environmental
pollutants, endogenous ligands have also been discovered. These endogenous
ligands include UVB radiation-induced tryptophan metabolites (FICZ), metabolites
formed by the microbiota of the skin and intestine (ICZ, indoles), and dietary plant
constituents (flavonoids, phenols) [75, 97-99]. Additionally, several pharmaceuticals
activate the AHR pathway [75, 95]. In Table 2, an (non-exhaustive) overview of several
different ligands and their effects in the human body is presented to illustrate the
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variety in ligands, sources and effect sizes. The increasing amount of literature on
AHR-mediated effects and interactions with different signaling pathways clearly
highlights important roles for the AHR in human physiology and tissue homeostasis.

Figure 5. Overview of AHR protein expression in the skin. Green represents medium to high
expression, yellow low expression and red no expression in the indicated cell layers and cell types.
These expression data are based on human protein atlas [121].

The interaction of the AHR with other binding partners besides ARNT is termed
the non-canonical AHR signaling pathway which has important functions
in regulating cell proliferation (amongst others in the gut and reproductive
cells [112, 113]), differentiation, cell migration, and cellular stress response [114-116].
Effects of AHR signaling were found to be highly ligand specific, as well as cell
type specific and dependent on the micro-environment of the tissue. This ligand
promiscuity as well as the resulting downstream signaling remains poorly
understood, also due to the lack of studies on AHR ligand bound crystal structure.
Excitingly, the ligand-bound cytosolic AHR complex was recently elucidated by
crystallography. AHR was able to bind indole rings from ligands, providing important
information about ligand structure able to activate the AHR [117]. Additionally, this
crystallography structure provided insight into ligand binding differences of the AHR.
Ligands such as PAHs formed strong bonds with the receptor to activate the AHR.
On the contrary, hydrophilic compounds such as indoles were able to form hydrogen
bonds, which are more easily broken than those formed by PAHs. This could explain
differences in effects of AHR activation based on which ligand binds the AHR and
how long the duration of binding lasts, being either carcinogenic (in case of PAHs)
or beneficial (in case of indoles). This provides a structural basis for the development
of novel AHR activating therapeutics. In my thesis, novel AHR ligands and their AHR
binding potential, as well as therapeutic effects, will be discussed in chapter 2 and 3.

Increasing research on AHR function has provided insight into the role and
importance of the AHR in development and maintenance in various fields, including
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neurobiology, embryonic development, and cardiovascular physiology [118-120].
An important role for the AHR has also been described for skin homeostasis. In
the skin, the AHR is expressed in a wide variety of cells in both the epidermis and
the dermis, including keratinocytes, Langerhans cells, endothelial cells, sebaceous
glands, and various immune cells (Figure 5). In this thesis, | will focus on the
physiological role of the AHR in keratinocytes, which | will further introduce below.

AHR influences proliferation in the skin

Keratinocytes in the basal layer proliferate and renew the skin cell pool. Proliferation
in keratinocytes is a tightly regulated process that can be disturbed in inflammatory
skin diseases, where often an increase in proliferation rate is noted. In healthy state,
as well as in treatment of inflammatory skin disease, the AHR has a role in regulating
proliferation rate. Although evidence suggests a physiological role for the AHR in
regulation of keratinocyte proliferation, the effects are highly ligand- and context-
specific and differ between healthy skin and an induced proliferative state in case
of inflammatory skin diseases [122].

In healthy individuals, activation of the AHR with TCDD leads to increased proliferation
of epithelial cells, by inducing phosphorylation of the epidermal growth factor receptor
(EGFR) pathway [123]. Additionally, knockdown of AHR by siRNAs in HaCaT cells reduced
proliferation rate, indicating a role for the AHR in cell cycle progression in absence of a
ligand [124]. In contrast, Tapinarof, which has been FDA-approved for the treatment of
psoriasis and is known to exert its function through AHR activation, has been shown to
reduce proliferation rate in HaCaT cells and enhancing the proportion of cells remaining
in GO/G1-phase of the cell cycle [125]. This underlines the ligand-specific effects of AHR
activation, leading to either an increase or decrease in keratinocyte proliferation.

In inflammatory skin diseases, such as AD and psoriasis, keratinocyte proliferation
rates are increased as compared to healthy individuals [55]. AHR activating
ligands, such as Tapinarof, were able to restore keratinocyte proliferation rate in
an imiquimod mice model for psoriasis [126]. This effect was possibly mediated
through reduced expression of mini-chromosome maintenance protein 6 (MCM6)
and phosphorylated signal transducer and activator of transcription 3 (pSTAT3),
which are both involved in regulating keratinocyte proliferation [125]. Additionally,
coal tar treatment has been shown to reduce cell proliferation [127]. However, the
molecular mechanism through which AHR regulates keratinocyte proliferation in
healthy and diseased conditions remains to be elucidated.
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Epidermal differentiation is induced by AHR signaling

The AHR has a role in epidermal differentiation and modulation of the AHR
influences keratinocyte differentiation and cutaneous development. AHR levels are
increased in differentiating keratinocytes as compared to proliferating keratinocytes.
This indicates a state-specific expression level of AHR [128]. Additionally, when
comparing the transcriptome of Ahr* and Ahr’ mice, a significantly decreased
expression of epidermal differentiation genes was found in Ahr’- mice. This indicates
a physiological role for endogenous AHR signaling in regulation of epidermal
differentiation [76]. Primary murine Ahr’ keratinocytes showed impaired gene
and protein expression of for example keratin 1, involucrin and loricrin. Inhibition
of the human AHR with pharmacological antagonists led to impaired keratinocyte
differentiation, marked by reduced expression of filaggrin and hornerin, and to
impaired epidermal stratification in human epidermal equivalents [76].

Ligand-activated AHR (e.g.,, with TCDD) facilitates accelerated differentiation
and increased expression of filaggrin in normal human epidermal keratinocytes.
Stimulation with TCDD showed increased expression of several genes located in
the epidermal differentiation complex on chromosome 1 [76] and in utero exposure
by TCDD accelerated skin barrier formation during fetal development [129].
Activation of the AHR by coal tar also induced epidermal differentiation [75].
Coal tar consists of a wide range of polycyclic aromatic hydrocarbons (PAHs)
that are able to activate the AHR [130]. In organotypic epidermal models from
AD patient keratinocytes, treatment with coal tar restored expression levels
of skin barrier proteins filaggrin and hornerin. This was confirmed by skin
biopsies from AD patients that received coal tar treatment. AHR knockdown
completely abrogated restoration of epidermal differentiation, indicating an
AHR-dependent mechanism in coal tar induced epidermal differentiation [75].
Although this indicates a role of AHR in regulating keratinocyte differentiation, the
mechanisms by which AHR induces and regulates keratinocyte differentiation are
still largely unknown. However, several pathways of regulation have been elucidated,
namely by direct binding, by activating other transcription factors, or through effects
from byproducts of xenobiotic metabolism [131-133]. More recently, an AHR-induced
decrease in glycolysis was reported to relate to enhanced keratinocyte differentiation,
indicating the importance of metabolic activity of keratinocytes in AHR-induced
keratinocyte differentiation [134].

Besides direct binding, AHR was shown to induce expression of other transcription
factors involved in keratinocyte differentiation. For example. AHR restores filaggrin
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expression in AD via ovo like transcriptional repressor 1 (OVOL1) [132]. OVOLT1 is
expressed in cells in human skin and it can redirect cell proliferation towards
cell differentiation [135, 136]. The promoter of OVOL1 was shown to contain
a xenobiotic response element. Levels of OVOL1 in normal human epidermal
keratinocytes correlated with transcriptional levels of FLG. AHR-dependent
upregulation of FLG was completely abolished in cells lacking OVOLT, indicating an
interplay between OVOL1 and AHR in the regulation of FLG expression. Moreover, in
skin of AD patients, nuclear translocation of OVOL1 was inhibited, which could be
responsible for lowered FLG levels in AD skin [132].

Lastly, a mechanism involving ROS was found through which AHR activation leads
to increased induction of differentiation in normal human epidermal keratinocytes.
A group of these ROS, reactive nitrogen species (RNS), are formed through reactions
mediated by nitric oxide synthases (NOS). The isoform NOS3 was shown to be
significantly induced after stimulation of TCDD. Inhibition of NOS3 showed reduced
terminal differentiation upon stimulation with TCDD, indicating an interplay
between AHR-mediated differentiation and the ROS signaling pathway [133].
Induced by this oxidative stress is the transcription factor nuclear factor erythroid
2-related factor 2 (NRF2). NRF2 and AHR increase each other’s expression in the
presence of xenobiotics, by binding each other’s promotor elements. Nrf2 knockout
mice showed severely impaired skin barrier function, similar to Ahr knockout
mice [137]. This further underlines the interplay between xenobiotic metabolism
and the non-canonical signaling pathway to induce keratinocyte differentiation.

In my thesis, the anti-proliferative effect of AHR ligands in skin diseases is
investigated in chapters 2 and 3. Additionally, chapters 2 and 3 of my thesis
therapeutic effects of novel AHR ligands on keratinocyte differentiation are
described. In chapter 5, novel regulatory pathways by which the AHR is involved in
terminal differentiation are investigated to get a better insight into the molecular
effects downstream of AHR activation. Finally, in chapter 7 the effect of AHR
stimulation on proliferation in healthy human skin is further studied.

AHR signaling is required for maintenance of skin
barrier function

As described above, the AHR plays a role in keratinocyte proliferation and
differentiation. However, this is not equal to having a role in the actual skin barrier,
as this barrier function is dependent on many factors. The epidermis, particularly
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the stratum corneum, plays a crucial role in maintaining the skin's barrier function,
effectively preventing excessive water loss in healthy skin. Transepidermal water
loss (TEWL) can be measured and correlated to impairment of the skin barrier. In
healthy individuals, water loss through the skin is low, and increases sharply in case
of inflammatory skin disease or wound infliction. In in vitro settings, impairment
of the skin barrier can be measured by several techniques, such as permeation of
hydrophilic dyes (e.g., lucifer yellow, biotin), transepithelial electrical resistance
(TEER) and TEWL [138-140]. However, permeation of dyes requires the experiment
to be terminated and common electrical resistance measurements such as the
chopstick-based TEER measurements are biased by lack of standardization. To
study the in vitro skin barrier properties we used a novel technique called electrical
impedance spectroscopy (EIS), quantitatively estimate the epidermal barrier
function using a fixed electrode system (chapter 6). This allowed us to measure the
effects of AHR activation on epidermal barrier function.

Until recently it was unclear whether the AHR actually has a role in skin barrier
function. It was discovered that in Ahr deficient mice, TEWL is increased compared to
wild type animals. Removing AHR ligands from the diet of wild type mice mimicked
the Ahr-deficient phenotype in terms of impaired barrier, and addition of an AHR
agonist rescued this phenotype, even in aged mice [141]. This clearly shows a role
for the AHR in maintenance of the epidermal barrier function. Moreover, the role of
AHR in barrier function was shown by treatment of mice suffering from mite-induced
dermatitis with the AHR agonist FICZ (see Table 2). Mice showed a reduced dermatitis
score as well as reduced TEWL after 2 weeks of treatment with FICZ. In these mice,
filaggrin was also upregulated in an AHR-dependent fashion as compared to non-
treated mice [142]. This provides evidence that activating the AHR actually plays
a role in improving the barrier function of the skin and can thus be used for the
treatment of human skin diseases. These investigations clearly point towards a role
for the AHR in maintenance of the skin barrier. However, the mechanism behind AHR
signaling and skin barrier maintenance is still unclear. Therefore, in chapter 7 of my
thesis we investigated the ability of coal tar to repair skin barrier defects in healthy
human volunteers, or to prime the skin for repair before skin damage is applied.

The AHR functions as a moderator of the
inflammatory response in skin

Inflammation is an important aspect of the immune response and is controlled
and mediated by a variety of factors, including cytokines and various soluble
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mediators such as prostaglandins. Classical symptoms of inflammation include
pain, redness, and swelling of affected tissues. Even though the immune response
has an important function in host defense, the reaction itself is also detrimental to
surrounding tissues and must therefore be orchestrated accordingly and stopped
after clearance of the causative trigger. In the skin, the immune response has an
important role in protection as the skin is in direct contact with harmful microbes,
chemicals and continuously under fire by UVB radiation. The AHR has been shown
to play a role in orchestrating the immune response adding to its role as a drug
target in skin inflammatory diseases, which will be discussed below.

The AHR was initially found to regulate a balance between T-regulatory (Treg) and
Th17 subsets, dependent on specific ligand activation. Activation with TCDD induced
the development of Treg cells and was able to reduce symptoms in an autoimmune
encephalomyelitis mice model, but exacerbating symptoms when activated with a
different ligand, namely FICZ [143]. This indicated involvement of the AHR in immune
cell lineage development, but with a ligand-dependent effect. This study propelled
investigations in the role of AHR in immune cell development, finding a role for the
AHR in many immune cell subsets, including innate lymphoid cell lines, as well as tissue
resident and circulating T-cell lineages, and epidermal Langerhans cells [144, 145].

Studies into regulation of inflammation through AHR signaling also involved
psoriasis-like mouse models induced by topical application of imiquimod (IMQ) on
mice skin [146]. Disease development in these mice is shown to be dependent on the
IL-23/IL-17/IL-22 axis [147] and is exaggerated in Ahr’- mice, whilst attenuated by the
AHR agonist FICZ in wildtype mice [148]. Ex vivo skin cultures from psoriasis lesional
skin biopsies when treated with FICZ showed reduced expression of psoriasis marker
genes [148]. In contrast, constitutive expression of AHR induces dermatitis-like lesions
and immunological imbalance resembling AD in mice [149]. Similarly, air pollutant
exposure in mice results in epidermal hyper-innervation, causing pruritus, as well as
inflammation [150]. This underlines the importance of balanced AHR signaling as well
as ligand-specific signaling via the AHR in the development of AHR-targeting drugs.

In recent years, the AHR gained major attention in dermatology after our studies
indicating the AHR-dependent therapeutic efficacy of coal tar and the FDA
approval of Tapinarof for the treatment of psoriasis [151]. Tapinarof (or Benvitimod)
is a compound derived from a group of bacterial symbionts, the entomopathogenic
nematodes, and was already shown to display anti-inflammatory activity and inhibit
allergic contact dermatitis [152]. Tapinarof binds directly to the AHR and functions
as an agonist of the AHR signaling pathway. In ex vivo human skin, treatment with
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Tapinarof reduced expression of IL-17A. In the IMQ treated mice model, treatment
with Tapinarof led to decreased tissue cytokine expression of both IL-17A and
IL-22 [153]. Activation of the AHR with natural agonists was therefore shown to
moderate the immune response, both in mouse and human skin. However, common
side effects of treatment with Tapinarof included folliculitis and contact dermatitis,
similar to coal tar, once again underlining the importance of well-balanced AHR
signaling and ligand turnover [95].

AHR agonists are a valuable addition to the therapeutic arsenal for the treatment of
chronic inflammatory skin diseases, however studies into repressing and stimulating
effects of AHR activation on the inflammatory response in both health and disease
skin are needed to better understand the side effects and potential long term
adverse events of deregulated AHR signaling in human. In my thesis we took studies
from the laboratory to the bedside by coal tar treatment in a human in vivo tape
stripping model to study skin barrier disruption and repair mechanisms (chapter 7).

Graphical thesis outline
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Summary of thesis outline

The main aim of my thesis was to increase our understanding of the role of AHR
signaling in the formation and maintenance of the epidermal barrier. | focused on
the regulation of keratinocyte proliferation and differentiation and investigated
the potential of novel ligands as therapeutics to restore epidermal homeostasis in
inflammatory skin diseases.

Novel therapeutic ligands were analyzed in vitro and in vivo as described in chapters 2
and 3. We studied the capability of these AHR ligands in inflammatory skin models
to restore aberrant keratinocyte differentiation and proliferation as well as dampen
inflammatory signaling. To discover novel AHR-targeting therapeutics it is important
to understand the mechanism behind AHR signaling. In chapter 5 we studied
the mechanism of AHR-driven keratinocyte differentiation and elucidated novel
interaction partners through which the AHR directs terminal differentiation. To further
investigate the role of AHR in organotypic skin models, we developed a method to
knock out genes in a keratinocyte cell line using CRISPR/Cas9 (chapter 4) as well as a
novel method to measure skin barrier function (chapter 6). To assess the importance
of AHR signaling in the inflammatory response of keratinocyte towards disease-
associated cytokines, the effects of AHR activation upon experimental skin barrier
defects in healthy human volunteers were investigated and described in chapter 7.

The experimental studies in my thesis that point towards new molecular insights
into AHR’s function in skin biology and underscore the potential of AHR ligands as a
therapeutic modality in the treatment of inflammatory skin diseases, are presented
in the following chapters:

Chapter 2 | Lead optimization of aryl hydrocarbon receptor ligands for treatment
of inflammatory skin disorders

A novel class of AHR ligands, the SGA compounds, were studied for their
therapeutic potential in in vitro human models of atopic dermatitis and murine
models of inflammation.

Chapter 3 | Carboxamide derivatives are potential therapeutic AHR ligands for
restoring IL-4 mediated repression of epidermal differentiation proteins
Carboxamide derivatives were shown to be AHR activating ligands and their
potential in improving keratinocyte proliferation and differentiation was studied in
in vitro human models of atopic dermatitis.
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Chapter 4 | Investigations into the FLG null phenotype: Showcasing the
methodology for CRISPR/Cas9 editing of human keratinocytes

CRISPR/Cas9 was used in human keratinocytes to knock out and subsequently
rescue the expression of filaggrin. This study highlights the potential of using
CRISPR/Cas9 in editing human keratinocytes. In later chapters, the technology and
methods described in this study were used to knock out AHR to investigate its role
in the human skin barrier.

Chapter 5 | The aryl hydrocarbon receptor regulates epidermal differentiation
through transient activation of TFAP2A

Genome-wide AHR binding and transcriptome analysis revealed possible
mechanisms behind AHR-induced keratinocyte differentiation and identified other
transcription factors with which the AHR is able to influence these pathways.

Chapter 6 | Electrical impedance spectroscopy analysis quantifies organotypic
epidermis formation and skin barrier function in vitro

A novel technique enabling electrical impedance measurements of human
epidermal equivalent in a multi-well format was found to be non-harmful for
equivalents and provided novel insights in barrier function in inflammatory
diseases models as well the response of AHR activation in keratinocytes.

Chapter 7 | Coal tar attenuates acute experimentally-induced dermatitis:
insights into AHR-targeting therapies for inflammatory skin diseases

Healthy volunteers were tape-stripped and treated with the AHR agonist
coal tar to provide insights in the protective roles of AHR signaling in the
inflammatory response.

Chapter 8/9 Summary and discussion
Finally, the experimental data described in this thesis are summarized and discussed.
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Abstract

Therapeutic aryl hydrocarbon receptor (AHR) modulating agents gained attention
in dermatology as non-steroidal anti-inflammatory drugs that improve skin barrier
properties. By exploiting AHR'’s known ligand promiscuity, we generated novel AHR
modulating agents by lead optimization of a selective AHR modulator (SAhRM;
SGA360). Twenty-two newly synthesized compounds were screened yielding two
novel derivatives, SGA360f and SGA388, in which agonist activity led to enhanced
keratinocyte terminal differentiation. SGA388 showed the highest agonist activity
with potent normalization of keratinocyte hyperproliferation, restored expression
of skin barrier proteins and dampening of chemokine expression by keratinocytes
upon Th2-mediated inflammation in vitro. The topical application of SGA360f and
SGA388 reduced acute skin inflammation in vivo by reducing cyclooxygenase
levels, resulting in less neutrophilic dermal infiltrates. The minimal induction
of cytochrome P450 enzyme activity, lack of cellular toxicity and mutagenicity
classifies SGA360f and SGA388 as novel potential therapeutic AHR ligands and
illustrates the potential of medicinal chemistry to fine-tune AHR signaling for the
development of targeted therapies in dermatology and beyond.
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Introduction

The bHLH/PAS (basic-Helix-Loop-Helix/Per-Arnt-Sim) family of transcription factors
are considered sensors of both endogenous and exogenous stimuli [154]. The aryl
hydrocarbon receptor (AHR) is the only known vertebrate member of this family
that is capable of binding low molecular weight molecules (e.g. MW150-400)
and inducing a transcriptional response, hence acting as a ligand-activated
transcription factor [155]. The AHR is increasingly considered as an important
receptor for physiological functions in barrier tissues (e.g., lung, skin and intestine)
that is capable of sensing exogenous and endogenous chemicals [156]. AHR
binds a wide array of chemicals from simple two-ring compounds (e.g., indole) to
much larger compounds with multiple ring structures (e.g., benzo(a)pyrene) [157,
158]. There are three distinct classes of AHR ligands: agonists, antagonists, and
selective AHR modulators (SAhRMs), these ligand vary in both affinity or occupancy
potential and intrinsic efficacy, the latter referring to the ability to activate the AHR
to mediate gene transcription [87, 159, 160]. Furthermore, agonists can vary in
AHR activation potential based not only on their affinity for the AHR but also on
the ability to be metabolized and their inherent hydrophobicity, which influences
tissue distribution and half-life in vivo. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
often considered a prototypic AHR ligand, is poorly metabolized, exhibits a half-life
in mice of 11 days, and thus is atypical compared to most other AHR ligands [161].
Importantly, a weak agonist can also exhibit SAhRM or antagonist activity
dependent on the cellular context, and SAhRMs can act as an AHR antagonist [76].
These classes of ligands have allowed the various functions of this enigmatic
receptor to be dissected and underscore the potential to modulate the AHR and
explore its use as a therapeutic target. There is a growing list of endogenous and
dietary compounds known to activate the AHR [158]. In particular, mammalian
host tissues or microbiota can metabolize tryptophan to AHR ligands. For example,
the indoleamine 2,3-dioxygenase pathway present in immune cells degrades
tryptophan to AHR ligands such as kynurenine and kynurenic acid [162, 163].
Exposure to sunlight or oxidants can catalyze the formation of the endogenous
AHR agonist 6-formylindolo[3,2-b]carbazole, thus linking sun exposure to
the generation of AHR ligands in the skin [164]. Gut and skin commensal
bacterial metabolites can activate host AHR signaling and mediate tissue
homeostasis [158, 165]. In addition, yeasts, like the Malassezia species, abundant
on human skin, can generate several high-affinity AHR ligands (e.g., indolo[3,2b]
carbazole) from tryptophan [166]. Furthermore, the array of compounds that
activate the AHR appears to be expanded in humans relative to rodents, suggesting
an evolutionary expansion of AHR sensitivity [158].
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Within the skin, the AHR is expressed in a variety of cell types and plays a role
in innate and adaptive immunity, keratinocyte differentiation, and melanocyte
pigmentation (reviewed in [167]). AHR expression levels [76] and nuclear levels of
AHR [168] correlate with the differentiation status of keratinocytes and agonist-
mediated AHR activation, which leads to increased expression of key genes
involved in epidermal differentiation [75, 76, 169, 170] and accelerates skin barrier
formation in vivo [171]. Furthermore, Ahr null keratinocytes fail to differentiate in
vitro, and inhibition of endogenous AHR signaling in 3D human skin equivalents
hampers epidermal differentiation and stratification [76].

The first evidence of the therapeutic potential of AHR-targeted therapies in skin
diseases with deprived barrier function came from our discovery of the mechanism
of action of coal tar therapy. For centuries, coal tar has been used as an effective
treatment in dermatological practice, predominantly for the treatment of
atopic dermatitis (AD) and psoriasis, two highly prevalent chronic inflammatory
skin diseases characterized by impaired skin barrier function. Coal tar, rich in
polycyclic aromatic hydrocarbons, mediates an AHR-dependent increase in skin
barrier protein expression in human skin models and dampens the IL-4-mediated
inflammatory signaling cascade [75]. Later, other AHR ligands (e.g. Chinese herbal
extracts [172-174] and Henna constituents [170]) were also reported to induce
therapeutic effects similar to coal tar. It was also found in psoriasis that AHR
signaling actively dampens inflammation [148, 175], and the first therapeutic single
AHR ligand, Tapinarof [153], has been approved by the FDA for topical treatment
after finalizing phase 3 trials in psoriasis [95]. We are, however, in need of a greater
variety of structurally diverse AHR ligand classes given the ligand-dependent
variation in downstream (side) effects of AHR activation [176], which is also
influenced by the specific tissue microenvironment [122].

In the current study we aimed for the coupling of SAhRM activity to partial AHR
agonist activity to breach pro-inflammatory processes in the skin and improve skin
barrier function by targeting keratinocyte terminal differentiation.

Results

Lead optimization and synthesis of SGA indazole derivatives

Previous studies established that SGA360 is devoid of AHR agonist activity, while
having anti-inflammatory effects [159]. We thus attempted to generate derivatives
based on SGA360 that would exhibit varying degrees of AHR agonist activity
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to additionally foster the expression of skin barrier-related proteins. Twenty-
two 7-(trifluoromethyl)-1H-indazole derivatives were synthesized of which the
chemical structures are shown in Figure 1A. The structure of each compound was
confirmed by a combination of nuclear magnetic resonance spectroscopy and mass
spectrometry analysis. Briefly, two basic variations in the structure of SGA360 were
made: a number of functional groups were added to indazole at the 3™ position, or
an allyl group was added to either N1 or N2 (see core structure Figure 1A).

SGA derivatives vary in AHR agonist mediated activity

All new SGA derivatives, and the previously described SGA360 and SGA315 [159],
were screened for agonist activity in a Hepa 1.1 dioxin response element (DRE)-
driven stable reporter mouse cell line (Figure 1B-C). Eight of the compounds tested
at a 10 mM concentration induced a significant level of AHR transcriptional activity
between 15-85% of the response obtained with a saturating dose of TCDD. As
expected, SGA360 did not exhibit agonist activity. SGA377, SGA385, and SGA387 all
showed agonist activity, while moving the allyl group from N1 to N2 lowered agonist
activity in SGA378, SGA386, and SGA388. In contrast, SGA390 exhibited considerable
activity with the allyl group in the N2 position but failed to exhibit agonist activity
in the N1 position (SGA389). This is likely due to the conformation of the functional
group at position 3. A comparison of SGA360a to SGA360f revealed that SGA360f
had considerably more agonist activity, yet the only difference in the structure is
the positions of the hydroxyl and methoxyl group switched in the ortho and para
position on the functional group at the 3" position of the indazole. These results
underscore the potential of designing ligands that vary in AHR agonist activity. Due
to the known differences in ligand binding affinity between murine and human
AHR, we completed our discovery studies with the human (HepG2 40/6) DRE-driven
reporter cell line (Figure 1D-E). This screen identified additional SGA compounds
with stronger agonist activity in the human reporter cells, such as SGA388, SGA360a,
and SGA360f. Next, we compared the ability of a subset of SGA derivatives to induce
both DRE-driven reporter activity and CypTal mRNA levels in the murine hepatocyte
cell line. In contrast to TCDD, the SGA derivatives show a dramatic difference in the
level of induction of reporter activity (Figure 1B-C) versus CypTal mRNA (Figure 1F),
hence the need for additional screening of AHR target gene expression levels in
primary skin cells of murine and human origin to minimize false-negative results.

SGA derivatives are direct AHR ligands and agonists in primary
keratinocytes and dermal fibroblasts

Based on the results of the initial screen, selected SGA derivatives were first tested
in primary mouse keratinocytes. SGA360f, SGA315, SGA385 and SGA388 (10 mM)
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exhibited weak agonist activity by a 2-10 fold induction of Cyp7al mRNA levels and
increased Cyp1b1 expression levels (Figure 2A-B). SGA derivatives were found to also
activate the AHR in other skin-related cell types, as primary dermal mouse fibroblasts
showed a similar expression pattern upon stimulation, albeit less pronounced than
in keratinocytes (Figure 2A-B). Next, primary adult human keratinocytes cultures
were exposed to SGA360, SGA360f, SGA315, SGA388, and TCDD. SGA360f and
SGA388 showed agonist activity (20% and 55% of TCDD response, Figure 2C).

Figure 1. AHR agonist activity in mouse and HepG2 40/6 human reporter cell lines. A) SGA core
structure and structures of the compounds. B,C) Hepa 1.1 DRE-driven stable reporter mouse cell line
stimulated with SGA derivatives (10 uM) and TCDD (10 nM) for 4 h after which the luciferase activity
was measured (TCDD response set at 100%), N=3. D,E) HepG2 40/6 human reporter cell line stimulated
with SGA derivatives (10 pM) for 4 h after which the luciferase activity was measured, N=3. F) Cyp1al
MRNA expression analysis of selected SGA compounds after 4 h stimulation of the Hepa 1.1 reporter
cell line, N=3.*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Mean +/- SEM.
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Since elevated CYP1A1 enzyme levels were recently implicated to exaggerate
inflammation [175], and are important for phase | biotransformation, we assessed
the capability of SGA derivatives to elevate CYP1A1 enzyme activity levels in
primary keratinocytes. In sharp contrast to the strongly induced enzyme activity
levels by TCDD, no significant increase in SGA360 derivative mediated CYP1A1
enzyme activity in murine keratinocytes was observed (Figure 2D).

However, in human keratinocytes, SGA388 at 1 uM concentration elevated CYPTA1
enzymatic levels after 48 h of stimulation (Figure 2E). Further examinations
revealed SGA388 effects on CYP1A1 enzymatic levels were time and concentration-
dependent in keratinocytes (Figure 2F). Yet, induction levels were significantly
lower than for TCDD exposure, while CYPTAT mRNA levels were similar to the
effects of TCDD (Figure 2G). This may be due to the ability of SGA compounds at
micromolar levels to actually inhibit CYP1A1 activity. In a cell-based radioactive
photoaffinity ligand competition assay, SGAs significantly blocked the binding of
the radioligand to the murine AHR (Figure 2H), indicating direct binding of the
SGA derivatives to the AHR. Considering these results, SGA388 and SGA360f were
subjected to extensive characterization based on exhibiting similar AHR agonist
activity in both mouse and human keratinocytes. Furthermore, the parent SAhRM,
SGA360, and SGA315 were selected for evaluating the effect of AHR activation
since they exhibited essentially no or weaker agonist activity compared to SGA388
and SGA360f.

In vitro toxicity of SGA derivatives

Often biotransformation of mutagens is required to form reactive intermediates
that lead to DNA damage through phase | xenobiotic metabolism. For example,
CYP1A1 enzymatic activity can lead to carcinogenicity (as with benzo(a)pyrene),
and we therefore examined the toxicity potential of SGA derivatives. We screened
for in vitro cellular toxicity (lactate dehydrogenase release assay) and mutagenicity
(Ames Il fluctuation assay) of SGA derivatives. No signs of cellular toxicity were
observed (Figure 3A) and none of the SGA derivatives (SGA360, SGA360f, SGA315
and SGA388) reached the mutagenic threshold in any of the conditions and
concentrations tested, with or without cytochrome-mediated biotransformation
(+S9 fraction) (Figure 3B).
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< Figure 2. AHR agonist activity in primary keratinocytes and dermal fibroblasts. A) CypTal and
B) Cyp1b1 mRNA expression analysis of selected SGA derivatives (10 uM) and TCDD (10 nM) in primary
mouse keratinocytes and dermal fibroblasts after 4 h of stimulation and normalized for the murine
household gene L37a, N=3. C) CYP1AT and CYP1B1 mRNA expression patterns of primary human
keratinocytes stimulated for 48 h (re-stimulation after 24 h) with 10 uM of selected SGA compounds
and 10 nM TCDD, N=3. CYP1A1 enzyme activity measured in D) mouse and E,F,G) human primary
keratinocytes. Mouse keratinocytes were stimulated for 36 h with 10 uM of the SGA derivates and
10 nM TCDD, N=3. For the human keratinocytes, time and concentration series were performed
with selected SGA derivatives and TCDD (10 nM). E) 48 h stimulation (re-stimulation after 24 h), N=3.
F) SGA388 time and concentration series, N=3, statistics performed for each time point separately.
G) CYP1A1 enzyme activity in comparison to CYPTAT mRNA levels for TCDD, SGA360f and SGA388,
controls set at 1, N=2 (no statistics). H) A murine Hepa 1.1 cell-based radioactive photoaffinity ligand
competition assay (1 h stimulation). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mean +/- SEM.

Figure 3. Cell toxicity and mutagenicity assay. A) Lactase dehydrogenase (LDH) measurement of
monolayer primary human keratinocytes stimulated with the SGA compounds (10 pM) and TCDD
(10 nM) for 24 h, N=3. B) SGA derivatives tested in the Ames mutagenicity assay using the strains TA98
(frameshift mutations) and TAMix (base-pair substitutions), with and without the addition of the rat
liver S9 microsomal fraction (for cytochrome-mediated biotransformation), performed in duplicates.
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AHR-dependent epidermal differentiation, stratification and skin
barrier protein expression by SGA derivatives

The ability of SGA derivatives to enhance epidermal differentiation was investigated
in mouse and human keratinocyte monolayer cultures. SGA360, having no AHR
agonist activity, failed to induce terminal differentiation gene expression. SGA360f
and SGA388 exhibited the greatest induction rate for filaggrin (Flg), hornerin (Hrnr)
and loricrin (Lor) in murine primary keratinocytes (Figure 4A) which was AHR-
dependent, as Ahr’ keratinocytes failed to differentiate upon treatment with SGAs
(Figure 4B). Although it is important to keep in mind that the calcium-induced
differentiation culture system will differ from the in vivo situation. In human primary
keratinocytes, SGA388 and SGA360f were also relatively potent compounds,
given the early rise in gene expression levels at 12 h that preceded the response
of SGA315 for which increased expression levels were only observed after 36 h of
stimulation (Figure 4C). Interestingly, the early stratum spinosum marker cytokeratin
10 (KRT10) which normally precedes the expression of stratum granulosum terminal
differentiation markers, including FLG and HRNR upon normal keratinocyte
differentiation in vitro in absence of any ligand stimulation (Figure 4D), was not
induced by SGA360f and SGA388. Canonical AHR signaling appeared essential for
SGA-mediated epidermal differentiation as GNF-351 (selective AHR antagonist)
completely abolished SGA effects (Figure 4F). Next, we validated whether the
induction of epidermal differentiation seen in monolayer cultures would be
sufficient to positively contribute to epidermal development in organotypic human
epidermal equivalents (HEEs) (Figure 5A). Treatment with SGA360 resulted in less
layers of stratum granulosum (SG) and stratum corneum (SC) while SGA315 did not
induce major changes when compared to the untreated (control) HEEs. HEEs treated
with TCDD, SGA360f and SGA388 showed more layers of stratum granulosum and
stratum corneum with concomitant higher levels of CYPT1A1 and filaggrin protein
(Figure 5B). CYP1AT gene expression levels followed similar trends as the monolayer
cultures with a correlating dose response for HRNR gene expression (Figure 5C).
Similar to filaggrin and hornerin, loricrin protein expression was also induced by
SGA388 (Figure 5D), while proliferation rates remained unaffected (Figure 5E).
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Figure 4. Epidermal differentiation gene expression analysis. LC, low calcium (0.05 mM); HC, high
calcium (0.12 mM). A) Expression of the terminal differentiation genes Krt1, Flg, Hrnr and Lor in murine
keratinocytes after 24 h of stimulation with SGA derivatives, N=3. B) Ahr’* and Ahr” monolayer
murine keratinocytes stimulated with SGA compounds followed by gene expression analysis; Ahr
activity (Cyp1aTl) and epidermal differentiation (Flg, Hrnr, Lor), N=3. C) Expression analysis of terminal
differentiation genes (KRT10 (K10), FLG, HRNR, LOR) in monolayer primary human keratinocytes
stimulated with SGA derivatives and harvested in a time series, N=4 (24 h data N=3), statistical analysis
for each time point and gene separately. D) Primary human keratinocytes harvested after different
time points of differentiation and analyzed for AHR activity (CYPTAT) and terminal differentiation (K70,
FLG, LOR, HRNR), start of differentiation (0 h) was set at 1, N=4 (24 h data N=3). E) Expression analysis of
AHR target genes CYP1AT and CYP1B1 and F) differentiation genes HRNR and FLG of monolayer cultures
stimulated with GNF-351 prior to the addition of TCDD (10 nM) and SGA388 (10 and 1 puM) for 48 h
(re-stimulation after 24 h), N=3.* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mean +/- SEM.
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Figure 5. AHR activation and induction of epidermal differentiation in human epidermal equivalents.
A) schematic presentation of 3D culture schedule for normal human epidermal equivalents (HEEs)
stimulated with SGA compounds at day 5 of the air-liquid interface. B) H&E, filaggrin (FLG) and CYP1A1
staining, C) CYPTAT and HRNR mRNA expression analysis (N=5), D) loricrin (LOR), E) Ki-67 staining of
HEEs stimulated with 10 uM of SGA derivatives and 10 nM TCDD for 72 h (re-stimulated after 48 h).
SC = Stratum corneum, SG = Stratum granulosum, SS = Stratum spinosum, SB = Stratum basale.
*p <0.05 ** p<0.01, **** p <0.0001. Mean +/- SEM. Scale bar = 100 pm.
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Genome-wide effects of SGA derivatives upon IL-4 mediated
inflammation in vitro

Next, we questioned whether SGA derivatives can restore the disturbed epidermal
differentiation processes that are known for the key AD-associated T helper-2 cytokine,
interleukin-4 (IL-4). We performed genome-wide transcriptomic analysis by bulk RNA-
sequencing after co-stimulation of HEEs with interleukin-4 (IL-4; atopic dermatitis
(AD)-like HEE (AD-HEE)) and SGA360 (SAhRM activity), SGA360f or SGA388 (coupling of
SAhRM to agonist activity), or TCDD (full AHR agonist) (Figure 6A). We and others have
demonstrated that this setup enables the verification of AHR-mediated therapeutic
effects on skin inflammation [132, 177]. Principal component analysis (PCA, Figure
6B) and heatmap analysis of the top 500 most variable genes (Figure 6C) indicated
that PC1 accounted for 62% of the variance between the top 500 most variable genes
that could be attributed to IL-4 treatment. In PC2, 22% of the variance was attributed
to AHR activation by TCDD, SGA388 and SGA360f, clearly showing a dose effect of
AHR agonist activity. Next, pairwise comparisons between all conditions versus IL-4
treatment alone were filtered (P<0.05 and FC>1.5) resulting in 4182 differentially
expressed genes to be included for heatmap analysis and unsupervised K-means
clustering on pre-defined experimental conditions (GSE212539). Seven hierarchical
clusters were generated based on gene expression dynamics upon treatment
between experimental conditions (Figure 6D). Gene ontology analysis for each
cluster identified specific biological processes that relate to differentially expressed
genes (Figure 6E). Smaller clusters 1, 2 and 3 include genes involved in xenobiotic
metabolism, antimicrobial response and cornified envelope formation (C1), regulation
of leukocyte activation, extracellular matrix organization and JAK-STAT cascade
(C2), and mostly extracellular matrix organization in C3. Genes in C1 are strongly
regulated only by AHR agonist activity, while C2 and C3 are strongly controlled by
IL-4 treatment and only rescued by the full AHR agonist, TCDD. The most interesting
clusters were considered C4 and C6, in which genes are up- or downregulated by IL-4,
respectively, and restored by AHR agonist activity in a dose-dependent manner. In C4
almost all genes are involved in cell cycle processes corresponding to the mitogenic
effects of IL-4 [55]. This process can clearly be controlled by canonical AHR signaling.
Subsequent KEGG analysis indicated key genes (e.g. MCM genes for G1) that are
targeted by AHR agonists in every phase of the cell cycle (Figure 6F). C6 genes
relate to processes involved in skin development and skin barrier function that are
downregulated by IL-4 and reinstated by AHR agonists. In general, SAhRM activity
alone (SGA360) was not sufficient to cause major transcriptomic changes related to
any of these processes. The final clusters, C5 and C7, included genes annotated to
processes including initiation of translation or actin binding but were not affected by
any of the AHR ligands.
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< Figure 6. Transcriptome analysis of SGA treatment upon IL-4 mediated inflammation in vitro.
A) Schematic representation of experimental setup. B) Principal component analysis of top 500 most
variable genes. PC1 and PC2 are shown in the plot. Different treatments are indicated with different
colors. €) Heatmap of top 100 contributing genes to principal components from the PCA analysis.
D) Heatmap of differentially expressed (DE) genes received from pairwise comparisons between
conditions. Heatmap was generated using k-means clustering, columns were sorted on treatment.
E) Visualization of GO-term analysis of selected cluster from heatmap in figure 4C. GO-terms are
indicated in front of bars. Bar color indicates P adjusted-value and length of the bar indicates number
of genes in specified GO-term. F) KEGG analysis for genes in cluster 4 of heatmap in figure 4C.

Verification of SGA-mediated ‘therapeutic’ effects in vitro

Next, we investigated the biological consequences of the transcriptomic changes
as described above. AHR activation and downstream transcriptional regulation of
target genes CYPTA1, CYP1BI, AHRR and CYP1A1 protein expression by the SGA
derivatives was similar in the AD-HEEs (Figure 7A-B), as seen before with the normal
HEEs. To differentiate between the effects of SAhRM versus coupled agonist activity,
we first compared SGA360 to SGA388, respectively, and found striking differences.
In contrast to SGA360, SGA388 was able to reduce the Th2-cytokine mediated
epidermal spongiosis and counteract the strong reduction of filaggrin, loricrin and
involucrin expression by Th2 cytokines (Figure 7C), even beyond the expression
levels for the unstimulated control. SGA effects were AHR-dependent considering
that co-stimulation with the AHR antagonist GNF-351 abolished the SGA388
induced expression levels of CYPTAT, HRNR and IVL, including known transcription
factors, and AHR interacting proteins that mediate terminal differentiation, OVOL1
and NFE2L2. In addition, IL.-4 mediated differential expression of host defense-
related genes IL1B, ILTA, and the AD signature gene NELL2 was rescued by SGA388
in an AHR-dependent fashion (Figure 7D).

Epidermal hyperproliferation is a key hallmark of inflammatory skin diseases like
AD and psoriasis and leads to acanthosis. We previously found that IL-4 and IL-13
are potent mitogens in HEEs [55]. This IL-4-induced hyperproliferation of basal
keratinocytes in AD-HEEs was completely abolished by SGA388 and SGA3O06f.
Interestingly, SAhRM activity alone by SGA360 could also reduce proliferation rates,
albeit to a lesser extent (Figure 7E). In a dose tapering study, SGA388 could be titrated
to 1 uM for effective normalization of proliferation and terminal differentiation in AD-
HEEs, and thereby minimize CYP1A1 protein induction (Figure 7F).
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< Figure 7. Validation of SGA derivatives efficacy in AD-HEE model. A) Expression analysis of the AHR
target genes CYP1A1, CYP1B1 and AHRR (N=4), B) analysis of AHR activity viaimmunostaining of CYP1A1
and C) H&E staining and the expression of epidermal differentiation proteins via immunostainings for
filaggrin (FLG), loricrin (LOR) and involucrin (IVL) of HEEs stimulated with IL-4 (10 ng/mL) for 24 h prior
to co-stimulation with SGA derivatives for 72 h. D) Gene expression levels in monolayer keratinocyte
cultures stimulated with Th2 cytokines (IL-4 and IL-13, both 50 ng/mL) in combination with GNF-351
(2 uM, 30 min pre-incubation) and SGA388 (10 uM) for 48 h, technical N=4 using one human
keratinocyte donor. E) Quantification of the proliferation marker Ki-67 of HEEs stimulated with
10 ng/mL IL-4 for 24 h, followed by co-stimulation with the SGA compounds for another 72 h, N=5.
F) CYP1A1, FLG and Ki-67 protein staining of HEEs stimulated with 10 ng/mL IL-4 for 24 h followed by
co-stimulationwith a concentration series of SGA388foranother 72 h.SC=Stratum corneum, SG=Stratum
granulosum, SS = Stratum spinosum, SB = Stratum basale. * p < 0.05, ** p < 0.01, *** p < 0.001,
**%% p < 0.0001. Mean +/- SEM. Scale bar = 100 pm.

Treatment of acute skin inflammation with SGA derivatives in vivo
Besides the targeting of skin inflammation-related epidermal proliferation and
differentiation processes, SGA derivatives may possess important anti-inflammatory
properties by SAhRM activity. To test if SGA360f and SGA388 retained in vivo
anti-inflammatory SAhRM activity [159] along with the agonist effects targeting
epidermal proliferation and differentiation, the 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced mouse ear edema model was employed in Ahr* and
Ahr” mice. In this well-established model for in vivo skin inflammation, TPA
induces an acute inflammatory reaction consisting of erythema, edema and
polymorphonuclear leukocyte infiltration due to the release of prostaglandins,
leukotrienes and pro-inflammatory cytokines by epidermal and innate immune
cells. Ear swelling, a parameter for edema and inflammation, was strikingly reduced
upon treatment with SGA360f and SGA388 in C57BL/6J (Ahrt’*) mice, similar to
SGA360 (Figure 8A). Treatment in Ahr’mice was ineffective, indicating that the
observed therapeutic effects were solely AHR-dependent (Figure 8B-D). Since TPA
induces a neutrophilic inflammatory response, mouse ears were stained for the
neutrophil marker Ly6g. In the dermis of Ahr*/* mice that were treated with SGA360f,
less Ly6g positive cells were observed (a similar trend was seen for SGA388). In
Ahr’mice, SGA treatment did not reduce the number of neutrophils by TPA treatment
(Figure 8E-F). Investigation into the expression of inflammatory signaling molecules
by quantitative RT-PCR revealed most significant downregulation of Ptsg2 (COX2) and
S$100a9 by SGA360f and SGA388 in the TPA model (Figure 8G), which relate to the
known SAhRM-activity of the parent compound SGA360 in this model [159].
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Figure 8. Anti-inflammatory effects of SGAs in vivo. A) Induced inflammation and ear swelling of TPA
treated mice and the therapeutic effect after SGA treatment, N=4 mice per group. B) Percentage of
edema suppression in Ahr”’* and Ahr’- mouse ears treated with TPA and SGA360f and SGA388 for
6 h, N=4 mice per group. C) H&E staining and D) microscopic measurement of ear thickness of Ahrt*
mouse ears stimulated with TPA, SGA360, SGA360f and SGA388, N=4. Ear thickness was measured at
three locations of the total H&E image, and the average was calculated. E) The influx of peripheral
neutrophils, monocytes and granulocytes is visualized by Ly6G marker staining in Ahr** and Ahr”
mice. F) Semi-quantitative analysis (double-blinded by two independent investigators) of the Ly6G
staining, N=4. Three images per slide were chosen as representative for the whole staining, after which
the average score was calculated. G) Gene expression analysis for inflammation marker genes: Ptgs2,
5100a9, 116 and II1b in the mouse ears, N=4. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mean
+/- SEM. Scale bar = 100 pm.
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Discussion

Phenotypical outcomes upon AHR activation range from extreme toxicity to
physiologically important processes and therapeutic effects. This spectrum of
downstream effects depends on ligand affinity, receptor promiscuity, cell-specific
transcriptional programs and the local tissue microenvironment. Our study provides
compelling evidence of the possibility of fine-tuning the intricate balance between
detrimental and beneficial receptor activation through lead optimization of the
SAhRM molecule, SGA360. We hereby developed a novel AHR ligand class that is
characterized by controlled agonist activity while maintaining AHR-dependent
anti-inflammatory SAhRM activity. This is of particular importance in barrier organs
such as the lung, gut, and skin where the AHR plays a pivotal role in barrier integrity
maintenance. Here, treatment of inflammatory disorders by SAhRM only, could
cause detrimental barrier defects due to blocked canonical AHR signaling that is
required for epithelial differentiation. Chronic inflammatory diseases of barrier
organs, including atopic dermatitis, psoriasis, inflammatory bowel disease or
asthma may therefore specifically benefit from treatment with AHR modulators,
such as SGA360f and SGA388, through combined targeting of the inflammatory
process while fostering epithelial homeostasis and barrier function.

As a barrier and sensory organ, the skin is highly capable of sensing both the
external and internal environment and reacting to chemical stimuli of exogenous,
microbial, or endogenous origin [87, 178]. Virtually all skin cell types express the
AHR [122, 157, 179, 180] and at high levels similar to cells of the lung and the
gut[156, 181].In the skin, the AHR can therefore fulfill a pivotal role in the regulation
of skin integrity, the skin barrier and skin immunity [76, 122, 157, 169]. Targeting
the AHR in skin diseases is more likely to have a positive outcome when compared
to internal barrier organs given the possibility of obtaining only local effects, thus
circumventing potential adverse effects due to systemic AHR ligands. The interest
in topical treatment with AHR ligands was heightened after the finding that the
therapeutic effects of coal tar are AHR-mediated [75]. Considering the appearance
of coal tar (brown color, strong odor) and its complex chemical composition,
including many potentially hazardous (polycyclic) aromatic hydrocarbons, single
well-defined molecules that target the AHR would be preferable for therapeutic
use. The first example of such a drug reaching the clinic is the natural agonist,
Tapinarof [153]. The recent FDA approval for Tapinarof in psoriasis treatment,
however, should not stop the development of alternative AHR ligands given the
clear ligand-dependent biological effects downstream of AHR activation and hence
the possibility for improving therapeutic efficacy whilst minimizing adverse effects.
The SGA derivatives we describe here may have a favorable safety profile for topical
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administration given that they are relatively weak agonists resulting in very low
levels of cytochrome P450 enzyme activity in keratinocytes. The recently proposed
detrimental effects of sustained elevated CYP1A1 levels which could deplete
natural AHR ligands present in the tissue [175], underscores the importance of low
CYP1A1 enzymatic levels in keratinocytes after treatment with SGAs.

The synthesis of SGA360 was based on the structure of WAY-169916, which is
a selective estrogen receptor modulator or partial ER agonist [182, 183]. WAY-
169916 has been shown to exhibit anti-inflammatory activity through ER-mediated
transrepression of NFkB transcriptional activity and attenuate inflammation in
disease models [184-186]. We established that WAY-169916 exhibits partial AHR
agonist activity as well and is capable of repressing the acute phase gene SAAT in
an AHR-dependent fashion [187]. Employing structure-activity analysis was used to
generate WAY-169916 analogs that bind the AHR without activating the ER [159],
studies were initiated to develop a compound that exhibited anti-inflammatory
activity mediated through binding to the AHR and yet did not exhibit agonist activity.
These compounds (e.g., SGA360) were designated selective Ah receptor modulators
(SAhRM), a term originally proposed by Dr. Steve Safe’s laboratory to characterize
weak or partial AHR agonist that exhibited anti-carcinogenic activity [188]. SGA360-
mediated AHR binding and the subsequent anti-inflammatory effects [159, 187,
189, 190] suggests that in part, the anti-inflammatory activities of AHR activation
are dissociated from canonical DRE-mediated transcription. However, the latter is
vital when targeting skin barrier defects in inflammatory skin diseases, like AD and
psoriasis, as the AHR/ARNT canonical pathway has a physiological role in driving
the transcription of epidermal barrier genes [76]. Loss of canonical AHR signaling
in our case through SAhRM activity by SGA360, indeed appeared to reinforce the
disease-associated downregulation of terminal differentiation and could potentially
worsen barrier defects in patients. Leveraging dissociated anti-inflammatory
effects of SAhRMs while retaining residual canonical AHR signaling would provide
dual efficacy regarding the beneficial suppression of inflammation combined with
keratinocyte differentiation. It is likely that the retention of both aspects of AHR
signaling associated with SAhRMs mirrors the non-pathological patterns of AHR
activation and multi-faceted signaling elicited by endogenous AHR ligands.

Rapid alleviation of inflammation by SGAs in the TPA model illustrates a potential
broad therapeutic applicability for the treatment of inflammatory dermatoses.
TPA activates the protein kinase C pathway resulting in the elevated synthesis of
potent eicosanoid chemoattractants such as prostaglandin E2 and leukotrienes
from arachidonic acid through cyclooxygenase (COX) [191]. Lower levels of
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prostaglandins and leukotrienes resulting from COX2 inhibition may explain the
decline in neutrophil influx and hence reduced inflammation by SGA treatment
and provides a novel approach to the current knowledge on AHR-mediated
therapeutic effects. SAhRMs may thus exert in part similar molecular effects as
steroids in skin by lowering COX2 levels and reducing prostaglandin synthesis, as
reported in lung epithelial cells [192]. However, in contrast to the negative side-
effects of corticosteroid use on the skin barrier [193], SAhRMs could improve skin
barrier function through the AHR-mediated control of cornified envelope protein
expression and lipid biosynthesis.

Besides the known differentiation-promoting effects of AHR agonist activity,
we observed almost complete normalization of IL-4 mediated keratinocyte
hyperproliferation by SGA derivatives. Expression of the AHR plays a role in normal
epithelial proliferation, mostly directing pro-proliferative signaling [76, 124, 194],
and anti-apoptotic effects [195], at least in cell lines derived from keratinocytes
and in primary keratinocyte cultures. Our observation that keratinocyte
hyperproliferation can already be counteracted by SGA360 and thus through SAhRM
activity that lacks AHR agonist activity, suggests a potential AHR-independent
mode of action, or implies the importance of non-canonical signaling routes. This
could be of interest for the regulation of keratinocyte proliferation by SAhRMs
in other hyperproliferative skin conditions, including psoriasis or malignancies
where keratinocyte turnover is elevated and causing health problems and will
be a subject for future investigations. Studies modeling other pro-inflammatory
skin conditions such as psoriasis can furthermore identify commonly or distinctly
regulated pathways by AHR signaling in skin and the molecular mechanisms
that underpin the ambiguous effects of AHR signaling that are directed by the
local tissue-microenvironment.

In conclusion, our lead optimization strategy provides key information on AHR
SAhRM structure facilitating the clinically beneficial incomplete functional
dissociation of AHR-mediated anti-inflammatory activity from overt and sustained
initiation of canonical DRE-dependent transcription. SGA360f and SGA388 are
identified as restricted AHR agonists effective in suppressing Th2 cytokine-mediated
inflammation and restoring barrier function in a human 3D, full thickness model of
atopic dermatitis. As such, SAhRMs mimic the action of currently available, FDA-
approved AHR-driven therapeutics such as, Tapinarof and the old king coal (tar).
These findings provide a novel avenue for the development of additional SAhRMs
for the amelioration of hyperproliferative inflammatory skin diseases.
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Materials and Methods

Animals. C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME,
USA). C57BL6/J Ahrt- and Ahr” were kindly provided by Dr Christopher Bradfield
(University of Wisconsin-Madison). Mice were bred at Penn State University. All studies
using mice were conducted with protocols approved under the auspices of The
Pennsylvania State University Institutional Animal Care and Use Committee (IACUQC).

Chemicals, laboratory chemicals and culture medium. All general buffers, culture
media and supplements were purchased from major vendors including Sigma-
Aldrich and Thermo Fisher Scientific (Gibco, Hyclone), unless stated otherwise.

Organic chemistry. For the synthesis of the SGA compounds utilized in this study
all chemicals and solvents were purchased from major vendors. Anhydrous solvents
were used as received. Reactions were carried out using dried glassware and under
an atmosphere of nitrogen. Reaction progress was monitored with analytical thin-
layer chromatography (TLC) on aluminum-backed precoated silica gel 60 F254
plates (E. Merck KG, Darmstadt, Germany). Column chromatography was carried out
using silica gel 60 (230-400 mesh, E. Merck KG) with the solvent system indicated in
the individual procedures. NMR spectra were recorded using a Bruker Avance 500
MHz spectrometer. Chemical shifts (d) were reported in parts per million downfield
from the internal standard. The signals are quoted as s (singlet), d (doublet),
t (triplet), m (multiplet). High-resolution mass spectra (HRMS) were determined in
5600 (QTOF) TripleTOF using a Duospray™ ion source (Sciex, Framingham, MA, USA).
The capillary voltage was set at 5.5 kV in positive ion mode with a declustering
potential of 80 V. The mass spectrometer was scanned from 50 to 1000 m/z in
operating mode with a 250 ms scan from 50 to 1000 m/z. Melting points were
determined on a Fischer-Johns melting point apparatus and are uncorrected.

Cell based AHR ligand binding competition assay. 2-azido-3-['*l]iodo-7,8-
dibromodibenzo-p-dioxin (photoaffinity ligand) was synthesized as previously
described [196]. Mouse keratinocytes in 12 well plates were treated with either
10 mM of the indicated SGA compound or 10 nM TCDD in the presence of 1.0 pmol
of photoaffinity ligand for 1 h. Dr. Steve Safe (Texas A&M University) kindly provided
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Cells were washed with Dulbecco'’s
phosphate-buffered saline, then exposed to UV light from two 15-watt lamps
(UV products, >302 nM) at a distance of 8 cm for 4 min. Cells were homogenized in
lysis buffer containing 25 mM MOPS, 2 mM EDTA, 0.02%, 20 mM sodium molybdate,
pH 7.5 + 10% glycerol using a Dura-Grind tissue grinder (Wheaton Instruments,
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Millville, NJ, USA). Samples were then subjected to SDS-PAGE, transferred to PVDF
membrane and the amount of radioactivity determined by phosphor imaging. This
data was normalized to B-actin quantitated on the PVDF membrane using a mouse
anti-actin antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), a biotinylated
goat antibody mouse secondary antibody (Jackson ImmunoResearch, West Grove,
PA, USA) and streptavidin [190].

Cell based luciferase reporter assay. The stable dioxin responsive element (DRE)-
driven luciferase reporter cell lines H1L1.1c2 (Hepa 1.1) and HepG2(40/6) were
kindly provided by the late Mike Denison (University of CA, Davis) and generated in
the Perdew laboratory, respectively [191, 197]. Both lines were maintained in aMEM
(Sigma) supplemented with 10% (v/v) fetal bovine serum (Hyclone) and antibiotic
cocktail comprising 100 IU/mL penicillin and 0.1 mg/mL streptomycin (Sigma) and
cultured at 37°C in a humidified 5% CO,/95% air atmosphere. Cells were treated
with indicated AHR ligands for 4 h and the carrier solvent DMSO was present at
0.1% (v/v) in each assay. Cells were lysed in 0.2 mL lysis buffer [25 mM Tris-phosphate
pH 7.4, 2 mM DTT, 2 mM CDTA, 10% (v/v) glycerol and 1% (v/v) Triton X-100] and
subjected to a single freeze-thaw cycle. Luciferase reporter activity was quantified
utilizing the Promega Luciferase Assay system (Madison, WI, USA). Briefly, 80 mL
reconstituted luciferase substrate was added to 20 ml cell lysate, mixed and relative
luciferase units were determined using a luminometer.

Isolation and culture of mouse primary keratinocytes and fibroblasts. Primary
Ahrt* keratinocyte and fibroblast cultures were obtained from neonatal (1-4 days old,
hairless) littermates derived from C57BL6/J matings, as previously described [198].
Briefly, mice were euthanized by CO,-asphyxiation, soaked in Betadine, washed twice
with 70% (v/v) ethanol and kept on ice. Aseptically, limbs and tail were removed, and
the skin peeled away from a ventral cranial-caudal incision. Skins were stored dermis-
side down at 4°C in culture plates. Skins (epidermis-side up) were floated on 0.25%
(w/v) trypsin overnight at 4°C. Using forceps, the epidermal and dermal layers were
separated with the dermal layer retained for subsequent fibroblast isolation. The
epidermis was diced and stirred into calcium-free Eagle's minimum essential medium
(EMEM; Gibco) supplemented with 1X non-essential amino acids, 2 mM L-glutamine,
8% (v/v) Chelex-Ca*-depleted FBS, and 100 IU/ml penicillin and 0.1 mg/ml
streptomycin. Prior to addition to cells, the calcium concentration of the media
was adjusted to 1.4 mM. Dissociated keratinocytes were filtered through 100 mm
nylon cell strainer and seeded at a density of 2-4x10° cells/cm? in EMEM media with
calcium adjusted to 0.2 mM. After 24 h incubation, keratinocytes were washed with
Ca?*/Mg?*-free PBS and EMEM media with calcium adjusted to 0.05 mM was added.
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Dermal fibroblasts were isolated from the dermal layer following keratinocyte
isolation. Briefly, the dermal layer was incubated in media supplemented with
0.35% (w/v) collagenase |. Dermal layers were combined, diced and incubated
at 37°C for 30 min while shaking. 200 U/dermis DNase were added from a 100X
stock prepared in sterile PBS. After swirling to mix, DMEM supplemented with 10%
(v/v) FBS and antibiotic cocktail comprising 100 IU/ml penicillin and 0.1 mg/ml
streptomycin were added. The cell suspensions were incubated a room temperature
for further 10 min without shaking. Cells were filtered through a 100 mm nylon cell
strainer and centrifuged at 200 x g for 5 min. Cell pellets were suspended in DMEM
supplemented with 10% (v/v) FBS and antibiotic cocktail and centrifuged at 100 x g
for 5 min. Fibroblast-containing supernatants were transferred to fresh tubes and
recentrifuged at 100 x g for 5 min. Fibroblast were seeded into plates and cultured
at 37°C in a humidified 5% air/95% CO, atmosphere. Primary Ahr ” keratinocyte
and fibroblast cultures were obtained from neonatal littermates derived from
female Ahr 7+ x male Ahr - matings. Littermates were genotyped regarding Ahr
status from tail clip genomic DNA isolated using the Wizard SV genomic isolation
kit (Promega) and subsequent PCR using 5 CAGTGGGAATAAGGCAAGAGT-3" and
5-AGGGAGATGAAGTATGTGTATGTA-3" primers. Following Ahr genotype verification,
primary keratinocyte and fibroblast were isolated as described for Ahr *'* neonates.
In all cases, primary keratinocytes and dermal fibroblast cultures were exposed to
indicated AHR ligands after initial seeding and not passaged prior to treatment.

Isolation and culture of primary human keratinocytes. 3T3-J2 mouse embryonic
fibroblast cells (kind gift from Dr. J. Rheinwald, Harvard University) were cultured
in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% (v/v)
penicillin/streptomycin and 10% (v/v) fetal bovine serum. Human surplus skin
was obtained from plastic surgery in line with the principles and guidelines of
the Declaration of Helsinki. Keratinocytes were cultured in medium (2:1 [v/v]
DMEM:Ham's F12 (both Gibco) supplemented with 10% (v/v) fetal bovine serum
(Hyclone), I-glutamine (4 mM), 1% penicillin/streptomycin, adenine (24.3 ug/mL),
insulin (5ug/mL), hydrocortisone (0.4 ug/mL), triiodothyronine (1.36 ng/mL), and
cholera toxin (1" U/mL) in the presence of irradiated 3T3-J2 feeder cells. After
3 days, the medium was replaced by medium containing epidermal growth factor
(EGF, 10 ng/mL) and refreshed every 2-3 days. At 90-100% confluency, feeder cell
remnants were removed by EDTA (0.05 mM) and subsequent trypsinization with
0.05% (v/v) trypsin-EDTA after which the keratinocytes were harvested and stored
in liquid nitrogen. Monolayer keratinocytes were cultured in 24-well plates at 37 °C
with 5% CO, using keratinocyte growth medium with required growth factors and
supplements (KGM, Lonza, Basel, Switzerland) without antibiotics until reaching
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100% confluency. The keratinocytes were stimulated with TCDD (10 nM) and the
SGA compounds using different concentrations (ranging from 0.1 to 10 pM) and
harvested at various time points of exposure (8 h to 72 h) as indicated. The AHR
antagonist GNF-351 (Sigma, 500 nM or 2 uM) was incubated for 30 minutes prior to
the addition of TCDD (10 nM) or SGA388 (1 or 10 uM). For Th2 cytokine stimulation,
keratinocytes were grown to 100% confluency and exposed to IL-4 and IL-13 (both
50 ng/mL, PeproTech, Cranbury, NJ, USA) in the presence or absence of AHR ligands
for a total period of 48 h, including a restimulation at 24 h.

Quantitation of mRNA levels. For murine cells, total RNA was isolated using
TRl Reagent (Sigma-Aldrich), then converted to ¢cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific).
Quantitative real-time PCR was conducted using PerfeCTa SYBR Green Supermix for
iQ (Quanta Biosciences, Beverly, MA) on a CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). Sequences of quantitative PCR primers for
murine gene expression are listed in Table 1, using the L37a as housekeeping gene.

For the primary human keratinocytes, RNA was isolated with the Tissue Total RNA Kit
(Favorgen, Vienna, Austria) or the E.Z.N.A. Total RNA Kit | (OMEGA Bio-Tek, Norcross,
GA, USA). RNA was treated with DNAsel (Invitrogen, Waltham, MA, USA) and used for
cDNA synthesis using SuperScript IV VILO Master Mix (Invitrogen) or UltraScript 2.0
(PCR Biosystems, London, UK). RT-gPCR analysis was performed using SYBR
Green (Bio-Rad). Target gene expression was normalized to the expression of the
housekeeping gene human acidic ribosomal phosphoprotein PO (RPLPO). The AACt
method was used to calculate relative mRNA expression levels. Primer sequences
(Biolegio, Nijmegen, The Netherlands) for human genes are depicted in Table 2.

CYP1A1 activity assay. CYP1A1 activity was assessed utilizing the P450-Glo™
CYP1A1 assay following the manufacturer’s instructions (Promega). Primary
mouse keratinocytes were cultured in a 12-well plate in EMEM media with calcium
adjusted to 0.2 mM for 24 h, then treated with indicated AHR ligands for 36 h prior
to the addition of Luc-CEE at 1:100 v/v for 4 h. Medium was removed and 150 mL
of lysis buffer was added to the cells, chemiluminescence was determined by
mixing 50 mL of cell lysate with 50 mL of luciferase substrate and measured in a
luminometer [165]. Human primary keratinocytes were cultured until confluency
was reached and treated with indicated AHR ligands for 8, 16, 24, 48 and 72h
(refreshed every 24h), prior to the addition of Luc-CEE at 1:75 for 3 h.
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Table 1. Primers Used in Real-Time PCR for murine genes

Gene Forward Primer (5’-3’)

Reverse Complement Primer (5'-3’)

Control Gene

Rpl13a TTCGGCTGAAGCCTACCAGAAAGT GCATCTTGGCCTTTTTCCGTT
Known Target Genes

Ahrr CAGAAGCGGAGGCTTACCAT CTCTGTATTGAGGCGGTCCC
Cyplal CTCTTCCCTGGATGCCTTCAA GGATGTGGCCCTTCTCAAATG
Cypibi GCTAGCCAGCAGTGTGATGATATT GGTTAGCCTTGAAATTGCACTGAT
Epidermal Differentiation Genes

Dsc1 GATGGCTATGCCCCAGACTAC TATGGCAGTCACTTGTCCCAC

Flg GGACAACTACAGGCAGTCTTGAAGA CATTTGCATGAAGACTTCAGCG
Hrnr TCTCAACGGTTTGGATCTGGCTCA TGTTGACTGCCTTCTGTCTGTCCA
Invol CCCTCCTGTGAGTTTGTTTGGTCT ACCTGGCATTGTGTAGGATGTGGA
Krt1 ACATGCAAGACCTGGTGGAGGAGT TGGTCACGAACTCATTCTCTGCGT
Lor TGGGTTGTGGAAAGACCTCTGGT AGCTGGAACCACCTCCATAGGAA
Inflammatory Genes

Cd14 TTCAGAATCTACCGACCATGGAGC CAATTGAAAGCGCTGGACCAA
Cox2 CTGACCCCCAAGGCTCAAAT ACCTCTCCACCAATGACCTGA
Cxcl1 GCTGGGATTCACCTCAAGAA TCTCCGTTACTTGGGGACAC

Cxcl2 AGACAGAAGTCATAGCCACTCTCAAG CCTCCTTTCCAGGTCAGTTAGC
Cxcl5 TGCCCTACGGTGGAAGTCAT AGCTTTCTTTTTGTCACTGCCC
b AGCTTCCTTGTGCAAGTGTCT GACAGCCCAGGTCAAAGGTT
$100a9 TCATCGACACCCTCCATCAA TTACTTCCCACAGCCTTTGC

Table 2. Primers Used in Real-Time PCR for human genes

Gene Forward Primer (5’-3’)

Reverse Complement Primer (5'-3’)

Housekeeping Gene

RPLPO CACCATTGAAATCCTGAGTGATGT TGACCAGCCCAAAGGAGAAG

AHR target Genes

CYP1AT CTGGAGACCTTCCGACACTCTT GTAAAAGCCTTTCAAACTTGTGTCTCT
CYP1B1 TGGCTGCTCCTCCTCTTCAC CCACGACCTGATCCAATTCTG
Epidermal Differentiation Genes

FLG ACTTCACTGAGTTTCTTCTGATGGTATT TCCAGACTTGAGGGTCTTTTTCTG
HRNR TACAAGGCGTCATCACTGTCATC ATCTGGATCGTTTGGATTCTTCAG

VL ACTTATTTCGGGTCCGCTAGGT GAGACATGTAGAGGGACAGAGTCAAG
LOR AGGTTAAGACATGAAGGATTTGCAA GGCACCGATGGGCTTAGAG

KRT10 TGGTTCAATGAAAAGAGCAAGGA GGGATTGTTTCAAGGCCAGTT
Inflammatory Genes

ccL2 GAAGAATCACCAGCAGCAAGTG GATCTCCTTGGCCACAATGG

CCL26 CCTGGGTGCGAAGCTATGAA TTGCCTCTTTTGGTAGTGAATATCAC
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Lactate Dehydrogenase (LDH) Assay. The supernatant of monolayer cultures
that were stimulated for 24 h with SGA derivatives (10 uM) and TCDD (10 nM) was
collected, after which LDH activity was measured using a cytotoxicity detection kit
(Roche, Basel, Switzerland) according to the manufacturer’s protocol. Absorbance
was read at 490 nm with a microplate reader. Keratinocytes treated with 1% Triton
X-100 in KGM were used as a positive control for 100% cell death.

Ames mutagenicity assay. Genotoxicity was evaluated with a mutagenicity assay
according to the manufacturers’ protocol (Xenometrix, Ames Il Microplate Format
Mutagenicity Assay, Allschwil, Switzerland). Briefly, Salmonella Typhimurium strains
TA98 (frameshift mutations) and TAMix (base-pair substitutions) were used with or
without metabolic activation by the liver fraction S9. 1% DMSO, carrier solvent, was
used as a negative control and 2-nitrofluorene and 4-nitroquinoline N-oxide (assay
without S9) and 2-aminoanthracene (assay with S9) as positive controls. SGA360,
SGA360f and SGA388 were examined at three concentrations (250, 125 and
62.5 pg/mL) in duplicate with a final DMSO concentration of 1%. The plates were
incubated at 37°C and the number of wells with a purple to yellow color shift
(indicative of bacterial growth) were counted after 48 h. Calculations were based on
the 'fold induction over baseline' (according to the manufacturers’ specifications),
which is the ratio of the mean number of positive wells for the dose concentration
divided by the baseline. The baseline is obtained positive wells for the dose
concentration divided by the baseline (baseline = mean number of positive wells of
the solvent control + 1*SD).

3D human epidermal equivalents and 3D atopic dermatitis (AD)-like model.
HEEs were generated using 24-well cell culture inserts (ThinCert, Greiner Bio-One or
Nunc, Thermo Fisher Scientific) coated with rat tail collagen (100 pg/mL, Sigma) at
4°C for 1 h prior to seeding of 100.000-150.000 primary human keratinocytes in
100-150 pL CnT-prime medium (CELLNTEC, Bern, Switzerland). After 48 h, cell culture
medium was switched to 3D differentiation medium for another 24 h, consisting of
60% CnT-Prime 3D Barrier medium (CELLNTEC) and 40% High Glucose Dulbecco’s
Modified Eagle’s Medium. Thereafter, the HEEs were lifted to the air-liquid interface
(ALI), with the differentiation medium refreshed every other day. In the normal skin
model, HEEs were treated with the SGA derivatives (10 uM) and TCDD (10 nM) at
day 5 of the ALl for 72 h (refreshed after 48 h). To generate an atopic dermatitis (AD)-
like (AD-HEE) model, HEEs were used in combination with the disease-associated
cytokine Interleukin-4 (IL-4). AD-HEEs were first stimulated with IL-4 (10 ng/mL,
PeproTech (supplemented with 0.05% bovine serum albumin, BSA (Sigma-Aldrich))
at day 4 of the ALIl. After 24 h of disease initiation, HEEs were co-stimulated with
the SGA derivatives (SGA360 (10 uM), SGA360f (10 puM) and SGA388 (10 uM and
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a concentration series)) and TCDD (10 nM) for 72 h (re-stimulation after 48 h). At
day 8 of the ALI, HEEs were harvested and processed for RNA isolation (QPCR and
RNA sequencing) and immunohistochemical analysis.

In vivo inflammation model. Dermal ear inflammation was induced in 8-10-week-
old C57BL6/J mice through topical application of 1.5 mg 12-O-tetradecanoylphorbol-
13-acetate (TPA, Sigma), administered to each ear as a 20 mL solution comprising 2 ml
0.75 mg/mL TPA (solubilized in DMSO), 2 mL DMSO and 16 mL acetone. AHR ligands
were co-administered with TPA by substitution of DMSO with 2 mL indicated AHR
ligand solubilized in DMSO at 15 mg/mL i.e., 30 mg/ear. Ear edema was assessed 6 h
post-application and quantified using digital calipers. Mice were euthanized through
carbon dioxide-mediated asphyxiation, ears removed and snap frozen in liquid
nitrogen for subsequent RNA isolation and fixed in formalin for routine histology.

Immunohistochemistry. Formalin fixed-paraffin embedded HEEs and mouse
ears were stained with hematoxylin and eosin (Sigma-Aldrich) or processed for
immunohistochemistry using an indirect immunoperoxidase technique with
avidin-biotin complex enhancement (Vectastain, Vector Laboratories, Newark, CA,
USA). Detailed information on antibodies used in the study are provided in Table 3.

RNA sequencing and bioinformatics. 3D AD-like HEEs (N=3 donors) were
generated and treated with SGA ligands and TCDD as described above. After total
RNA isolation, RNA libraries for sequencing were generated using KAPA HyperPrep
library prep kit (Roche) following manufacturer's protocol. The quality of generated
libraries were checked using a Bioanalyzer (Agilent, Santa Clara, CA, USA) and
KAPA library quantification (Roche). RNA libraries were sequenced on an Illumina
sequencer (10X). Sequencing reads were aligned to human genome assembly hg19
(NCBI version 37) using STAR 2.5.0a [200] with default options. Data frames were
generated using DEseq2 [201]. To correct for donor variation, Limma correction was
applied. For PCA analysis, the top 500 genes with highest variance were included
for analysis. PCA plots were generated in R by prcomp and visualized using ggplot2
package. For heatmaps, pairwise comparison of treatments to control or IL-4 only
were performed. Genes were included in the analysis if differential expression fold
change was lower than -1.5 or higher than 1.5 with p-value <0.05. Heatmaps were
generated using z-values of included genes using ComplexHeatmap [202] with
k-means clustering. GO-term analysis and KEGG pathway analysis were performed
using clusterProfiler [203].
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Table 3. Antibodies used for immunohistochemistry of tissues

Protein  Antibody (clone) Dilution Manufacturer Antigen retrieval
AHR target
CYP1A1 B-4 1:50 Santa Cruz

Differentiation

FLG FLGO1 1:100 Thermo Fisher Citrate buffer 95°C
IVL Mon150 1:20 van Duijnhoven et al.[204]  Citrate buffer 95°C
LOR 145P-100 1:4000 Covance Inc.

Proliferation

Ki67 MIB-1 1:50 DAKO Citrate buffer 95°C
Ki67 SP-6 1:200 (o/n, 4°C) Abcam Citrate buffer 95°C

Immune cells

Ly6G RB6-8C5 1:1000 (o/n, 4°C)  Abcam Citrate buffer 95°C

o/n = overnight

Quantification of proliferation (Ki-67 expression) in HEEs. Image acquisition
of Ki-67 staining was performed by a ZEISS (Breda, The Netherlands) Axio Imager
equipped with a ZEISS Axiocam 105 color Digital Camera and a 20x objective. Two
images per slide were chosen as representative for the whole culture and stored
in CZI format. The images were analyzed with the cell image analysis software
CellProfiler [205]. A software pipeline for Ki-67 analysis was created (available
up-on request) and GraphPad Prism 9.0 was used for statistical analysis and
visualization of the data. The quantified data is shown as Ki-67 positive nuclei per
millimeter length of the epidermis. To determine statistical significance between
the multiple groups (N=5 groups) the Friedman test (paired nonparametric test)
was performed. If significant, Dunn’s multiple comparison post hoc test was used
(*p<0.05; **p< 0.01).

Statistical analysis. Statistical significance (GraphPad Prism) between multiple
groups (N=3 groups) was determined by one-way analysis of variance (ANOVA;
if there are missing values, mixed effects model for repeated measures data was
used) followed by Tukey’s multiple comparison post hoc test. For the RT-qPCR
gene expression analysis, the raw ACt values were used. Each human cell culture
experiment (monolayer or organotypic HEE) includes biological donor replicates,
unless otherwise specified in the figure legend.

All data is displayed as the mean +/- SEM, and the level of significance is signified
by: *p<0.05; **p< 0.01; ***p< 0.001; or ****p< 0.0001, and if appropriate, between
experimental conditions indicated by a, b, c or d.
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Abstract

Atopic dermatitis (AD) is a common T-helper 2 (Th2) lymphocyte-mediated chronic
inflammatory skin disease characterized by disturbed epidermal differentiation
(e.g., filaggrin (FLG) expression) and diminished skin barrier function. Therapeutics
targeting the aryl hydrocarbon receptor (AHR), like coal tar and tapinarof, are
effective in AD, yet new receptor ligands with improved potency or bioavailability
are in demand to expand the AHR-targeting therapeutic arsenal. We found that
carboxamide derivatives from laquinimod, tasquinimod, and roquinimex can
activate AHR signaling at low nanomolar concentrations. Tasquinimod derivative
(IMA-06504) and its prodrug (IMA-07101) provided full agonist activity and were
most effective to induce FLG and other epidermal differentiation proteins, and
counteracted IL-4 mediated repression of terminal differentiation. Partial agonist
activity by other derivatives was less efficacious. The previously reported beneficial
safety profile of these novel small molecules, and the herein reported therapeutic
potential of specific carboxamide derivatives, provides a solid rationale for further
preclinical assertation.
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Introduction

During epidermal differentiation, multiple structural proteins are expressed in the
last living cell layer, the stratum granulosum. Amongst others, filament aggregating
protein (filaggrin), encoded by the FLG gene, is processed into the cornified
envelope, an insoluble network consisting of the debris of keratinocytes—
corneocytes—that are tightly crosslinked and imbedded in a matrix of lipid
components ultimately forming the physical barrier of the skin: the stratum
corneum. Disturbed epidermal differentiation and skin barrier function loss are key
hallmarks of common chronic inflammatory skin diseases like atopic dermatitis
(AD) and psoriasis (Pso). The epidermal differentiation process is affected by the
disease-specific cytokine milieu (the Th2-cytokines in AD (e.g., IL-4) or the Th1/
Th17 cytokines in Pso), or due to genetic predisposition mostly associated to AD
(e.g., FLG loss-of-function mutations [206, 207], FLG copy number variation [42],
hornerin (HRNR)- Single-Nucleotide Polymorphism (SNP) [208, 2091, small proline-
rich protein 3 (SPRR3) [210]. Most therapeutic strategies are aimed at general
or targeted immunosuppression combined with indifferent skin moisturizing
emollients. However, the direct targeting of the epidermal differentiation process
in combination with immunomodulatory effects could be an attractive therapeutic
avenue by killing two birds with one stone.

Evidence for such effective therapeutics came from our studies on the molecular
mechanism of coal tar. Coal tar is a viscous liquid that is obtained by burning coal and
is thought to consist of at least 10,000 chemicals of which many are characterized
as polycyclic aromatic hydrocarbons (PAHs). Although topical application of coal
tar is an ancient treatment option for AD and Pso, its exact therapeutic mechanism
of action has long been unknown, until recently. PAHs in coal tar activate the aryl
hydrocarbon receptor (AHR) in keratinocytes, thereby counteracting the keratinocyte
activation towards AD-related interleukins and restoring the expression levels
of affected differentiation proteins, including that of FLG [75]. In addition, genes
encoding antimicrobial peptides are upregulated which together with restored
differentiation capability and reconstituted skin barrier properties are thought to
contribute to dampening of the inflammatory processes in skin [77].

The AHR is a highly conserved receptor and member of the family of basic helix-
loop-helix transcription factors, that can be activated by a wide variety of both
exogenous and endogenous ligands. Dioxins are a group of chemicals that are
considered organic pollutants. TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), one
of the most widely used polychlorinated dioxins and considered an AHR model
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ligand, is often used to study AHR signaling in epidermal keratinocytes [171, 211].
As TCDD is highly toxic with prolonged half-life of several years, dioxins such as
TCDD are not suited for therapeutic purposes. Short-lived AHR ligands include UV-
induced endogenous tryptophan metabolites [97] (hence the postulated role for
AHR-mediated therapeutic effects of UV therapy in Pso). Other metabolites can
be formed by members of the skin’s microbiome, and dietary plant constituents,
as well as several pharmaceutics [98, 99, 212, 213] . Upon activation, AHR
signaling is known to regulate a plethora of cellular processes, e.g., embryonic
development [119], keratinocyte proliferation and differentiation [76] , epidermal
barrier formation [141, 212], immune cell development [145], angiogenesis [214],
and many more [118-120, 141, 145, 215, 216]. However, studies also report
contradicting outcomes depending on the tissue and disease context [122], and
AHR ligand promiscuity has long been a subject of research [157].

Ever since the working mechanism of coal tar via AHR was elucidated, a search for
novel AHR targeting therapeutics has been ongoing. This has led to the development
of tapinarof, a natural AHR ligand that is currently in Phase 3 trials as a topical drug
for AD and Pso [153, 217]. However, other immunomodulatory molecules that are
investigated in clinical trials for different indications, such as quinoline-3-carboxamide
derivatives, also act on the AHR signaling pathway [218]. Laquinimod (LAQ) targets
the AHR and is effective in alleviating disease symptoms in experimental models of
multiple sclerosis and Huntington'’s disease [219] and reduces IL-17 levels [220, 221].
Roquinimex (ROQ, the first clinical compound in the series) and tasquinimod
(TASQ) have been investigated being potential immunomodulating drugs effective
in cancer treatment and in autoimmune diseases. Interestingly, ROQ was found
effective against Pso in two patients that were included in a phase 2 clinical renal
cell carcinoma trial [222]. Although LAQ, TASQ and ROQ may lead to AHR activation,
they do not activate AHR signaling in their original form. Instead, intracellular
metabolism generates potent N-dealkylated metabolites that are capable of AHR
binding, as previously described in the patent application [223]. These N-dealkylated
compounds have been tested in toxicity studies in vitro [224] and as diacetyl prodrugs
in vivo [225] at high doses with minor signs of adverse effects. Albeit the structural
similarity to TCDD and shared theoretical receptor binding modes [224], these
carboxamide derivatives are considered less metabolically resistant as compared to
TCDD. The pharmacokinetic clearance of AHR ligands would be important to mitigate
the adverse effects of sustained AHR signaling.

In this study, carboxamide derivatives from LAQ, TASQ and ROQ were analyzed for
their AHR activating potential in human keratinocytes and in human epidermal
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models. Primary read out was the expression level of epidermal differentiation
genes and proteins. In addition, the ability to rescue deprived FLG expression, and
other important epidermal barrier proteins in AD-like organotypic skin models, was
investigated to identify new drug candidates for further preclinical testing.

Results

Structure of IMA-compounds

LAQ and TASQ are both metabolized by CYP3A4 (N-dealkylation) to form the AHR-
active metabolites IMA-06201 and IMA-06504 in low concentrations (Figure 1A,B,
Supplemental Table S1). These AHR-active compounds have extremely low aqueous
solubility and are therefore not appropriate for in vivo or clinical use. Even though
prodrugs IMA-08401 and IMA-07101 also have low aqueous solubility, they can
easily be formulated (e.g., PEG-400) [225]. Furthermore, the in vivo hydrolysis of the
prodrug IMA-08401 results in higher levels of IMA-06201 than corresponding levels
from LAQ metabolism (unpublished). Analogously to IMA-06201 and IMA-06504,
compound IMA-05101 is an AHR agonist and a metabolite of the clinical compound
ROQ. IMA-01403 was synthesized by blocking the IMA-05101 4-OH with a benzyl
group, which adds extra bulk and disrupts internal hydrogen bonding, expected to
severely reduce the activity of the compound (Figure 1C, Supplemental Table S1).

IMA-compounds induce AHR activity in reporter cell line and
primary keratinocyte

First, all newly synthesized derivatives were screened for AHR activating potential
using the established human HepG2 (40/6) reporter cell line [191]. LAQ was used
for comparison being a parent compound, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
(TCDD) was included as a full AHR agonist at a saturating dose of 10 nM. All
metabolites and prodrugs derived from LAQ, TASQ, and ROQ were able to activate
AHR signaling in a clear dose dependent manner, maximally leading to 110-145%
of the TCDD response. Blocking the -OH group in IMA-01403 indeed reduced the
agonist activity (Figure 2A).

Next, we subjected primary human keratinocyte monolayer cultures to all
derivatives. Again, clear dose dependent gene expression levels of AHR target
genes, cytochrome P450 1A1 (CYP1AT) and 1B1 (CYP1B1) were observed (Figure 2B,
Supplemental Figure S1A). Prodrug IMA-07101 and its active metabolite IMA-06504
(from TASQ) and prodrug IMA-08401 (from LAQ) exhibited saturated responses
such as those seen after TCDD exposure.
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AHRR gene expression levels indicate the activation of a negative control feedback
loop to downscale prolonged AHR activation, which was most evident for TCDD and
the TASQ derivatives (Supplemental Figure 1B). Only CYPTAT mRNA expression levels
reaching a 1000-fold change resulted in significantly induced enzymatic CYP1A1
activity, as observed for TCDD, IMA-06504, and IMA-07101 (all at 10 nM) (Figure 2C).
Cell viability was unaffected in all cell cultures as lactate dehydrogenase (LDH) levels
were comparable to control (unstimulated) keratinocyte cultures (Figure 2D)

Figure 1. Structure of IMA-compounds. (A) Laquinimod (LAQ) is metabolized (N-dealkylation) to form
the AHR-active metabolite IMA-06201. Hydrolysis of the prodrug IMA-08401 also forms the IMA-06201
derivative. (B) Tasquinimod (TASQ), its AHR-active metabolite IMA-06504, and the prodrug IMA-07101.
(C) Roquinimex (ROQ), its AHR-active metabolite IMA-05101, and the 4-O-benzyl derivative IMA-01403.
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Figure 2. Induction of AHR activity by IMA-derivatives. (A) HepG2 40/6 cell cultures stimulated for
4 h with a concentration series of LAQ and IMA-compounds. TCDD (10 nM) was used as a full AHR
agonist and set at 100% luminescent activity (n = 2). (B) CYPTAT mRNA expression levels, (C) CYP1A1
enzyme activity (luminescent assay), and (D) percentage cell death (24 h measurement, lactate
dehydrogenase (LDH) assay) of primary human keratinocytes (n = 3) stimulated for 48 h (re-stimulated
after 24 h) with a concentration series of the IMA-compounds, LAQ, and TCDD. * p < 0.05, ** p < 0.01,
**%* p < 0.001, ¥*** p < 0.0001. Mean +/- SEM.
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AHR-mediated expression of epidermal differentiation

Given the stimulating effects of coal tar, TCDD, and other AHR ligands on epidermal
differentiation through AHR-dependent mechanisms [75, 171, 226, 2271, we
analyzed the following marker levels for terminal differentiation: filaggrin (FLG),
hornerin (HRNR), involucrin (IVL), and loricrin (LOR) (Figure 3). Stimulation with IMA-
07101 significantly and dose-dependently induced FLG, HRNR, and VL levels, similar
to TCDD. Based on these results, we subjected organotypic human epidermal
equivalents (HEEs) to 1 nM IMA exposure during the final 96 h of the air-liquid
interface culture. In particular, the increase in numbers of stratum granulosum layers
was most apparent after IMA-06504, IMA-07101, and IMA-08401 exposure (Figure 4A)
and correlated to the levels of CYP1AT expression (Figure 4B). We also observed
epidermal thickening and induction of stratum corneum layers most notably after
AHR activation via TCDD and the TASQ derivatives. FLG protein expression levels
were most strongly induced by TASQ derivative IMA-06504 and its prodrug IMA-
07101 (Figure 4CQ). This finding was further substantiated by loricrin (LOR) and
involucrin (IVL) immunostainings of IMA-07101 exposed HEEs (Supplemental
Figure 2A), and subsequent semi-quantitative analysis (Supplemental Figure 2B).
Thus, activation of AHR signaling by LAQ and TASQ derivatives resulted in similar
stimulating effects on epidermal development and formation as previously
described for coal tar [75].
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Figure 3. Upregulation of epidermal differentiation in vitro. Expression analysis of terminal
differentiation genes filaggrin (FLG), hornerin (HRNR), involucrin (IVL), and loricrin (LOR) after 48 h
stimulation (re-stimulation after 24 h) of monolayer primary human keratinocytes (n = 3) with a
concentration series of the IMA-compounds, LAQ, and TCDD. * p < 0.05, ** p < 0.01, *** p < 0.001,
***¥ p < 0.0001. Mean +/- SEM.
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Figure 4. AHR activation and induction of epidermal differentiation in human epidermal equivalents.
(A) H&E staining of human epidermal equivalents (HEEs) stimulated with 1 nM of IMA-compounds and
TCDD for 96 h (re-stimulated after 48 h). Double headed arrows in magnified images indicate stratum
granulosum layers (green arrows show an increase compared to the control-HEE). (B) CYPTAT mRNA

levels (n = 2), mean +/- SEM. (C) Immunostaining for filaggrin (FLG) after 96 h of stimulation with IMA-
compounds. Scale bar =100 pm.
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Therapeutic effect of IMA-compounds in organotypic AD-like
epidermal models

The potential of IMA-compounds to counteract detrimental effects of Th2 cytokines
(e.g., IL-4) on epidermal differentiation protein expression, as seen for coal tar
treatment, was investigated in an AD-like disease model. Hereto, HEEs generated from
human primary keratinocytes harboring a heterozygous FLG mutation (Supplemental
Table 2) were exposed to 10 ng/mL IL-4 for 96 h in total. After the first 24 h (disease
initiation phase), the AD-HEEs were additionally stimulated with 1 nM of IMA-06504,
IMA-07101, IMA-01403 (as a negative control) and TCDD for the final 72 h (treatment
phase). IL-4 treated HEEs present with a thickened epidermis with fewer granular
layers. Treatment with the TASQ derivatives increased the number of granular layers
(Figure 5B). AHR activation in the AD-model by the TASQ derivatives and TCDD was
verified by CYP1A1 protein expression detection (Supplemental Figure 2A).

The IL-4 mediated downregulation of FLG, LOR, and IVL expression, indicated by
irregular staining patterns and staining of less epidermal layers, was effectively
counteracted by IMA-07101 and its active metabolite IMA-06504. IMA-01403 was
ineffective (Figure 5B). These findings were substantiated by semi-quantitative
analysis (Supplemental Figure 2B).

Figure 5. Therapeutic effect of TASQ derivatives in the AD-HEE model. (A) H&E staining of HEEs
stimulated with 10 ng/mL IL-4 for 24 h followed by co-stimulation with the compounds for another
72 h. (B) Analysis of epidermal differentiation proteins via immunostainings for filaggrin (FLG), loricrin
(LOR) and involucrin (IVL). Scale bar = 100 um.
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Discussion

In search of novel therapeutic AHR ligands for the treatment of inflammatory
skin diseases, we here showed that carboxamide derivates are full AHR agonists
in the low nanomolar range. TASQ metabolites most effectively induce FLG and
other epidermal proteins important for skin barrier function, both in normal skin
conditions and in a Th2-cytokine dominated inflammatory milieu representing AD-
like inflammation.

The first compound from the carboxamide compound class, ROQ (drug name
Linomide) was withdrawn from clinical trials due to severe drug-related adverse
events in phase lll trials with MS patients.[228-230]. Thereafter, LAQ and TASQ were
developed and intended as safer derivatives [231, 232]. Phase Il/Ill clinical trials
indicate therapeutic efficacy of LAQ in patients with multiple sclerosis [233, 234],
as also confirmed in recent meta-analysis [235]. Herein, a significantly higher risk
of LAQ treatment was associated with back pain, headache, and vomiting [235].
Tasquinimod is intended for the oral treatment of prostate cancer, but also comes
with adverse events (e.g., skeletal pain, digestive disorders, insomnia) [236, 237].
Systemic exposure of exogenous AHR ligands may modulate and disrupt
physiological AHR signaling given its expression in many tissues [120, 238].
Topical application and thus local and tissue specific targeting in dermatological
indications may therefore provide a better setting for the use of AHR ligands as
therapeutics. Lead optimization of LAQ and TASQ resulted in increased potency
of AHR activation in keratinocytes as LAQ only elevated AHR target gene levels at
micromolar concentrations, whereas the IMA-metabolites induced AHR signaling
already at 1 nM. This important step resulted in the first positive preclinical in vitro
studies for dermatological indications herein described and provides solid ground
for further preclinical development and topical formulation.

The in vivo safety aspects of the IMA-compounds have been studied in rodents,
where no clinical signs of subacute toxicity were observed upon systemic
exposure [225], other than generic AHR-mediated responses not relating to dioxin-
induced toxicity. IMA-06201 and IMA-06504 were classified as non-mutagenic
in in vitro analysis [224]. Furthermore, IMA-compounds are predicted to be
faster metabolized to inactive compounds as compared to TCDD, which may be
supportive of an improved safety profile [224, 225]. Of note, TASQ derivatives
were not rapidly metabolized and inactivated in keratinocyte monolayer cultures,
as indicated by the induced AHRR expression and CYP1A1 enzyme activity after
48 h at similar levels as TCDD. These findings advocate for additional studies with
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prolonged culturing of keratinocytes after single dosing to determine the duration
of AHR activation (e.g., CYPTAT expression dynamics) which may indicate TASQ
metabolism rates and AHR ligand half-life as compared to dioxin. Our keratinocyte
studies at least did not reveal cytotoxic effects (LDH leakage) or detrimental effects
on the epidermal viability and morphology after exposure to IMA-compounds up
to 96 h. However, also for TCDD, no acute cellular toxicity was observed, confirming
the need for data on prolonged exposure to IMA-compounds, also including topical
exposure in formulations rather than supplementation of culture medium as
herein used.

The induction of epidermal differentiation by TASQ derivatives (even in the
presence of IL-4) appeared more efficacious than for TCDD. This enables future
dose reduction strategies for at least IMA-07101. Ideally, induction of epidermal
differentiation should be retained while CYPTA1 enzymatic levels are minimized.
CYP1A1 is associated with phase 1T metabolism and the generation of mutagenic
epoxides from certain environmental pollutants. Although in vivo, CYP450 enzymes
appear more important for detoxication than their activation of carcinogens [239].
Moreover, sustained CYP1A1 activity may metabolize endogenous AHR ligands
hence resulting in deprived physiological AHR signaling and skin tissue that is
prone to inflammatory processes [175, 239, 240]. Besides concerns on phase 1
metabolism by CYPTA1 due to AHR activation, a specific side effect, folliculitis, is
reported in patients treated with topical AHR-activating therapies, such as coal tar
and tapinarof [241, 242]. The likelihood of other ligand classes, such as the IMA-
compounds here investigated, causing similar side effects should be subject of
further research.

TASQ derivatives IMA-06504 and IMA-07101 were most potent and effective for
AHR-mediated induction of epidermal differentiation and the rescue of epidermal
AD hallmarks by IL-4. The accelerated formation and development of the epidermis
and skin barrier function upon AHR activation has also been shown upon in vivo
TCDD treatment [171], in vitro coal tar treatment [75], and in Chinese traditional
medicine [215]. Next to the regulation of terminal differentiation, AHR signaling
was also reported to mediate keratinocyte proliferation [76, 124]. Considering
that proliferation and differentiation processes in both AD and Pso are disturbed,
and that therapeutic effects of AHR activation are not specific to AD but are also
demonstrated in Pso patients [95], efficacy of IMA-compounds in psoriasiform
inflammation may be expected. Further preclinical studies are recommended
including topical formulations and efficacy studies using other experimental AD
models or ex vivo skin biopsies.
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In future years, the search for novel or existing AHR-targeting drugs with high
efficacies and minimized side effects will expand the currently limited arsenal of
AHR-targeting therapeutics. Lead optimization of existing drug compounds, as we
showed here for quinoline-3-carboxamide derivatives, is a promising strategy for the
development of novel therapeutic AHR ligands to feed pharmaceutical pipelines.

Materials and Methods

Synthesis of IMA-Compounds

Synthetic preparations of LAQ and IMA-compounds, except for IMA-01403, are
described in patent application WO2012/050500A1 [223]. IMA-01403 was prepared
by benzylation of N-(2,4-dimethoxybenzyl)-N-phenyl-1,2-dihydro-4-hydroxy-1-
methyl-2-oxo-quinoline-3-carboxamide [223] using BnBr (1,5 eq.) and K,CO, (2 eq.)
in DMF at 60 °C overnight, followed by concentration and conventional workup. The
crude product was deprotected (cleavage of N-2,4-dimethoxybenzyl) using cerium
ammonium nitrate (CAN, 3 eq., 0,1 M in 95% aqg. MeCN) at room temperature for
20 min, followed by concentration conventional workup and purification by silica
chromatography (CH,Cl,) to give IMA-01403 in 50% overall yield.

'H NMR (400 MHz, CDCl,) & 3.75 (s, 3H), 5.45 (s, 2H), 7.14 (t, 1H), 7.25 (d, TH),
7.32-7.47 (m, 8H), 7.65 (t, 1H), 7.77 (d, 2H), 8.09 (d, 1H), 10.71 (s, TH).

HepG2 (40/6) Luciferase Reporter Assay

Human HepG2 (40/6) AHR reporter cells (hepatocellular carcinoma liver cells) were
seeded in a 24-well format in Minimal Essential Medium Eagle (a-MEM, Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 1% penicillin/streptomycin and 8%
fetal bovine serum (125.000 cells in 500 pL). After 24 h, cells were stimulated with
LAQ (100, 10, or T uM), IMA-compounds (10, 1, 0.1, or 0.01 nM), and TCDD (10 nM) for
4 h at 37 °C with 5% CO.. Thereafter, the cells were lysed in 200 mL lysis buffer (20 mM
Tris-HCI, pH 7.8, 1% Triton X-100, 150 mM NaCl and 2 mM dithiothreitol) and stored at
—80 °C. To detect luciferase activity, 20 pL cell lysate was mixed with 40 uL luciferase
activity assay reagent (Promega Luciferase Assay system) and the luminescence
signal measured (Synergy HT microplate reader, BioTek, Winooski, VT, USA).

Primary Keratinocyte Isolation

Surplus human skin was obtained from plastic surgery. Human primary
keratinocytes were isolated as previously described and stored in liquid nitrogen
(according to the principles of the Declaration of Helsinki) [243].
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Monolayer Primary Keratinocyte Culture

Human primary keratinocytes were cultured submerged in 24-well plates at 37 °C
with 5% CO, using keratinocyte growth medium with required growth factors and
supplements (KGM, Lonza; without antibiotics) until confluency was reached [244].
Keratinocyte differentiation was initiated by depletion of growth factors and the
cells were simultaneously stimulated with the IMA-compounds (10, 1, or 0.1 nM),
TCDD (10, 1, or 0.1 nM), and LAQ (100, 10, or 1 pM). Keratinocytes were harvested
after 48 h of stimulation (re-stimulated after 24 h) and processed for RNA isolation
and subsequent qPCR analysis.

Lactate Dehydrogenase (LDH) Assay

The supernatant of the above-mentioned monolayer culture experiment was collected
after 24 h of compound stimulation. Keratinocytes treated with 1% Triton X-100 in
KGM were used as a positive control for 100% cell death. A cytotoxicity detection kit
(Roche) was used to measure LDH activity according to the manufacturer’s protocol
and absorbance was read at 490 nm with a microplate reader (Bio-Rad).

CYP1A1 Enzyme Activity Assay

The P450-Glo™ CYP1A1 assay system (Promega, Madison, WI, USA) was used
to measure CYP1A1 enzyme activity according to the manufacturer’s protocol.
Keratinocytes were treated as described previously (see monolayer primary
keratinocyte culture). After 48 h of stimulation (refreshed after 24 h), cells were
washed with PBS after which 200 pL Luc-CEE substrate solution in KGM without
growth factors was added to the wells and incubated for 3 h at 37 °C with 5% CO,,.
The culture medium was collected and mixed with luciferin detection reagent for
detection of luminescence (Synergy HT microplate reader, BioTek, Winooski, VT, USA).

Human Epidermal Equivalent (HEE) Culture (Normal Skin and Atopic
Dermatitis Model)

HEEs were generated according to the protocols previously described [243]. Briefly,
24-well cell culture inserts (ThinCert, Greiner Bio-One or Nunc, Thermo Fisher
Scientific, Waltham, MA, USA) were coated with rat tail collagen (100 pug/mL, BD
Biosciences) at 4 °C for 1 h. Then, 100.000-150.000 primary human keratinocytes
were seeded submerged in 100-150 pL CnT-prime medium (CELLNTEC) After 48 h,
cultures were switched to 3D differentiation medium, consisting of 60% CnT-Prime
3D Barrier medium (CELLNTEC) and 40% High Glucose Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA). Then, 24 h later, the HEEs were
lifted to the air-liquid interface (ALI), after which the differentiation medium was
refreshed every other day.
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In the normal skin model, HEEs were treated with the IMA-compounds (1 nM) and
TCDD (1 nM) at day 4 of the ALI for 96 h (re-stimulation after 48 h). At day 8, HEEs
were harvested and processed for qPCR and immunohistochemical analysis.

To generate an atopic dermatitis (AD)-like (AD-HEE) model [41, 55, 75, 245], human
primary FLG*" keratinocytes (Supplemental Table S2) were used in combination with
the disease-associated cytokine interleukin-4 (IL-4). AD-HEEs were first stimulated
with IL-4 (10 ng/mL, Peprotech (supplemented with 0.05% bovine serum albumin,
BSA, Sigma-Aldrich, St. Louis, MO, USA)) at day 4 of the ALI. After 24 h of disease
initiation, HEEs were co-stimulated with the TASQ derivatives (IMA-06504 and IMA-
07101), IMA-01403 and TCDD at a concentration of 1 nM and harvested 72 h later
(re-stimulation after 48 h) for immunohistochemical analysis.

Immunohistochemistry

HEEs were fixed in 4% formalin for 4 h and processed for routine histology. The
6 um paraffin sections were stained with hematoxylin and eosin (Sigma-Aldrich, St.
Louis, MO, USA) after deparaffinization. For immunohistochemical analysis, sections
were stained using an indirect immunoperoxidase technique with avidin-biotin
complex enhancement (Vectastain, Vector Laboratories) using antibodies listed in
Supplemental Table S3.

RNA Isolation Real-Time Quantitative PCR (RT-qPCR)

RNA was isolated with the Tissue Total RNA Kit (Favorgen, Vienna, Austria) according
to the manufacturer’s protocol. RNA was treated with DNAsel (Invitrogen, Waltham,
MA, USA) and used for cDNA synthesis using SuperScript IV VILO Master Mix
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. RT-qPCR
analysis was performed using SYBR Green (Bio-Rad, Hercules, CA, USA). Target gene
expression was normalized to the expression of the house keeping gene human
acidic ribosomal phosphoprotein PO (RPLP0O) and relative expression levels were
calculated by the AACt method [246]. Primer sequences (Biolegio, Nijmegen, The
Netherlands) are depicted in Supplemental Table S4.

Quantification of Differentiation Protein Expression in HEEs

Image acquisition of HEE immunostainings was performed by a ZEISS Axio Imager
equipped with a ZEISS Axiocam 105 color Digital Camera and a 40x objective. The
ZEISS Axiocam 105 color is a compact 5-megapixel camera (2560 x 1920 pixels)
for high resolution images with a 1/2.5” sensor. Two images per slide were chosen
as representative for the whole culture and stored in CZI format. The images were
analyzed with the cell image analysis software CellProfiler (Broad Institute) [205].
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Software pipelines for Filaggrin (FLG), Loricrin (LOR), and Involucrin (IVL) analysis
were created (available upon request) and GraphPad Prism 9.0 was used for the
visualization of the data. The quantified data is shown as the protein area occupied
(um?) per millimeter length of the epidermis. Because this value does not normalize
for the thickness of the epidermis (differences in epidermal thickness were
observed after compound stimulation), we also calculated the area of expression as
percentage of the epidermal surface for comparison.

Statistics

Statistical analyses were performed using GraphPad Prism 9.0 on experiments of at
least n=3 replicates. To determine statistical significance between multiple groups
for the in vitro monolayer cultures, paired one-way analysis of variance (ANOVA;
mixed effects model for repeated measures data (one missing value)) was performed
followed by Tukey’s multiple comparison post hoc test. For the data obtained by
CellProfiler software, the calculated protein area (um?) per millimeter length was
used to analyze significant differences between multiple groups by performing the
Friedman test (paired nonparametric test), indicated as (p = x.xx) in the legend. If
significant, Dunn’s multiple comparison post hoc test was executed. Each culture
experiment (monolayer or organotypic HEE) includes biological donor replicates.
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Supplemental tables

Supplemental Table 1. Overview of quinoline-3-carboxamide derivatives for the study on epidermal
differentiation induction. The structural relationship between the parent compound (LAQ, TASQ or
ROQ) and its newly developed derivatives is depicted with color codes and in the comments column.

Compound

abbreviation

Chemical structure

Scientific name

Comments

Laquinimod Cl OH O 5-chloro-N-ethyl-4- Site of N-dealkylation
(LAQ) @%NQ hydroxy-1-methyl- indicated in structure
N o”"( 2-oxo-N-phenyl-1,2-
I dihydroquinoline-
3-carboxamide
IMA-06201 Cl OH O N-phenyl-5-chloro-1,2- N-dealkylated metabolite
@\/%:LN/C dihydro-4-hydroxy-1- of LAQ (DELAQiin lit.).
Ao H methyl-2-oxo-quinoline- Intramolecular H-bonds
I 3-carboxamide stabilizes a planar structure
IMA-08401 a O,ACO N-acetyl-N-phenyl-4- Di-acetyl prodrug of
/@ acetoxy-5-chloro-1,2- IMA-06201
MEC dihydro-1-methyl-2-oxo-
’V S quinoline-3-carboxamide
Tasquinimod F ¢ 4-hydroxy-5-methoxy- Aimed for the treatment
(TASQ) MeO OH O /@XF N,1-dimethyl-2-oxo-N-[4- of prostate cancer
N N (trifluoromethyl)phenyl]
NS quinoline-3-carboxamide
I
IMA-06504 F N-(4- N-dealkylated
MeO OH O trifluoromethylphenyl)- metabolite of TASQ
NV 1,2-dihydro-4-hydroxy-5-
H methoxy-1-methyl-2-oxo-
T © quinoline-3-carboxamide
IMA-07101 . F ¢ N-acetyl-N-(4- Di-acetyl prodrug of
MeO O O F trifluoromethylphenyl)- IMA-06504
@\/%CL N /©)< 4-acetoxy-1,2-dihydro-5-
Ac methoxy-1-methyl-2-oxo-
NS0 L )
‘ quinoline-3-carboxamide
Roquinimex OH O 4-hydroxy-N,1-dimethyl- First clinical compound
(ROQ) N N/© 2-oxo-N-phenylquinoline-  (Linomide) in class
| 3-carboxamide
N0
\
IMA-05101 N-phenyl-1,2-dihydro-4- N-dealkylated

X N
CrC

N0

hydroxy-1-methyl-2-oxo-
quinoline-3-carboxamide

metabolite of ROQ
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Supplemental Table 1. Continued
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Compound Chemical structure

abbreviation

Scientific name Comments

IMA-01403 N-phenyl-4-benzyloxy-1,2-  Low-potency ligand.
dihydro-1-methyl-2-oxo- 4-O-benzyl breaks H-bond
quinoline-3-carboxamide

$We
CrL
B
N“0
[
TCDD 2,3,7,8-tetrachlorodibenzo- The metabolically resistant

Cl (0] Cl

p-dioxin compound "dioxin"

Supplemental Table 2. Human primary keratinocytes used to generate the AD-HEEs harboring a
heterozygous FLG mutation leading to depicted amino acid change

Sample ID FLG mutation Amino acid change
Donor#1 c.7339C>T p.(Arg2447%)
Donor#2 c.5702del p.(Gly1901Alafs*194)
Donor#3 ¢.10898C>G p.(Ser3633%)

Supplemental Table 3. Antibodies used of immunohistochemical analysis.

Antigen Species Dilution Company

Filaggrin Mouse 1:100 Thermo Fisher, MA5-13440
CYP1A1 Mouse 1:50 Santa Cruz, sc-25304
Involucrin Mouse 1:20 van Duijnhoven et. al. [204]
Loricrin Rabbit 1:4000 Convance 145P100

Supplemental Table 4. Primers used of RT-qPCR analysis

Gene Forward primer (5’-3’) Reverse primer (5’-3)

HARP caccattgaaatcctgagtgatgt tgaccagcccaaaggagaag
CYPIAT ctggagaccttccgacactctt gtaaaagcctttcaaacttgtgtctct
FLG acttcactgagtttcttctgatggtatt tccagacttgagggtctttttctg
HRNR tgttcctctggtgagctaggttact tgggtggcatattggtagaaaac

VL acttatttcgggtccgctaggt gagacatgtagagggacagagtcaag
LOR aggttaagacatgaaggatttgcaa ggcaccgatgggcttagag
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Supplemental Figure 1. Analysis of AHR target genes. mRNA expression analysis of (A) CYP1B1 and
(B) aryl hydrocarbon receptor repressor (AHRR) after 48 hours stimulation (re-stimulation after 24 hours)
of monolayer primary human keratinocytes (N=3) with a concentration series of the IMA-compounds,
LAQ and TCDD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Mean +/- SEM.
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Supplemental Figure 2. Epidermal differentiation analysis in HEE model. (A) loricrin (LOR) and
involucrin (IVL) staining of HEEs stimulated with 1 nM TCDD and IMA-07101 for 96 hours and
(B) quantification thereof (um2 per mm length of the epidermis and percentage expression of the
epidermis), including filaggrin (FLG) expression (N=3). *P<0.05. Mean +/- SEM. Scale bar = 100 pm.
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Supplemental Figure 3. AHR-mediated restoration of differentiation protein expression.
(A) immunostaining for CYP1A1 and (B) quantification (um2 per mm length of the epidermis and
percentage expression of the epidermis) of protein expression for filaggrin (FLG; P = 0.032, N=3)),
Loricrin (LOR) and Involucrin (IVL; P = 0.025) in HEEs stimulated with 10 ng/mL IL-4, for 24 hours
followed by co-stimulation with the compounds for another 72 hours. Scale bar = 100 um.
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Graphical abstract

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 [206] and
ichthyosis vulgaris (IV) [247], 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)[248].
Hygroscopic NMFs maintain epidermal hydration of the skin, and reduction of
NMFs directly results in dry skin [249]. Loss-of-function variants in FLG lead to
reduced levels of NMFs in the stratum corneum (SC) [250]. NMF levels directly
correlate to filaggrin genotype and AD severity [251] and are found to correlate
with corneocyte morphology in AD patients [251]. In mouse models, filaggrin
deficiency results in barrier impairment and allergen sensitization [252]. When
comparing AD patients with and without FLG variants, increased water loss and
skin permeability were found in both groups [253-255], while others report that FLG
variants do not influence transepidermal water loss (TEWL) [41]. 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 [41]. 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) [256-259] 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 [260].
Some CRISPR/Cas9 related work is performed in primary keratinocytes, although
most of the published research utilizes immortalized keratinocytes [261]. The
immortalized human N/TERT keratinocyte cell lines (N/TERT-1 and N/TERT-2G)
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have been available [262] and our recent studies on their excellence as alternatives
to primary keratinocytes sparked great interest in these cell lines [263]. 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 [263] in contrast to other immortal 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 [263], with minor
adjustments. Briefly, inert Nunc cell culture inserts (141002, ThermoFisher Scientific)
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were coated with rat tail collagen (100 pg/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, IA, 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 pL kit (ThermoFisher Scientific)[264]. Per electroporation condition, synthetic
sgRNA (300 ng) and Cas9 (1.5 pg) were incubated with 5 pL 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.

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
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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 1a).
Immortalized human keratinocyte N/TERT-2G cells were electroporated with RNP
complex containing the FLG targeting sgRNA and synthetic spCas9 protein [264].
Targeted Cas9 introduced a double strand break typically repaired through
nonhomologous 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.
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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. ¢) 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 [265] 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 yielded 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 (HEE~™S), demonstrated that knockout of FLG results in the absence of
keratohyalin granules and abrogated filaggrin protein expression (Figure 2d). In the
FLG corrected clone (HEE®), the presence of keratohyalin granules was reinstated
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together with the complete recovery of filaggrin expression, as it was expected
from the protein sequences (Supplementary Table S1).

Figure 2. Validation of filaggrin expression in AFLG and FLG corrected cultures. a-b) Schematic
representation of the genomic changes in the AFLG clone and FLG corrected clone, respectively. ¢) PCR
amplified FLG sequence (reverse complement sequence depicted) indicates a 5 bp deletion (c.152del5)
leading to a predicted p.P51HfsX3 frameshift mutation with an early stop codon in the AFLG clone
and restoration of the 5bp deletion in the FLG corrected clone. d) Filaggrin protein expression is lost
in HEE®™¢, accompanied by a complete loss of keratohyalin granules, while filaggrin expression and
keratohyalin granules are fully restored in HEE©R. Bar = 100 um.

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
HEE2FS 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
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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.

Figure 3. KRT2 and HRNR are completely abrogated as a result of FLG knockout. a) Immuno-
histochemical 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 TGM1 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 [266, 2671]).

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 [254], 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 (HEEA™€), while functional properties were
regained upon FLG gene-correction (HEEF),

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.
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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 [261]. 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 [268]. 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 [42, 206, 207, 269] 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 [270, 271], e.g. skin-specific retroviral-like aspartic protease (SASPase) [272],
kallikrein-related peptidase 5 (KLK5) [273], matriptase (MT-SP1) [274], and
furin [275]. Further processing of filaggrin into NMFs can be attributed to proteases
like caspase 14 (CASP14) [7] and bleomycin hydrolase (BLMH) [276]. 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 [277-280]. It has
been hypothesized that the translocated N-terminal fragment promotes keratinocyte
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denucleation in apoptotic terminally differentiating keratinocytes [278]. In addition,
the profilaggrin N-terminal fragment potentially regulates epidermal differentiation
genes, as suggested before [281], and may halt keratinocyte proliferation upon
overexpression of the profilaggrin N-terminus [280]. 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 [282].

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 filaggrin gene are situated downstream of the A and B domains, although
truncating sequence variants have also been found in the A domain [283]. 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 [284]), 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 [285]. Interestingly,
these genes are commonly downregulated in AD [286] and their expression
is reduced upon stimulation with T-helper (Th)2 cytokines IL-4 and IL-13 in
vitro [75, 287, 288]. Furthermore, parallel downregulation of HRNR and FLG has
been described [288], 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 [288], 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) [289, 290], a congenital skin disease, characterized by dry skin and
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barrier loss [291], and recently found to be differentially expressed in vesicular hand
eczema patients [292]. 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 [6, 293]. 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 [41]. 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 [294] 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 [255], and at the organization of structural
intercellular lipid lamellae which are considered important for functional barrier
properties of the SC [251].

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 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.
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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- TTGAGAAAGCTCAGGCACAC ~ CACTCAGGCTAGAAGCGATG
KCNIP3

KO_Off2  intergenic:MIR873- CTCCAGCCAACATCAAGAAA  TTTCCAAAGGGAATTGATCC
LINCO1242

KO_Off3  intron:ELAVL2 GGACAGACATCTGCATTCATTC  TTACCAGATTGCGTCCTGTG

KO_Off4 intergenic:GMNC- AGAAGCAGGCTGACACCTTT CCCAGTGATGAGGAATGGAT
OSTN

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

Cor_Off1 intron:ZC3H13 CTTCTGACGCTTCATTTCCA AACCCAACTTCCAAACAACC

Cor_Off2  intron:LINC00375 GCCAAGGTATTCAAAAGATGG  ACAACAAAGCCTCCCTGAAT

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

Cor_Off4  intron:SLC16A9 TCCCACAAACATTCCATGAG CATCTGTGAAGGCAGGCTAA

Cor_Off5  intergenic:RP11- GAGCCACAGAGCCTTCTTCT AGAGCTGGGATTTGAGCCTA
574016.1-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 [295] 1:10000

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

IVL; Mon150 Van Duijnhoven et al 1992 [204] 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




Investigations into the FLG null phenotype | 105

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
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Supplemental methods

In silico search for potential off-target effects

CRISPOR (version 4.98)[265] 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 [296], 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 [297].

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
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
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(RPLPO). The relative expression levels of all genes of interest were measured using
the 2-AACT method [246]. 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
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 (QQ/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
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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 [41]. Unpaired parametric t
test was used to assess statistical significance.
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Abstract

The aryl hydrocarbon receptor (AHR) is an evolutionary conserved environmental
sensor identified as indispensable regulator of epithelial homeostasis and barrier
organ function. Molecular signaling cascade and target genes upon AHR activation
and their contribution to cell and tissue function are however not fully understood.
Multi-omics analyses using human skin keratinocytes revealed that, upon ligand
activation, AHR binds open chromatin to induce expression of transcription factors
(TFs), e.g., Transcription Factor AP-2a (TFAP2A), as a swift response to environmental
stimuli. The terminal differentiation program including upregulation of barrier
genes, filaggrin and keratins, was mediated by TFAP2A as a secondary response to
AHR activation. The role of AHR-TFAP2A axis in controlling keratinocyte terminal
differentiation for proper barrier formation was further confirmed using CRISPR/
Cas9 in human epidermal equivalents. Overall, the study provides additional
insights into the molecular mechanism behind AHR-mediated barrier function and
identifies potential targets for the treatment of skin barrier diseases.
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Introduction

The skin, being an important barrier organ, plays a major role in protecting and
fostering the life it encloses. Within the ever-renewing epidermis, keratinocytes
are the predominant cell type, accounting for 95% of epidermal cells [298].
The continuous renewing of the epidermis is highly dependent on the delicate
balance between keratinocyte proliferation and differentiation. During epidermal
development, basal stem cells give rise to daughter cells which undergo a
coordinated program of cell cycle arrest, upward migration, and terminal
differentiation. Maintaining the integrity of the epidermis is essential for skin
homeostasis and protection of the host against infections, allergens, UV radiation
and other external threats through host defense, and physical, chemical, and
immunological barrier mechanisms [299]. As such, a compromised epidermal
barrier is a prominent feature of common inflammatory skin diseases, like atopic
dermatitis and psoriasis [300, 301]. In healthy skin, epidermal homeostasis is tightly
controlled through a set of essential transcription factors (TFs), e.g., TP63, AP1, and
the aryl hydrocarbon receptor (AHR)[9, 167, 302].

AHR is a TF that is considered a sensor of environmental, microbial, metabolic, and
endogenous cues. Depending on the specific activating ligand, AHR activation can
cascade into a response ranging from highly toxic to therapeutic [144, 167, 303].
AHR is involved in many biological processes, from cellular proliferation and
differentiation to immune responses both innate and adaptive of origin. Upon
activation, AHR translocates from the cytoplasm to the nucleus, where it dimerizes
with AHR nuclear transporter (ARNT) to bind to its cognate DNA consensus sequence
(5¢-TNGCGTG-3¢) known as the xenobiotic response element (XRE) and regulates
gene transcription [167, 304]. Certain AHR-activating ligands are highly toxic, e.g.,
high-affinity environmental pollutant dioxins (e.g., 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD)). TCDD has an extremely long half-life (estimated at 7.1 years in
humans) resulting in prolonged and uncontrolled AHR activation [305, 306], while
other AHR ligands are rapidly degraded and considered of more physiological
importance, e.g., 6-formylindolo[3,2-b]carbazole (FICZ), which is generated upon
UV radiation of keratinocytes [97, 307, 308].

Over the years, we have gained better understanding of the effects of AHR
activation on inflammatory skin conditions since the discovery of AHR activation
as the working mechanism of coal tar (CT) ointment that was used for psoriasis and
atopic dermatitis treatment [75, 77, 309]. These insights sparked the global interest
in therapeutics that target the AHR in skin diseases and beyond, and led to the
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registration of Tapinarof, an AHR ligand, for psoriasis [153, 217]. Phase 3 clinical trials
in atopic dermatitis are ongoing (NCT05032859). Other AHR ligands with similar
biological implications, including carboxamide and indazole derivatives, have
also been studied for their therapeutic anti-inflammatory and barrier promoting
potential [177, 219, 221, 222, 310].

At the molecular level, mainly four groups of genes are known to be targeted by AHR
in the skin. Firstly, a battery of xenobiotic metabolizing enzymes (XMEs), including
cytochrome P450 monooxygenases (P450s), e.g., CYPTA1[311]; secondly, genes
involved in keratinocytes differentiation [211], e.g., filaggrin and involucrin [75, 132,
150, 171]; thirdly, genes related to host defense, e.g., the antimicrobial peptide
(AMP) families of S700 genes, late cornified envelope (LCE) genes, and peptidase
inhibitor (PI)3, amongst others [77, 171]; and finally, genes related to immunity, e.g.,
the inflammatory cytokines Interleukin (IL)-18, IL-6, CXCL5, CCL20 and IL-10 [312-314].
Hence, AHR activation is found to increase epidermal differentiation and barrier
formation [75, 76, 169, 171], and dampen skin inflammation [148]. However, the
sequence and dynamics of the molecular events and other players involved through
which AHR mediates these effects are poorly understood.

In this study, we aim to characterize regulatory cascade upon AHR activation
in human keratinocytes. Through transcriptomic and epigenomic analyses, we
identified a hitherto unrecognized AHR-TFAP2A axis that regulates epidermal
keratinocyte terminal differentiation and skin barrier formation.

Results

AHR activation results in distinct early and late transcriptional programs
To characterize the gene expression pattern upon AHR activation in human primary
keratinocytes, we performed RNA-sequencing on keratinocytes either treated
with TCDD or coal tar (CT), two AHR model ligands, for short term (2 h) and longer
exposure duration (24 h). Principle component analysis (PCA) showed transcriptome
alterations in ligand treated samples already after 2 h of treatment, indicating
that ligand exposure results in swift AHR activation and transcription regulation
(Fig. 1a). The differences became increasingly apparent between 2 h and 24 h of
ligand treatment, indicated as the major change through PC1 axis (71% variance).
Differences between TCDD and CT treated samples were minor as they closely
clustered in the PCA plot, indicating that regulatory events downstream of AHR
activation are similar in both treatment conditions. CYP1AT and CYP1B1, target genes
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in canonical AHR signaling, showed consistent up-regulation upon both ligand
treatments, more significantly after 24h treatment (Fig. 1b). Their gene expression
was validated with qPCR (Fig. 1c). These observations indicate that TCDD and CT
treatment activate AHR signaling pathways through a similar pool of genes within
24 h, and we therefore focused on the common mechanism shared between TCDD
and CT treatment in subsequent analyses, hereafter referred to as “ligand-treatment”.

Next, we identified differentially expressed genes (DEGs, adjusted p value <0.05)
between the control and at both 2 h and 24 h of ligand treatment. In total, 8160
DEGs were grouped into eight hierarchical clusters according to the gene expression
dynamics at different time points after ligand treatment (Fig. 1d, Table 1, and
Supplementary Data 1). Clusters 1 and 2 show early downregulation upon ligand-
treatment, with no apparent late effects or dampened downregulation after 24 h of
treatment, respectively. Cluster 3 and cluster 8 comprised the majority of DEGs but
their gene expression was unrelated to AHR ligand treatment and mainly affected
by the keratinocyte differentiation itself. Genes from cluster 3 are mainly associated
with gene ontology (GO) term ‘cell cycle’ and genes from cluster 8 are involved in
‘translation’. Importantly, genes in cluster 4 showed up-regulated expression after 2 h
ligand treatment and are involved in the processes of ‘phosphorylation’and ‘epithelium
development; e.g.,, NOTCH2, JUN, TFAP2A, KRT4, and POU3F1. In contrast, genes in
cluster 5 showed late up-regulated expression only after 24 h of ligand treatment and
mainly contribute to ‘keratinocyte differentiation; e.g., FLG and IVL, and ‘oxidation-
reduction process, e.g.,, HYALT and CYCS. Clusters 6 contains genes that are slightly
upregulated early after ligand treatment. These genes appear downregulated at 24 h
in control, probably due to differentiation, while ligand treatment at this timepoint
dampens the downregulation. Cluster 7 contains genes that are downregulated 24
h after treatment initiation. Interestingly, there was no distinct cluster of genes that
showed continuous up-regulation or down-regulation at 2 h and 24 h after TCDD and
CT treatment. This highlights the dynamics of AHR signaling in primary cells, rather
than the reported continuous signaling in (cancer) cell lines [315].

To dissect the molecular events upon AHR activation, we continued to focus on
clusters of ‘early-responsive genes (ERGs)’ (cluster 4, Fig. 1e, upregulation 2h after
ligand treatment) and ‘late-responsive genes (LRGs)’ (cluster 5, Fig. 1f, upregulation
24h after ligand treatment). The separation of ERGs and LRGs suggests a different
regulatory mechanism of AHR signaling between early and late responses. This
observation led us to hypothesize that the early and late responses are potentially
linked via TFs in ERGs that activate transcription of LRGs. Indeed, among the
8160 DEGs, 558 genes were classified as TFs and 76 TFs out of 791 genes (10%,
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hypergeometric p value = 0.001) were found in ERGs, e.g.,, HES1, HES2, FOSLI,
JUN, TFAP2A, and SOX4. In contrast, LRGs did not show a significant enrichment
of TFs (13 TFs in 633 genes, e.g., GRHLT and STAT6, hypergeometric p-value = 1.2)
(Fig. 1e, f, Supplementary Data 1). This clear enrichment of TFs in ERGs in contrast to
LRGs supports our hypothesis that the up-regulated TFs among ERGs regulated the
expression of LRGs, including the expression of epidermal differentiation genes.

Figure 1. AHR activation results in distinct early and late response. a) Principal component analysis
(PCA) of RNA-seq data indicating that 24 h after TCDD or coal tar treatment, the response is highly
similar. b) Genome browser screenshots of CYPTAT and CYPIB1 on RNA-seq tracks. ¢) RT-qPCR
validation of CYP1AT and CYPIBI1. Data shown as mean +SEM, N=5 technical replicates, two-way
ANOVA, ns p value > 0.05, * p value <0.05, ** p value <0.01, *** p value <0.001. d) Hierarchical
clustering of differentially expressed genes (p value <0.05). Z-score was calculated based on log10
(FPKM+0.01) of each gene. e GO annotation of ERGs, accompanied by a pie chart showing the number
and percentage of TFs within the f GO annotation of LRGs, accompanied by a pie chart showing the
number and percentage of TFs within the cluster.
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AHR activation promotes dynamic alterations of

the enhancer landscape

To identify AHR target genes, including TFs, we set out to first map enhancers
bound by AHR. Being a receptor of environmental cues, AHR was expected to bind
to chromatin in a swift and transient manner, and therefore we first performed
AHR targeted chromatin immunoprecipitation followed by gqPCR (ChIP-gPCR) to
determine the binding time frame. At 30 min of ligand treatment, AHR binding
signals were detected at the loci of the known AHR target gene CYP1A2 (Fig. 2a).

Such fast binding of AHR was consistent with the translocation of AHR from the
cytoplasm to the nucleus as shown by immunofluorescent staining after 30 min
of ligand treatment (Fig. 2b). Notably, the AHR binding signals decreased after
90 min of ligand treatment (Fig. 2a), confirming the transient character of AHR
interaction to its target loci. The dynamic binding on the genome by AHR in primary
keratinocytes is consistent with our observations on gene expression changes upon
AHR activation (Fig. 1d).

Since we consistently observed similar gene expression and AHR binding following
both TCDD and CT treatments, we continued our experiments with only TCDD
stimulation to model AHR activation. To identify AHR-responsive enhancers that are
involved in gene activation, we performed H3K27ac ChIP-sequencing after TCDD
treatment for 30 and 90 min. Clustering of enhancer regions based on H3K27ac signals
gave rise to four clusters consisting of 4,604 enhancers (Fig. 2c and Supplementary
Data 2). Subsequently, motif analysis was performed to predict TFs that potentially
bind to these enhancers (Fig. 2e, Supplementary Data 2). Among the four clusters, only
cluster 1 (shown as C1) containing a small number (186) of enhancer regions showed
decreased activity upon AHR activation by TCDD at 30 min (Fig. 2c), and motif analysis
did not yield statistically enriched TF motifs (Supplementary Data 2). Cluster 2 (C2)
represents 945 enhancer regions that showed a reasonable level of H3K27ac signals
in the control (0 min) and increased signals at 30 min of TCDD treatment. The H3K27ac
signals remained high after 90 min. Genes nearby these enhancers are mainly involved
in ‘omega-hydroxylase P450 pathway’ shown by the GO analysis (Fig. 2d), and contain
many known AHR targets, such as CYP1AT and CYP1A2. TF motif analysis showed that
the AHR motif was the only highly enriched motif in C2, indicating that this cluster of
enhancers are likely directly bound by AHR (Fig. 2e, Supplementary Data 2). Cluster 3
(C3) contains 2470 enhancer regions maintaining high signals at 0 and 30 min,
which decreased after 90 min of TCDD treatment. Genes nearby these enhancers are
mainly involved in ‘regulation of Notch signaling pathway, e.g., BMP7, HES1, JAGIT,
and ‘immune system development; e.g., BCL6 and CD28 (Fig. 2d). CHOP, ATF4, AARE
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and CEBP binding motifs from the AP-1 motif family were enriched in C3 enhancers
(Fig. 2e, Supplementary Data 2). The last cluster, cluster 4 (C4), consisted of 1003
enhancers showing higher activity only after 90 min of TCDD treatment, with
nearby genes being predominantly involved in ‘keratinocyte differentiation; e.g.,
FLG and HRNR. This cluster did not contain significantly enriched TF binding motifs
(Supplementary Data 2).

To confirm the motif analysis of C2 in which the AHR motif was enriched, we
performed AHR ChIP-sequencing with TCDD treatment and obtained 57 AHR
binding sites (adjusted p value = 1e-4, Supplementary Data 3). When examining
H3K27ac signals at AHR binding sites, we observed persistent H3K27ac signals
at both 30 min and 90 min of treatments (Fig. 2f), fully consistent with C2 cluster
enhancer signals (Fig. 2c), confirming this cluster of enhancers being direct targets
of AHR. Of note, the apparent H3K27ac signals at most of the C2 cluster enhancers
in the control without ligands indicate that AHR binds to open chromatin regions.
At the same time, AHR binding signals peaked at 30 min and went down after
90 min of treatment (Fig. 2g), in line with the transient AHR binding observed from
ChIP-gPCR analysis of the CYP1A2 locus (Fig. 2a).

In summary, these data demonstrate a transient nature of AHR-enhancer binding,
leading to early activation of enhancer targets (C2) and the late activation of
enhancers near epidermal differentiation genes (C4). This distinct activation
scheme is consistent with the temporal divided expression pattern of ERGs and
LRGs (Fig. 1).

Transcription factor AP-2 Alpha (TFAP2A) is direct target of AHR

To confirm our hypothesis that AHR-controlled TFs among ERGs regulate
keratinocyte differentiation program as the secondary response to AHR activation,
and to identify such candidate TFs, we integrated the RNA-sequencing, AHR
ChIP-sequencing and H3K27ac ChlP-sequencing data. We set the criteria of such
intermediate TFs to: exhibiting up-regulated gene expression upon AHR activation
by ligands (cluster 4 in Fig. 1d) and denoted by a nearby AHR-bound active
enhancer as indicated by AHR and H3k27ac ChIP-sequencing signals. Based on
these criteria, we identified several transcription factors, including Transcription
Factor AP-2 Alpha (TFAP2A), HES2 and FOSL1 (Suppl. Fig. 1).
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Figure 2. AHR activation leads to enhancer dynamics. a) AHR ChIP-RT-qPCR performed at the loci of
CYPIA2 (as a positive control) at different time point after ligand treatment. Input normalized fold
change is relative to both input DNA and negative control loci (chr11). Data shown as mean £SEM,
N=6 technical replicates, two-way ANOVA, ns p value > 0.05, * p value <0.05, *** p value <0.001.
b) AHR translocation from the cytoplasm to the nucleus after 30min of ligand treatment. c) Clustering
of the dynamic enhancers upon AHR activation. Heat maps and band plots are shown in a 4-kb
window with summits of enhancers in the middle. Color intensity in heat maps represents normalized
read counts. In the band plots, the median enrichment was shown. d) GO annotation of enhancers in
C2, C3 and C4. e) Significantly enriched motifs found in C2 and C3 of dynamic enhancers shown in c.
f) Band plot showing the quantification H3K27ac ChlIP-seq signals at AHR binding sites upon ligand
treatment. g Band plot showing the quantification AHR ChIP-seq signals at AHR binding sites upon
ligand treatment.
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As TFAP2A is known to play a role in keratinocyte differentiation [316, 317], we
decided to focus on dissecting TFAP2A’s interaction with AHR. TFAP2A is among
ERGs and has an intronic AHR-bound enhancer with a high H3K27 signal (Fig. 3a).
AHR binding at this locus was validated by ChIP-qPCR (Fig. 3b), establishing TFAP2A
as a likely direct AHR target.

Figure 3. AHR targets TFAP2A in the early response to AHR ligands. a) Genome browser screenshots of
the TFAP2A coding region show RNA-seq, AHR ChlIP-seq, and H3K27ac ChIP-seq tracks upon treatment
with coal tar and TCDD. Red arrow indicates AHR binding site within the TFAP2A locus. b) AHR ChIP-RT-
qPCR validation at the loci of TFAP2A at different time point after ligand treatment. Input normalized
fold change is relative to both input DNA and negative control loci (chr11). Data are shown as mean
+SEM, N=2 technical replicates. ¢, d) Knockout of AHR (AAHR) is accompanied by the loss of CYP1A1
(as classical AHR target) and TFAP2A expression. Data shown as mean +SEM, N> 5 technical replicates,
one-way ANOVA. ns p value > 0.05, ** p value <0.01, *** p value <0.001, **** p value <0.0001.

To functionally validate whether TFAP2A is a primary AHR target, clonal homozygous
AHR knockout (AAHR) keratinocytes were generated using CRISPR/Cas9 in the
immortalized N/TERT-2G keratinocyte cell line [262]. After clonal expansion of the
knockout pool, a full AAHR clonal keratinocyte cell line was identified using PCR
and subsequent Sanger sequencing. On both alleles one nucleotide was deleted
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resulting in a frameshift after 76 amino acids, and an early stop codon that translates
to a loss-of-function truncated AHR protein. As expected, the expression of a known
AHR target gene CYPTAT was significantly lower in AAHR keratinocytes than that in
wildtype cells, and CYPTAT expression in AAHR keratinocytes was only marginally
enhanced by TCDD treatment, in contrast to wildtype cells (Fig. 3¢). Importantly,
AAHR keratinocytes showed a loss of target gene expression and TCDD treatment
of AAHR keratinocytes did not increase the TFAP2A expression level, in contrast to
the enhanced expression of AHR wildtype keratinocytes (Fig. 3d), which is in line
with our notion that TFAP2A is indeed an AHR direct target gene.

AHR-TFAP2A axis controls the epidermal differentiation program

Next, we investigated the contribution of TFAP2A activation in AHR-mediated
keratinocyte differentiation. We knocked down TFAP2A in monolayer primary
keratinocyte cultures using siRNAs (52% knockdown compared to siControl;
Fig. 4a, b), treated TFAP2A knockdown keratinocytes with TCDD for 24h to activate
AHR signaling, performed RNA-sequencing analysis, and detected 435 genes
that were differentially expressed between TCDD-treated siCtrl and siTFAP2A
(Supplementary Data 4). To identify TFAP2A-mediated AHR signaling, we examined

the effect of TFAP2A knockdown on TCDD-induced gene expression and compared
them to the earlier identified panel of AHR-responsive genes (from Fig. 1d, all
clusters, 3084 DEGs in total, 1976 genes up- and 1108 genes downregulated).
Among the 435 differentially expressed genes upon TFAP2A knockout, 214 are
overlapping with the identified 3084 AHR-responsive genes. The overlapping genes
were clustered according to their expression patterns (Fig. 4c, Supplementary
Data 4). Clusters 1 and 2 (18 and 40 genes, respectively) contain genes that
are downregulated by TCDD and remain downregulated (cluster 1) or become
upregulated (cluster 2) upon TCDD treatment in TFAP2A knockdown condition.
Cluster 3 and 4 (57 and 99 genes, respectively) contain genes that are upregulated
by TCDD treatment and remain upregulated in both conditions (cluster 3) or
become downregulated upon TCDD treatment in TFAP2A knockdown condition
(cluster 4). Because cluster 4 genes were induced by TCDD and the induction was
abolished by TFAP2A knockdown, these genes were marked as a TFAP2A-mediated
AHR response genes. Cluster 4 was found to be enriched for LRGs (mean fold
enrichment 20.8, hypergeometric p-value 7.11e-47), including IVL, several S100
genes, and SPRR genes that are involved in terminal differentiation of epidermal
keratinocytes. In line with this, functional annotation of the genes in cluster 4
resulted in 57 significantly enriched GO terms, such as ‘epidermis development’and
‘keratinocyte differentiation’ (Fig. 4d).
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To investigate whether TFAP2A directly regulates these genes, we sought for the
TFAP2A binding motif near promoter and enhancers of genes in cluster 4. We found
that 64 out of 99 genes have a TFAP2A binding motif at their promoter regions
while all 99 genes have TFAP2A motif at their enhancer regions (Supplementary
Data 5). These results indicate that TFAP2A likely regulate these cluster 4 genes
directly, and support the notion that AHR controls keratinocyte differentiation
through activation of TFAP2A.

Figure 4. AHR-TFAP2A axis controls the epidermal differentiation program a) Validation of TFAP2A
knockdown by RT-gPCR, normalized to reference gene hARP. Data shown as mean +SEM, N=3 technical
replicates, unpaired T-test, * p value <0.05. b) Western blot validation of TFAP2A knockdown. Actin was used
as a loading control for the quantification of TFAP2A protein levels. ¢) Heatmap of differentially expressed
genes (p value <0.05), accompanied by ERG (yellow) or LRG (orange) nomination. Z-score was calculated
based on log10 (FPKM+0.01) of each gene. d GO annotation of genes in cluster 4 of the heatmap.

Finally, the importance of the identified AHR-TFAP2A axis in keratinocyte
differentiation was investigated by knocking out TFAP2A using CRISPR/Cas9 on
immortalized N/TERT-2G keratinocytes. Clonal homozygous TFAP2A knockout
(ATFAP2A) N/TERT-2G keratinocytes were generated, grown in monolayer cultures,
and treated with TCDD for up to 72 h, similar to the conditions of the previously
described AHR-activated siRNA experiment. The upregulation of the AHR target
gene CYPTAT1 by TCDD was not altered in ATFAP2A keratinocytes, indicating that
CYP1AT is not regulated through TFAP2A (Fig. 5a). However, differentiation-related
AHR-responsive genes, e.g., IVL, SPRR1A/B, SPRR2, and MMP1, of which expression
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could be induced by TCDD in wildtype keratinocytes, were not upregulated in
ATFAP2A keratinocytes (Fig. 5b). The expression patterns of these genes upon
TCDD treatment with TFAP2A depletion are consistent with those observed from
the siTFAP2A experiment (cluster 4)(Fig. 5b, compared to untreated condition,
only 72 h timepoint shown). Consistently, the lack of mRNA upregulation induced
by TCDD in ATFAP2A keratinocytes was observed for many other epidermal
differentiation genes detected by RT-qPCR, e.g., PRR9, DSG1, DSCI1, ST00AS8, TRPV3,
and TGM3 (Suppl. Fig. 2a). Importantly, already at baseline, ATFAP2A keratinocytes
showed significantly less expression of these genes as compared to wildtype N/
TERT-2G keratinocytes (Fig. 5¢), indicating that loss of TFAP2A is not adequately
compensated. Interesting to note, expression of AHR was not hampered in
ATFAP2A keratinocytes (Suppl. Fig. 2b), implying that TFAP2A is not part of a self-
regulating AHR signaling feedback loop. In summary, these data demonstrate that
TFAP2A is an indispensable regulator in the molecular cascade of AHR-mediated
keratinocyte differentiation. although it is unlikely that TFAP2A is involved in other
AHR-mediated biological processes, such as xenobiotic metabolism where CYPTA1T
is a target.

ATFAP2A organotypic human epidermal equivalents (ATFAP2A-HEEs) were
generated to examine whether TFAP2A knockout and accompanied loss of
keratinocyte differentiation gene expression gives rise to morphological changes
and epidermal barrier defects. Quantitative epidermal barrier properties were
analyzed by electrical impedance spectroscopy (EIS) and transepidermal water
loss (TEWL) (Fig. 5d, complete EIS spectrum in Suppl. Fig. 2c). ATFAP2A-HEEs
showed reduced electrical impedance, indicating functional skin barrier defects
of ATFAP2A-HEEs, which agrees with the altered keratinocyte differentiation gene
expression. Of note, we observed statistically significant improvement in the EIS
values upon AHR activation by TCDD in ATFAP2A-HEEs, which was corroborated by
a non-significant trend of reduction in TEWL. The loss of TFAP2A expression was
confirmed by immunochemistry staining (Fig. 5e), which coincided with altered
epidermal morphology, e.g., a significantly thinner viable epidermis and stratum
corneum (Fig. 5f), and stratum granulosum appearing to consist of less layers. As
expected based on the epidermal morphology of the ATFAP2A-HEEs, aberrant
protein expression of a panel of important terminal differentiation proteins was
detected, including IVL, FLG, HRNR, and TGM1 (Fig. 5g). Treatment of ATFAP2A-HEEs
with TCDD did alleviate some of the diminished protein expression, suggesting that
loss of TFAP2A can partially be alleviated by AHR activation, presumably via other
AHR-induced ERGs (e.g., OVOL-1 [136], fold change 2.29 (Supplementary Data 1))
that cooperate in the terminal differentiation program.
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< Figure 5. AHR-TFAP2A axis in keratinocyte differentiation and function. a) Monolayer N/TERT-2G and
ATFAP2A were treated with TCDD for up to 72 h and AHR activation was validated by CYP1AT RT-qPCR.
Data are shown as mean +SEM, N=3 technical replicates, two-way ANOVA. b) RT-qPCR analysis of several
genes from cluster 4 (Fig. 4c) displays AHR-dependent induction in the N/TERT-2G keratinocytes but
not in ATFAP2A keratinocytes. Data are compared to their respective untreated condition and shown
as mean +SEM, N=3 technical replicates, two-way ANOVA. c) In addition, RT-qPCR analysis shows
significant reduction of basal gene expression in ATFAP2A keratinocytes regardless of AHR activation.
TCDD treatment data (closed circles) shown superimposed on untreated data (open circles). Data
depicted as mean £SEM, N=3 technical replicates. d) Functional skin barrier analyses EIS and TEWL on
HEEs and ATFAP2A-HEEs displays reduced electrical impedance and increased transepidermal water loss,
indicating a reduced barrier functionality. Barrier functionality is improved by TCDD treatment, as EIS
increases and TEWL reduces. Data shown as mean +SEM, N=3 technical replicates, one-way ANOVA. TEWL
differences are not significant due to variation in the untreated HEEs. Full EIS spectrum in Supplementary
Fig. 2c. e) H&E staining shows the diminished HEE thickness, stratum corneum thickness, and reduced
stratum granulosum. Immunohistochemistry confirms the complete loss of TFAP2A expression. f) HEE
and stratum corneum thickness measurements quantified and shown as mean +SEM, N=3 technical
replicates, two-way ANOVA. g) Immunohistochemistry further indicates the reduction of IVL, FLG, HRNR,
and TGM1 expression, while TCDD treatment marginally upregulates the expression of IVL and FLG. Scale
bar =100 um. * p value <0.05, ** p value <0.01, *** p value <0.001, **** p value <0.0001.

Discussion

In this study, we aimed to elucidate the signaling cascades by which the AHR exerts
transcriptional regulation of terminal differentiation and skin barrier formation. We
combined transcriptomic and epigenomic analyses to characterize the temporal
gene regulatory events following AHR activation using keratinocytes as a model
system for barrier epithelia. We identified that in a temporal distinct early response,
AHR directly regulates the expression of several TFs known to be important for
skin development and keratinocyte differentiation, e.g., TFAP2A [317-319]. Studies
on human and animal models indicated that TFAP2A, together with interferon
regulatory factor (IRF)6, grainyhead like transcription factor (GRHL)3, and tumor protein
(TP)63, forms a core gene regulatory network as loss of any of these genes results
in similar craniofacial, epidermal, and limb development defects [320]. We found
that TFAP2A directly enhances epidermal differentiation as a secondary response to
AHR activation and thereby contributes to skin barrier integrity. Low-level activation
of AHR by endogenous, circulating, weak AHR agonists might drive the TFAP2A-
mediated keratinocyte differentiation in vivo. As such, these findings further elucidate
the molecular mechanisms of action by which AHR induces its target effects.

Among the many biological roles that AHR has been associated with in the skin,
our study specifically unravels the molecular mechanism behind AHR-mediated
keratinocyte differentiation. We identified distinct early and late responses upon
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AHR activation where TFs activated during the early response such as TFAP2A
requlate keratinocyte differentiation genes in the late response. In addition, we
demonstrate that AHR activation leads to enhancer dynamics that distinguish
direct targets from secondary effects. The AHR:ARNT binding motif was significantly
enriched in enhancers which were pre-established open chromatin regions with
visible H3K27ac signals already before the treatment started. Thus, instead of
establishing de novo enhancers, like pioneer transcription factors (e.g., TP63) that
orchestrate the cell-type-specific enhancer landscape [321, 322], AHR seems to
exploit a pre-specified landscape of targets. This enables a swift response towards
external threats through regulation of canonical pathways like the cytochrome
P450 pathway and mitogen-activated protein kinase (MAPK)[323]. Enhancers that
showed dynamic H3K27ac signals at later time points were located near genes
involved in ‘keratinocyte differentiation; of which activation represents secondary
effects of AHR activation. Interestingly, many of these genes are considered AMPs,
consistent with our and others’ recent findings that AHR activation in keratinocytes
induces AMP expression[77, 212]. It is important to note that AHR direct targets
that have AHR:ARNT motif-containing enhancers nearby, e.g., CYP1AT, are not all
regulated by TFs such as TFAP2A, indicating the specificity of AHR action in different
biological processes. In addition, immune system related functions appear to be
associated with both pre-established and dynamic chromatin regions, suggesting
that different immune genes are either induced or repressed at different time
points upon AHR activation (Supplementary Data 2). This intriguing complexity and
in the temporal cooperation between different immune pathways in response to
environmental threats are subject to future research and may shed further light on
the Janus-faced role of AHR [122].

Unlike AHR binding profiles in cancer cell lines that contain thousands of AHR
binding sites (including TFAP2A) [324], our AHR ChIP-seq in keratinocytes yielded
‘only’ 57 AHR binding site, probably due to the transient binding nature of AHR
upon ligand activation in normal cells. The validation of several sites by ChIP-RT-
gPCR strengthens our confidence that these are genuine AHR-bound regions
having biological relevance. The use of cancer cell lines (e.g., HaCaT keratinocytes)
in this field of research may thus overestimate the number of target genes that are
actually bound by AHR under physiological conditions.

The similarity observed between TCDD and CT treatment in vitro is striking, when
considering that these are on the opposite sides of the health spectrum: TCDD
being highly toxic while CT is used as a dermatological therapy for psoriasis and
atopic dermatitis [75, 77, 325-327]. Previous studies reported decreased TFAP2A
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expression in lesional psoriasis skin and identified TFAP2A as a core transcription
factor to regulate the psoriasis transcriptome [328, 329]. Restoration of TFAP2A
expression in both conditions may therefore be part of the therapeutic effect of CT.
TCDD and CT both activated AHR similarly, provoking an adjective transcriptional
response in keratinocytes. However, it is important to realize that the short-term
effects of AHR activation in an experimental in vitro system do not take into account
the ligand metabolism, degradation and elimination that would normally occur in
vivo. TCDD'’s extreme long half-life (not being a substrate for xenobiotic metabolism)
and systemic exposure has devastating chronic effects through sustained AHR
activation [330]. In contrast, CT is a highly complex mixture of many different
chemicals that could counter-act or compensate for the agonistic effects and is
given only localized and periodically to psoriasis and atopic dermatitis patients.
This raises an interesting question on the proposed AHR ligand promiscuity at the
molecular level [157]. The dosage and half-life of AHR ligands and thus strength
and duration of AHR activation may determine the biological effect. Whether
AHR ligands are stable, rapidly metabolized, or whether secondary metabolites

are involved in activities independent of AHR signaling pathways requires further
investigation [81]. Herein, timing seems to be of utmost importance and time-
course global gene expression profiling in vivo is an essential next step to evaluate
AHR activation and to dissect this regulatory cascade to greater detail.

Over the years, evidence has grown that serum levels of dietary-derived or
microbiota-derived components can activate the AHR in several barrier organs in
vivo. For example, indole-3-carbinole (I3C) can robustly activate the AHR in the
intestine [331] whereas tryptophan metabolites can regulate AHR activation in the
skin (e.g., FICZ [332], kynurenine [333], and kynurenic acid [162]). This implies that
dietary intervention can be helpful in controlling AHR activation and thus support
TFAP2A-mediated skin barrier integrity.

To conclude, our findings indicate that activation of AHR triggers a regulatory
cascade mediating keratinocyte differentiation and this cascade relies on TFs such
as TFAP2A that play an intermediate but indispensable role. Our identification
of the AHR-TFAP2A axis exemplifies how environmental factors can dictate the
terminal differentiation process, and unveil alternative routes and targets that may
be hijacked to foster barrier formation and repair in the skin (and presumably other
barrier organs) without the need for AHR activation per se.
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Material and methods

Cell culture and drug treatment

Human abdominal or breast skin was obtained from plastic surgery procedures after
informed consent and in line with the principles and guidelines of the Declaration
of Helsinki. Skin biopsies were taken and human primary keratinocytes were
isolated as previously described [334] and stored in liquid nitrogen until further use.
Human primary keratinocytes were cultured in Keratinocyte Basal Medium (KBM,
Lonza #CC-4131) supplemented with 0.4% (vol/vol) bovine pituitary extract, 0.5 pg/
mL hydrocortisone, 5 pg/mL insulin and 10 ng/mL epidermal growth factor (Lonza
#CC-4131). Medium was refreshed every other day until near confluency before
treatment commencement. Dimethylsulfoxide (DMSO) was purchased from Merck
(Darmstadt, Germany), 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was purchased
from Accustandard (New Haven, CT, USA), and coal tar (CT) was purchased from
Fagron BV (Capelle aan den IJssel, The Netherlands). Cells were treated with either
DMSO (0.1% vol/vol), CT (4 pg/mL), or TCDD (10 nM). Total RNA was collected for
RNA-seq and qPCR-based validation purposes. Chromatin was harvested for ChIP-
seq experiments. Lysates containing proteins were harvested for western blotting
purposes. No mycoplasma contaminations were found during cell culture.

N/TERT-2G culture and human epidermal equivalent (HEE) generation
Human N/TERT keratinocyte cell line N/TERT-2G, purchased from J. Rheinwald
laboratory (Harvard Medical School, Boston, MA, USA), was cultured in Epilife
medium (MEPI500CA, ThermoFisher Scientific, Waltham, MA, USA), complemented
with human keratinocyte growth supplement (50015, ThermoFisher Scientific) and
1% penicillin/streptomycin (P4333, Sigma-Aldrich, Saint-Louis, MO, USA). Human
epidermal equivalents (HEEs) were generated as previously described [263], with
minor adjustments. Briefly, inert Nunc cell culture inserts (141002, ThermoFisher
Scientific) were coated with rat tail collagen (100 ug/mL, BD Biosciences, Bedford,
USA) at 4°C for 1 hour. 1.5x10° N/TERT-2G keratinocytes (either wildtype, AAHR,
or ATFAP2A 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 h, 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 h and then cultured at the air-
liquid interface for an additional ten days. Culture medium was refreshed every
other day until harvesting at day ten of the air-exposed phase.
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Western blotting and Immunofluorescence

Cell lysates of human primary keratinocytes were collected after treatment using
RIPA lysis buffer. Afterwards, the lysates were sonicated (10x 5s on/off) and the
samples were loaded onto SDS PAGE gel and transferred to PVDF membranes
using the NUPAGE system (Life technologies) and visualized using SuperSignal West
Femto Maximum Sensitivity Substrate (ThermoFisher, #34095). For analysis of AHR
translocation to the nucleus, direct immunofluorescence (IF) labeling was performed
as described [75]. Antibodies for western blotting and IF are listed in Table 5.

Transcriptional analysis by quantitative real-time PCR

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
(Table 2) were obtained from Biolegio (Nijmegen, The Netherlands) or Merck.

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 [246].

Table 2. PCR, RT-qPCR and ChIP gPCR primers

Gene Usage Forward (5’ - 3’) Reverse (5'-3’)

TFAP2A PCR ATGGCGTGAGGTAAGGAGTG GCTGGGCACTGTAGGTCAAT

AHR PCR TTCCACCAAACAATGGCTAA AGAAGCTCTTGGCTCTCAGG

CYP1A1 RT-gPCR CTGGAGACCTTCCGACACTCTT GTAAAAGCCTTTCAAACTTGTGTCTCT
CYP1B1 RT-qPCR TGGCTGCTCCTCCTCTTCAC CCACGACCTGATCCAATTCTG

TFAP2A  RT-gPCR TCTCCGCCATCCCTATTAAC TGTACTTCGAGGTGGAGCTG

KRT2 RT-gPCR CGCCACCTACCGCAAACT GAAATGGTGCTGCTTGTCACA

TGM3 RT-qPCR GGAAGGACTCTGCCACAATGTC TGTCTGACTTCAGGTACTTCTCATACTG
hARP RT-gPCR CACCATTGAAATCCTGAGTGATGT TGACCAGCCCAAAGGAGAAG
CYP1A2  ChIPgPCR TCTCCAGGTGTCAGTTCAGG GAGGGCACAGGAGATAGAGG
TFAP2A ChIP gPCR  TCCGGGTAAGTTCAACACAA AAGGGTCAGCAAGGTAAAGC

CHR11 ChIPgPCR  TTGCATATAAAGGAAACTGAAATGCT  TTACTGCCATGGGTCCGTATC

HES2 ChIPgPCR  ACCTCGGGTAACAAGACACC AGTTTCACCTGGGGTTTTCA

FOSL1 ChIP qPCR  CATGACTCAGCCACTTCCAC GTCTCACCGAATCGGAATTT




130 | Chapter 5

RNA sequencing and analysis pipeline

RNA sequencing was performed as described previously [321] with the starting
material of 500 ng total RNA, to obtain double-strand cDNA (ds-cDNA). After
purification with the MinElute Reaction Cleanup Kit (Qiagen #28206), 3 ng ds-cDNA
was processed for library construction using KAPA Hyper Prep Kit (Kapa Biosystems
#KK8504) according to the standard protocol except that a 15-min USER enzyme
(BioLab # M5505L) incubation step was added before library amplification. The
prepared libraries were quantified with the KAPA Library Quantification Kit (Kapa
Biosystems #KK4844), and then sequenced in a paired-ended manner using the
NextSeq 500 (lllumina) according to standard lllumina protocols.

Sequencing reads were aligned to human genome assembly hg19 (NCBI version 37)
using STAR 2.5.0 [200] with default options. Briefly, STAR has the option to generate in-
house reference genome from the genome fastq file. In this study, hg19 genome was
used to generate the in-house reference genome with the following command: STAR
--runThreadN 8--runMode genomeGenerate--genomeDir directory/--genomeFastaFiles
hg19.fa --sjdbGTFfile Homo_sapiens.GRCh37.75.gtf --sjdbOverhang 100. Then STAR
was run and it automatically generated read-counts directly. For data visualization,
wigToBigWig from the UCSC genome browser tools was used to generate bigwig
files and uploaded to UCSC genome browser. Genes with the mean of DESeq2-
normalized counts (“baseMean”)> 10 were considered to be expressed. Differential
gene expression (adjusted P value <0.05) and principal-component analysis were
performed with the R package DESeq?2 using read counts per gene [201]. Hierarchical
clustering was performed based on log10 (FPKM+0.01). Functional annotation of
genes was performed with DAVID[335]. For the experiments containing siRNAs,
read counts were generated as described above. Differential expression analysis was
performed using R community-created R packages stringr [336] and dplyr [337], and
the DESeq2 package with normalization on siRNA treatment (DESeq design = siRNA).
Read counts from control and TCDD treated samples at the 24 h stimulation time
point were re-analyzed in a separate DESeq2 differential expression analysis (DESeq
design = treatment). Significant differentially expressed genes overlapping between
both experiments (Benjamini & Hochberg adjusted p-value < 0.05)[338] were visualized
in a heatmap using the ComplexHeatmap package [202]. Gene Ontology analysis of
interesting groups was performed using clusterProfiler [203]. Identification of TFs was
performed as described before [339].

ChIP sequencing and analysis pipeline
Chromatin for ChIP was prepared as previously described [322, 340]. ChIP assays
were performed following a standard protocol [341] with minor modifications. On



The aryl hydrocarbon receptor regulates epidermal differentiation through transient activation of TFAP2A | 131

average, 0.5M keratinocytes were used in each ChIP. For histone mark H3K27ac,
2x ChIP reactions were pooled to prepare 1x ChIP-seq sample; for AHR, 4x ChlIP
reactions are pooled to prepare 1 ChlP-seq sample. Antibodies against H3K27ac
(Diagenode C15410174) and AHR (Santa Cruz Biotechnology Inc. Santa Cruz, CA,
USA, sc-5579) were used in each ChIP assay. Resulted DNA fragments from four
independent ChIP assays were purified and subjected to a ChIP-qPCR quality
check. Afterwards 5ng DNA fragments were pooled and proceeded on with library
construction using KAPA Hyper Prep Kit (Kapa Biosystems #KK8504) according
to the standard protocol. The prepared libraries were then sequenced using the
NextSeq 500 (lllumina) according to standard Illumina protocols.

Sequencing reads were aligned to human genome assembly hg19 (NCBI
version 37) using BWA [342]. Mapped reads were filtered for quality, and duplicates
were removed for further analysis. In addition. The bamCoverage script was used to
generate and normalize bigwig files with the RPKM formula. The peak calling was
performed with the MACS2 [343] against a reference input sample from the same

cell line with standard settings and a g value of 0.05. Only peaks with a p value
< 10e-5 were used for differential analysis with MAnorm [344]. Association of peaks
to genes and associated GO annotation were performed with GREAT[345], with the
'single nearest gene within 1 Mb' association rule. P values were computed with
a hypergeometric distribution with FDR correction. k-means clustering and heat
map and band plot generation were carried out with a Python package fluff [346].
HOMER (http://homer.salk.edu/homer/motif/) was used for motif scan against
corresponding background sequences. One thing needs to be mentioned is that
we overlapped dynamic enhancers with published DNAse | hypersensitivity sites to
narrow down regions for motif scan.

ATAC-seq and motif analysis

ATAC-seq dataset (GSE123711) was downloaded and used for motif enrichment
analysis as described before [347]. Briefly, ATAC-seq peaks within TSS-1Kb to
TSS+0.5Kb were defined as promoter regions, whereas ATAC-seq peaks TSS-1Mb to
TSS+1Mb were defined as enhancer regions. Differential motif analysis and TFAP2A
motif scan within promoterregionsand enhancerregions were separately performed
using HOMER tool using default parameters (http://homer.salk.edu/homer/motif/).

siRNA knockdown

Human primary keratinocytes were grown to 10-15% confluency before 500 nM
of Accell human SMARTpool gene targeting or non-targeting siRNA (Dharmacon,
Lafayette, CO, USA) was added for 48 h. Culture medium was subsequently
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refreshed and supplemented with siRNA for another 48 h. Keratinocyte were
thereafter allowed to differentiate for 24 h in the presence of TCDD and were
harvested for transcriptional analysis and western blotting as described above.
siRNA SMARTpools include: Accell Human TFAP2A (7020) SMARTpool (#E-006348-
00) and Accell Non-targeting Control Pool (#D-001910-10).

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

Synthetic sgRNAs to knockout AHR and TFAP2A gene, and purified Edit-R Cas9
nuclease protein (NLS, #CAS11200) were bought from Invitrogen (Waltham, MA,
USA) and IDT Technologies (Coralville, IA, USA), respectively. See Table 3 for details
on the sgRNAs used.

Table 3. Sequences of the sgRNAs

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

AHR CRISPR980378_SGM  AAGTCGGTCTCTATGCCGCT  TGG  Invitrogen TrueGuide Synthetic gRNA
TFAP2A  CRISPR887200_SGM  GGAGTAAGGATCTTGCGACT GGG Invitrogen TrueGuide Synthetic gRNA
TFAP2A  CRISPR887208 SGM  TGTAGTCCCTGCGAGGATCC  AGG  Invitrogen TrueGuide Synthetic gRNA

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

N/TERT-2G keratinocytes were electroporated using the NEON transfection system
10pL kit (ThermoFisher Scientific). N/TERT-2G keratinocytes were detached from
culture plastic and washed twice with dPBS (without Ca?" and Mg?*) as described
above. Meanwhile, per electroporation condition, synthetic sgRNA (300ng) and
Cas9 (1.5 pg) were incubated with 5 pL resuspension buffer R for 20 min before
adding 1x10° N/TERT-2G keratinocytes. After mixing the cell suspension, the
cells were electroporated using 1 pulse of 1700V for a duration of 20ms before
immediate seeding in a pre-warmed 6 well plate. DNA was isolated using the
QlAamp DNA blood mini kit (51106, Qiagen, Hilden, Germany) according to
manufacturer’s protocol after a couple of days 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, v3, Synthego Corporation, Menlo Park, CA, USA). See
Table 4 for details on the PCR primers used.
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Generation of clonal AAHR and ATFAP2A N/TERT keratinocytes
N/TERT-2G keratinocyte cell pools carrying AHR or TFAP2A knockouts were diluted
to seed one cell per well (~600 cells per 60 mL of Epilife medium, 100uL per well)
into 6x96 well plates and allowed to grow for one week before refreshing the
medium. After another week of culture, cells were passaged, as described above,
into 24 well plates, 6 wells plates, T25 flasks, and T75 flasks subsequently before
freezing them. Cell clonality was assessed by sanger sequencing and analyzing
genomic DNA at the targeted locus with help of the ICE webtool (ice.synthego.com,
v3, Synthego Corporation).

In silico search for potential off-target effects

CRISPOR (version 4.99)[265] was used to search for potential off-target effects
dependent on the streptococcus pyogenes derived Cas9 (SpCas9) PAM site (5'-
NGG-3'), target genome (homo sapiens GRCh38/hg38) and our specific guide RNA
selection. Using genomic DNA of the N/TERT-2G keratinocyte knockout clones, the
top-5 off-target sites for all guide RNAs were amplified by PCR and analyzed by

sanger sequencing to assure no off-target mutations occurred. See Supplementary
Data 6 for off-target analysis results and Table 4 for details on the PCR primers used
for off-target analysis.

Epidermal barrier measurements TEWL and EIS

Epidermal barrier capabilities of epidermal equivalent cultures were studied by
use of transepidermal water loss (TEWL) measurements and electrical impedance
spectroscopy (EIS). After habituation of the cultures to room temperature, TEWL
was measured using the Aquaflux AF200 (Biox, UK) on day 10 of the air-exposed
phase of the HEE culture. TEWL was measured in triplicate in wildtype N/TERT-2G
keratinocyte and ATFAP2A keratinocyte HEEs. Significance was assessed using
one-way ANOVA with multiple comparisons correction (Tukey). EIS was measured
using the real-time impedance detector Locsense Artemis (Locsense, Enschede, The
Netherlands) with the SmartSense lid for monitoring cells in conventional transwell
plates with inserts. Impedance (Q) measurements were performed on day 10 of
the air-exposed phase of the HEE culture after habituation of the HEE cultures to
room temperature. EIS was measured in triplo on wildtype N/TERT-2G keratinocytes
and ATFAP2A keratinocyte HEEs. After calibration, continuous impedance (Q)
was measured using standard settings e.g., sweeping frequency from 10Hz to
100.000Hz. Afterwards, measured impedance was corrected with blank impedance
measurements per electrode and corrected for the size of the culture insert
(0,47cm?), resulting in impedance per cm? values (Q/cm?). Significance was assessed
using one-way ANOVA with multiple comparisons correction (Tukey).
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Morphological and immunohistochemical analysis of HEEs

HEEs were fixed in 4% formalin solution for 4 h and subsequently embedded in
paraffin. 6 um sections were stained with hematoxylin and eosin (H&E, Sigma-Aldrich)
or processed forimmunohistochemical analysis. Sections were blocked for 15 min with
5% normal goat or horse serum in phosphate-buffered saline (PBS) and subsequently
incubated with the specific antibodies for 1 h at room temperature. Next, a 30 min
incubation step with biotinylated horse anti-mouse, or goat anti-rabbit (Vector
Laboratories, Burlingame, USA) was performed, followed by a 30 min incubation with
avidin-biotin complex (Vector Laboratories). The peroxidase activity of 3-Amino-9-
ethylcarbazole (AEC) was used to visualize the protein expression and the sections
were mounted using glycerol gelatin (Sigma-Aldrich). See Table 5 for details on the
antibodies used for immunofluorescence, western blot, and immunohistochemistry.
HEE and stratum corneum thickness were measured using Zen 3.2 (Blue Edition).

Table 5. Antibodies used in immunohistochemistry and western blot

Purpose’  Antibody Manufacturer and catalog number  Dilution

IF Rabbit anti-AHR Santa Cruz Biotechnology, SC-5579 1:200

IHC Mouse anti-CYP1A1 Santa Cruz Biotechnology, SC-25304 1:25

WB /IHC Mouse anti-TFAP2A Invitrogen, MA1-872 WB 1:300
IHC 1:50

WB Mouse anti-B-Actin, AC-15 Merck, Darmstadt, Germany 1:100.000

IHC Mouse anti-FLG Leica Biosystems, Newcastle, UK 1:100

IHC Rabbit anti-HRNR Sigma-Aldrich, HPA031469 1:500

IHC Mouse anti-IVL, Mon150 Van Duijnhoven et al[204] 1:20

IHC Rabbit anti-Ki67 Abcam, Cambridge, UK, ab16667 1:50

IHC Horse anti-mouse, biotinylated Vector Laboratories, BA-200-1.5 1:200

IHC Goat anti-rabbit, biotinylated Vector Laboratories, BA-5000-1.5 1:200

‘IF = immunofluorescence; WB = western blot; IHC = immunohistochemistry

Statistics and reproducibility

Data set statistics were analyzed using the GraphPad Prism software. Differences
under p value < 0.05 were considered statistically significant, ns p value > 0.05,
* p value <0.05, ** p value <0.01, *** p value <0.001, **** p value <0.0001. Gene
expression analysis by RT-qPCR was performed in biological duplicates (at least
n=3); data are shown as mean + standard error of the mean unless otherwise
specified. Statistics was performed on dCT values using one-way ANOVA with
multiple comparison correction (Tukey). Other statistical methods used are
specified in the methods sections.
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Supplementary material

Supplementary Figure 1. a) Genome browser screenshots of the HES2 (left) and FOSLT (right) coding
region show RNA-seq, AHR ChIP-seq, and H3K27ac ChlIP-seq tracks upon treatment with coal tar and
TCDD. Red arrow indicates AHR binding site within the HES2 and FOSLT loci. b) AHR ChIP-RT-gPCR
validation at the loci of HES2 (left) and FOSL1 (right) at different time point after ligand treatment.
Input normalized fold change is relative to both input DNA and negative control loci (chr11). Data are
shown as mean +SEM, N=2 technical replicates. ** p value <0.01.
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Supplementary Figure 2. a) RT-qPCR analysis of monolayer untreated N/TERT-2G and ATFAP2A
keratinocytes indicates that loss of TFAP2A results in severe downregulation of several epidermal
differentiation genes (n.d. = nondetectable). Data are compared to N/TERT-2G keratinocytes and
shown as mean £SEM, N=3 technical replicates, one-way ANOVA. b) AHR expression is not changed
in monolayer ATFAP2A keratinocytes as shown per RT-qPCR analysis. Data shown as mean +SEM, N=3
technical replicates, one-way ANOVA. c) Full EIS spectrum of HEEs and ATFAP2A-HEEs (from Fig. 5d)
showing reduced electrical impedance of ATFAP2A-HEEs. Data shown as mean +SEM, N=3 technical
replicates, * p value <0.05.
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Graphical abstract

Abstract

Three-dimensional human epidermal equivalents (HEEs) are a state-of-the-art
organotypic culture model in preclinical investigative dermatology and regulatory
toxicology. In this study, 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 7 consecutive
days did not impact epidermal morphology and readouts showed comparable trends
with HEEs measured only once. We determined two frequency ranges in the resulting
impedance spectra: a lower frequency range termed EIS¥ 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 CLDN1 confirmed that keratinocyte terminal differentiation is the major
parameter defining EIS®, 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 EISY® 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 [348]. Stratum corneum corneocytes also are coated with a heavily
crosslinked cornified envelope [349] and the intercellular space between is filled
with lipids, generating a hydrophobic environment [350]. Next to this physical
barrier, the additional chemical, microbial and immunological barriers completes
the multifaceted barrier function of mammalian skin [19, 351].

The importance of the skin barrier is apparent from its malfunction in common
skin diseases, such as psoriasis and atopic dermatitis. The disease-associated
pro—inflammatory milieu also negatively affects keratinocyte differentiation and
impairs tight junction and corneodesmosome function [32, 352, 353]. Next to
these multifactorial diseases, monogenic diseases caused by sequence variation

in skin barrier-related genes illustrate the devastating effects of impaired skin
barrier function on our health and wellbeing [354, 355]. Aside from these intrinsic
factors, environmental factors including exhaust fumes or detergents influence
the skin barrier function of healthy individuals and patients [356]. 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 [19, 3571.

To assess skin barrier function in HEEs, various technologies can be used ranging
from mathematical penetration modelling [358, 359] and computational simulation
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of lipid organization [360] to ultrastructural imaging [361] 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 [362]. In summary, functional barrier assessment using Franz cell
diffusion and permeation flux studies provide most accurate estimates of the
outside—in barrier [363-365]. On the other hand, water evaporation (e.g. trans-
epidermal water loss (TEWL)) is considered most relevant to describe inside-out
barrier function [362, 366]. 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 [353].

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 [367]. For assessment of in vitro barrier
function, EIS has been implemented for gut, airway and neuroepithelial in vitro
cultures [368, 369] and ex vivo pig ear skin models [370]. Explorative studies have
applied EIS in in vitro epidermis models [371, 372] and link EIS to viable epidermis
and stratum corneum barrier properties [372]. Yet, a comprehensive study which
extensively assesses EIS applicability and its relationship to skin barrier properties
in a broad range of experimental models and disease conditions is missing. In this
study, 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.

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
the connected measurement device (Figure 1a). The electrodes apply a very low
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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 Z = ——

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

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, R, and C,, C,) next to the resistance of the
cytoplasm RCy‘ [139, 373] (Figure 1d). In a simplified model, both membranes can be

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

Cell
and the low cytoplasmatic resistance Ryt results in paracellular flux
el [373]. In 3-dimensioanlHEEs,

multiple individual cell layers result in a parallel series of n resistor-capacitor

resistance R_
ell

being determined by the cellular capacitance C

electrical circuits [371]. While we speculate R, Rcyt, R, and C_,

depending on cell-cell contacts, differentiation status and the cell shape in the

to be changing

corresponding layer, we assume the dominance of C_, over R_, and R, to be

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

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

Medium

the electrical circuit.

El

These electrical circuit elements also determine the generated impedance

spectrum (Figure 1f) 573 Both, R and C, are fixed parameters whose

Medium
characteristics are determined by the chosen setup and device. The variable
parameters paracellular resistance R, and cellular capacitance C_,, are determined
by the measured cells and 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 [374] (Figure 1g, h). To link EIS to epidermal barrier
properties, we determined two frequency ranges in the HEE impedance spectrum
oy Contribution, EIS®" (127-2212 Hz) and EIS*C
(28072-100000 Hz) respectively, which we analyzed by calculating their area under

the curve [373] (Figure 1i).

approximately indicating R, and C
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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 antileukoproteinase (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 [263, 334]. 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).
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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 Rcyt, apical and basolateral membrane R,, R, as well
as their capacitance C,, C, and the resistance of the medium Ryequm (@dapted from [374]). (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 [139] and [371]). (f) Schematic overview indicating the contribution
of individual electrical circuit parameters to the impedance spectrum (adapted from [373]).
(g, h) Simulated impedance spectra illustrating the influence of changes in (g) paracellular flux (R;)
and (h) transcellular flux (C_,) (adapted from [374]). (i) EIS impedance spectrum displaying EIS®
(127-2212 Hz) and EIS*¢ (28072-100000 Hz).
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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 EISdiff 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 pm. (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 um.
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Figure 3. During HEE development, EISYf correlates with keratinocyte differentiation and epidermal
thickness while EIS*¢ correlates with stratum corneum thickness. (a) Endpoint-measured impedance
spectra, (b) EIS®"and (c) EIS during HEE development. Each timepoint represents three biological
replicates and EIS¥and EIS* were compared to 10 day air-exposed cultures. (d - g) Correlation of
epidermal thickness with (d) EIS¥ and (e) EIS*C and stratum corneum thickness with (f) EIS¥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 um. (i - 1) Correlation of (i) FLG,
(j) IVL, (k) CLDN1 and (I) CLDN4 protein expression with EIS?®, Each timepoint averages three biological
replicates, R? values and significances indicate the correlation of individual replicates.
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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
EIS9fand EISSC 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
EISHf but not with EIS*¢ (Figure 3d, e). At the same time stratum corneum thickness
did not correlate with EIS4 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 3jh-I). EISHf
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 3 h-j). Expression of the tight junction proteins,
claudin 1 (CLDN1) and claudin 4 (CLDN4) could not be linked to EIS¥f (Figure 3h, k-I).
When investigating the contributions of FLG, IVL, CLDN1 and CLDN4 altogether,
CLDN1 and CLDN4 were not observed contributing to EIS®f 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 EISYf (Figure S1e, f).

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) [55] (Figure 4a). We hypothesized that if EIS9f
would merely quantify epidermal thickness, cytokines known to increase epidermal
thickness would increase EIS®, Nevertheless, while IL-4 + IL-13 stimulation of HEEs
significantly increased epidermal thickness, a reduction of EIS®f was observed
(Figure 4b, d). Stimulation with IL-17A did not change epidermal thickness but
resulted in increased EISYf and EISSC (Figure 4b-d). In contrast, IL-22 did not
induce any changes in EIS4f, while significantly increasing the epidermal thickness
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(Figure 4b-d). Correlation analysis furthermore showed no correlation between
epidermal thickness and EISYff (Figure 4e). To reassess the relationship between
EIS4fand 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 [375]. 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 EIS®f (Figure 4b). On the other hand, IL-17A
treatment, which is known to strengthen tight junction function [376], significantly
increased EISYf, while epidermal thickness and FLG and IVL expression appeared
unchanged (Figure 4b, d, g). This again indicates EIS®" to quantify the complex
dynamics of terminal differentiation and skin barrier formation rather than
mirroring epidermal thickness. Quantifying FLG and IVL protein expression was not
sufficient to model EISYf 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).

Knockout out of epidermal differentiation and cell-cell adhesion
genes links EIS® to HEE differentiation
To further test our hypothesis that keratinocyte terminal differentiation significantly

defines EIS4f, 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 [377],
tight junction protein CLDN1 [378] or transcription factors known to coordinate
terminal differentiation namely aryl hydrocarbon receptor (AHR) [379] and
transcription factor activating enhancer binding protein 2 alpha (TFAP2A) [379].
All knockout lines showed a reduction in EIS®f and EIS® (Figure 5a-c).
Notably, CLDN1 knockout caused reduced EISf but showed only mildly reduced
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.
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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) EISY® and (c) EIS*¢ of cytokine-
stimulated HEEs at day 8 of air exposure. Each condition represents three biological replicates and
EISY® and EIS* were compared to control. (d) Epidermal thickness of cytokine-stimulated HEEs as
compared to control. Correlation of (e) epidermal thickness to EISYf and (f) stratum corneum thickness
to EIS*“. 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 um.
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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 EIS“f is
strongly determined by the degree of epidermal terminal differentiation.

Figure 5. Knockout of genes involved in keratinocyte differentiation and cell-cell adhesion decreases
EISYf, (@) Endpoint-measured impedance spectrum, (b) EIS® and (c) EIS*¢ 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 pm.

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
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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 [75, 241]. Hereto, IL-4 and IL-13
stimulated HEEs were additionally treated with an array 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¥f and EISS¢ 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 and further decreased EIS* significantly with similar trends in EIS4f,

Figure 6. EIS detects therapeutic AHR response in a proinflammatory epidermis model. (a) Endpoint-
measured impedance spectrum, (b) EIS®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®® and EIS® of control conditions and AHR-
binding compounds are compared to IL-4 + IL-13 stimulation.
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Since we now confidently determined that EIS®® 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, 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.

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 dependent on cell passage
number, culture medium and temperature [139]. 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 [139, 380] 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 [381]. To aid biologic interpretation, we
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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 EIS®ff 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 EISYf exhibits clear independence of viable epidermis and stratum corneum
thickness, a correlation with tight junction function remains 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 [382]. On the other hand, EISYf frequencies overlap with
R, impedance contribution, with R, being the electrical circuit model element to
describe the resistance of tight junctions [139]. 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 [376].
In conclusion, EISYf 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 [383, 384].

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
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, 377,
379, 385]. Cytokine-induced proinflammatory conditions resulted in keratinocyte
differentiation deficiencies and changes in stratum corneum thickness, which
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could be captured and quantified by EIS. The IL-4 + IL-13 induced decrease
in EISY® 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 [254, 367, 386, 3871. In vivo,
EIS can also detect therapeutic improvements of atopic dermatitis associated
with improvements in clinical scoring and reduced expression of inflammatory
biomarkers [367, 388] 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
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.
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« Previous publications have normalized EIS based on the surface area of the
used cell culture system using various methods [389-391]. 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.

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

Materials & 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 [334]. N/TERT-2G keratinocytes were a kind gift of James
Rheinwald, Brigham’s Woman hospital [262] and were cultured as monolayers in
CnT-prime (CELLNTEC, Bern, Switzerland, CnT-PR) until confluent before use in HEE
cultures [263]. Knockout N/TERT-2G cell lines were generated through CRISPR/Cas9
and validated previously (FLG [377], CLDN1 [378], TFAP2A [379], AHR [379]).

Generation of HEEs

HEE cultures were performed as previously described [377]. 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 % 3 D 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 [310].
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EIS measurements

For the 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 uL 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
EIS9ff (127-2212 Hz) and EIS*¢ (28,072-100,000 Hz) the area under the curve was
calculated using the respective frequency ranges.

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 [392] 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
barplots 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
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in figure 2¢, d). Differences under p value < 0.05 were considered statistically
significant, ns p value > 0.05, * 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) with the
psychometric package. All correlation analysis were conducted with individual
replicates, figures depict replicate averages for readability.
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Supplemental Table S2. AHR-binding compounds

Abbreviation Compound Concentration Reference
M1 SGA360 10 nM 310]

M2 Teriflunomide 10 uM 395)

L1 coal tar 2 pg/mL 73]

L2 SGA388 10 nM 310]

L3 Leflunomide 10 uM 3951

L4 IMA-7101 1nM (771

L5 TCDD 10 nM 396, 3971

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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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 EISYf, Analysis is based on all timepoints and replicates from figure 3.
(f) Correlation of actual and FLG, IVL, FLG x IVL regressed EIS,
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Supplemental Figure S2. AHR activation mediates therapeutic response in a proinflammatory
epidermis model. 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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Abstract

Atopic dermatitis and psoriasis lesions are characterized by specific immune cell
infiltrates, keratinocyte hyperproliferation, and disturbed terminal differentiation
leading to skin barrier impairment. Targeting of the aryl hydrocarbon receptor
(AHR) in skin by topical therapeutics including coal tar and tapinarof are proven
effective and safe in counteracting the abovementioned disease hallmarks. To
complement our previous experimental studies on the therapeutic modes of action
by coal tar and effects of structurally diverse AHR ligands on skin, we know aimed
to gain knowledge on the cellular processes contributing to skin barrier repair
and dampening inflammation by AHR activation in vivo. Hereto, coal tar (5% pix
lithanthracis in vehicle cream was applied for four days on skin of healthy volunteers
before or after superficial skin damage by stratum corneum tape stripping. Coal
tar application on intact skin significantly increased numbers of proliferating
keratinocytes which correlated to the induction of AHR-target protein expression,
CYP1AT, in the basal layer of the epidermis. Elevated erythema was observed and a
concomitant increase in transepidermal water loss indicated a compromised barrier
function as compared to untreated or vehicle treated skin. Upon stratum corneum
damage by tape stripping, vehicle cream under occlusion induced unexpected
acute dermatitis. Dermatitis-hallmarks were abrogated by coal tar demonstrated by
reduced keratinocyte hyperproliferation and epidermal acanthosis. Lower levels of
human beta defensin-2, a skin inflammation marker, was observed in the epidermis
and stratum corneum of coal tar-treated skin as compared to vehicle. Coal tar also
counteracted or prevented the migration of Langerhans cells from the epidermis
to the dermis, and a lower number of dermal MPO+ cells and CD45* T-cells was
observed in coal tar-treated skin. Skin barrier parameters (TEWL, hydration
and natural moisturizing factors) were not improved after four days of coal tar
treatment post tape stripping. Our study highlights the Janus-faced effects of AHR
activation in skin being detrimental under normal conditions, yet therapeutic for
combatting inflammatory processes. Understanding the sequence of events and
key target cells and pathways underlying harmful vs. therapeutic effectiveness
of AHR modulating ligands under normal and inflammatory conditions in skin
requires further investigation.
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Introduction

The skin forms an important defensive layer for the human body, preventing
excessive water loss and protecting against potential harmful external substances.
Chronic inflammatory skin diseases, such as psoriasis and atopic dermatitis (AD),
are characterized by immunological or genetics-associated defects in the skin
barrier, leading to increased water loss through the skin [31, 398], and in the case of
AD, recurrent skin infections. These barrier defects are linked to aberrant epidermal
differentiation, cornification and desquamation accompanied by keratinocyte
hyperproliferation resulting in epidermal acanthosis. Patients suffer from itchy, scaly
patches of skin accompanied by skin dehydration marked by increased epidermal
water loss [399]. AD is mostly treated with topical emollients and corticosteroids
possibly combined with systemic immunosuppressants (e.g., cyclosporine,
dupilumab or JAK inhibitors) in moderate to severe disease [400, 401]. Aside from
major developments in the precision targeting of the immunological component
of the disease, non-steroidal topical therapeutics and targeted medicine to restore
skin barrier formation and function are still warranted for the mainly pediatric
population or those affected by mild symptoms and not eligible for systemic drugs
or biologicals [39].

Our research into the molecular mechanisms of topical coal tar treatment [402],
directed the dermatology field and pharmaceutical industry towards the therapeutic
targeting of the aryl hydrocarbon receptor (AHR) in skin. Coal tar is one of the oldest
treatments for inflammatory skin diseases and is comprised of a complex chemical

mixture including a wide spectrum of polycyclic aromatic hydrocarbons. Even
though polycyclic aromatic hydrocarbons have been described to be mutagenic,
for example in air pollution [104] or in the past chimney sweepers [403], coal tar
has been shown to be safe, even after long term exposure for dermatological
use [78]. Coal tar’s exact treatment mechanism remained elusive for a long time. We
discovered that coal tar alleviates AD by activation of the AHR in skin cells, with our
research focused on keratinocytes [75]. Upon ligand activation, the AHR translocates
towards the nucleus, binds its nucleic partner ARNT, and regulates several
transcriptional processes including xenobiotic metabolism [404], keratinocyte
differentiation (including upregulation of antimicrobial peptides [76, 125, 405])
and proliferation. Coal tar restores these mechanisms altered in inflammatory skin
diseases [76, 125, 405], effectively ameliorating inflammation. Notwithstanding
these health benefits, AHR signaling when uncontrolled can also be detrimental
for human health, inducing cellular toxicity, mutagenesis and cancer by hazardous
environmental toxins [122].
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Recently, a novel AHR-targeting molecule, Tapinarof, has been approved for
treatment of psoriasis and AD [406, 407], also for pediatric AD patients of 2 years
and older. Although AHR-activating compounds such as coal tar and Tapinarof
have proven anti-inflammatory effects, the cellular mechanisms appear diverse
and most of these effects have been studied in in vitro models of human skin or
in animal models [148, 153]. Additionally, whether the anti-inflammatory effects of
AHR-activation are constrained to specific inflammatory pathways or whether it is
a general effect remains to be investigated. Finally, the sequence of events that are
related to the treatment response, e.g., whether ligand-activated AHR first results in
barrier repair followed by dampening of inflammation, or vice versa, is still unclear.

In this study, we investigated the prophylactic and therapeutic effects of coal tar
treatment after complete removal of the stratum corneum in human volunteers by
repeated application and removal of cellotape, called tape stripping. Skin barrier
parameters (trans-epidermal water loss (TEWL), water content, natural moisturizing
factors (NMF)), stratum corneum protein profiles and skin morphology were
determined to increase our understanding of the role of AHR-activation in barrier
repair and dampening of specificimmune responses.

Results

Demographics

For this study, 17 healthy volunteers were included (see Table 1 for participant
details). Volunteers were divided into two groups: in group 1 prophylactic effects of
AHR activation by coal tar prior to tape-stripping was investigated; in group 2 the
therapeutic effects of coal tar barrier impairment of the skin was assessed. For both
groups, majority of volunteers were females aged between 20 and 26.

Pre-treatment with coal tar is not beneficial for skin barrier recovery
We hypothesized that prophylactic effects of AHR activation, by treatment with
coal tar prior to tape stripping, could prime the skin for faster repair of the stratum
corneum. Hereto, skin areas of 2cm? each located on the lower back were left
untreated, were treated with coal tar (5% pix lithanthracis) or vehicle emollient
cream (vaseline lanette) (all conditions under occlusion) (Figure 1A). After four days
of pre-treatment, skin areas were completely tape stripped until skin was glistening,
marking complete stratum corneum removal. Before and after tape stripping,
biophysical measurements were taken to study erythema, trans-epidermal water
loss (TEWL) and water content of the skin. Treatment of skin with coal tar cream
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prior to tape stripping for four days caused an increased TEWL (Figure 1B) and
increased erythema (Figure 1C) as compared to no cream or vehicle-treated skin.
No changes were observed for stratum corneum water content (Figure 1D).

Table 1. Demographics

Group 1 Group 2
Subjects, N 8 9
Sex, N
- Male 3 1
- Female 6 8
Age*, median (range) 22.7 (20.8-26.4) 21.8 (20.0-26.4)
Skin type, N
-l 6 8
-0 3 1
Skin disease, yes, N 0 0
Skin disease in family, yes, N 0 4 (parents: N=4)
Sensitive skin, yes, N 0 1

*Non-normal distribution due to small group size

During the course of the study, several adverse events were noted: Treatment setting: itch (N=3),
burning sensation (N=2), erythema (N=1), mild folliculitis (N=1) at day 2/4. Prophylactic setting: itch
(N=6), erythema (N=3), mild folliculitis (N=2) at day 0. All adverse events were localized to the location
of application and temporary.

To investigate the potential mechanism behind the changes in TEWL and erythema by

coal tar application, we analyzed skin biopsies for morphology and protein expression
changes (Figure 1E). All skin sites under occlusion for four days demonstrated
increased epidermal thickness as compared to untreated control biopsies. Only for
coal tar, this mild acanthosis was accompanied by a markedly increased number of
Ki67 positive cells, indicative of keratinocyte hyperproliferation. Levels of involucrin
and late cornified envelope (LCE) 3, epidermal differentiation proteins induced in
hyperproliferative conditions, were also increased by coal tar, as compared to no
cream or vehicle cream treatment. These protein expression changes correlated with
the induced expression of cytochrome P450 1A1 (CYP1A1), marking AHR activation
in the epidermis. After stratum corneum removal by tape stripping regardless of
treatment, TEWL (p<0.0001), erythema (p=0.171), and water content (p<0.0001)
decreased over time (Figure 1F). No significant differences between treatments were
found. These results indicate that coal tar application onto healthy intact skin activates
AHR signaling in the epidermis resulting in a hyperproliferative epidermis with signs
of altered epidermal differentiation and increased epidermal water loss. No beneficial
effects of the prophylactic use of coal tar on skin barrier regeneration were observed.
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Figure 1. Prophylactic coal tar treatment is not beneficial for skin barrier recovery. A) Schematic treatment
schedule indicating when and where biophysical measurements were performed, skin was tape stripped,
biopsies were taken, and creams were applied. Volunteers in the prophylactic group were treated in a
prophylactic setting, treating sites on the lower back with no cream, vaseline, or coal tar cream - under
occlusion — before tape stripping. After tape stripping, the skin was allowed to heal without treatment
nor occlusion. B-D) Biophysical measurements: trans-epidermal water loss (TEWL), erythema, and water
content measured at day O pre-tape stripping, marking the initial values before start of the treatment
phase. E) Morphological (H&E staining) and immunohistochemical analysis of Ki67, IVL (20x magnification),
LCE3, and CYP1A1 (40x magnification). F) Biophysical measurements: trans-epidermal water loss (TEWL),
erythema, and water content measured during the treatment phase at day 0, 2 and 4.
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Coal tar and vaseline increase TEWL and erythema in damaged skin
To study the effects of coal tar during skin barrier repair, healthy skin was first tape
stripped followed by vaseline or coal tar cream application, or left untreated (all
under occlusion for four days, Figure 2A). Skin sites were analyzed for TEWL, water
content and erythema. All parameters were increased as expected directly after the
tape stripping procedure indicating the successful removal of the stratum corneum
and disruption of skin barrier function (Figure 2B-D). For both coal tar and vaseline
treated skin, significantly less recovery of TEWL levels was observed as compared
to skin devoid of cream after four days. Recovery also appeared slower than in
skin having no cream applied to (Figure 2B). Only in skin with no cream, erythema
returned to baseline within four days.

Remarkably, both vehicle and coal tar treated skin showed an opposite erythema
response, being significantly induced after 2 days of treatment, and erythema
measurements remained elevated at day four of treatment (Figure 2C). During the
recovery period, stratum corneum water content levels returned to baseline levels
with no significant difference between treatments (Figure 2D).

Based on these parameters, we suspected that vehicle and/or coal tar cream had
induced local dermatitis which we further investigated microscopically (Figure 2E).
Skin biopsies revealed distinct epidermal acanthosis and a substantial dermal
and epidermal immune cell infiltrate of vehicle treated skin, as compared to the
mild acanthosis of skin left without cream. Remarkably, the epidermis of coal tar

treated skin appeared less thickened (Figure 2F) with minor immune cell infiltration
as compared to the vehicle treated skin (Figure 2E). Although not reflected by
improved skin barrier parameters, stratum corneum regeneration after tape
stripping was most apparent by microscopy in sites treated with coal tar. Expression
of CYPTA1 (Figure 2E) was only detected in the coal tar treated skin, confirming
correct cream application and successful induction of AHR activation.

Coal tar reduces dermatitis-associated epidermal hallmarks following
tape stripping

To determine if the differences in epidermal thickness and stratum corneum
regeneration were accompanied by altered keratinocyte proliferation rates or
expression of epidermal differentiation proteins, immunohistochemical analysis
of the skin biopsies was performed. Keratinocyte hyperproliferation, as indicated
by increased Ki67 positive cell numbers, was apparent in both coal tar and vehicle
treated skin as compared to no cream, with higher numbers in vehicle than coal tar
(Figure 3A, Figure 3C). Expression of terminal keratinocyte differentiation markers
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filaggrin (FLG), involucrin (IVL), and late cornified envelope 3 (LCE3) were increased by
both creams as compared to control or tape stripped skin with no cream (Figure 3B).
Keratin 2, which is normally expressed in upper spinous and granular layers, was
detected almost down to the basal layer (Figure 3B).

Figure 2. Coal tar and vaseline increase TEWL and erythema in damaged skin. A) Treatment schedule
indicating when and where biophysical measurements were performed, skin was tape stripped,
biopsies were taken, and creams were applied. Volunteers in the treatment group were first tape
stripped followed by treatment with no cream, vaseline or coal tar cream during four consecutive days.
B-D) Trans-epidermal water loss (TEWL), erythema, and water content were measured during several
days with the following statistically significant changes observed: no cream (p<0.0001), vaseline
(p<0.0001), and coal tar (p<0.0001) reduced TEWL over time, no cream treatment was more effective
than coal tar treatment (p<0.01). Erythema was increased after tape stripping, and further upon
vaseline (p<0.01) and coal tar treatment (p<0.01). No cream treatment reduced erythema (p<0.01).
Water content increased upon tape stripping and diminished over time in all treatment groups (no
cream p<0.0001, vaseline p<0.0001, coal tar p<0.0001), but is not significantly different between
treatment groups. E) Morphological (H&E staining) and immunohistochemical analysis of CYP1A1.
F) Quantification of epidermal thickness from microscopic images. The average thickness is taken from
all donors (N=8) and shown per treatment condition.
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The observed increase in FLG protein expression led us to analyze its breakdown
products, histidine (Figure 3D) and trans-urocanic acid that are considered natural
moisturizing factors (NMF) important for skin barrier function. These NMF were
strongly decreased in the regenerated stratum corneum after tape stripping as
compared to normal skin with no significant differences between treatment
conditions found at day four of the recovery period (Figure 3E).

Both coal tar and vaseline are reported to upregulate epidermal antimicrobial
proteins (AMPs) [77, 408], as also indicated by the induction of LCE3 (Figure 3B).
We further explored expression of other inducible AMPs, skin-derived
antileukoproteinase (SKALP/elafin) and human beta defensin (hBD)2, being also
associated to skin inflammation (Figure 3F) [60, 409]. SKALP/elafin was increased by
vaseline and coal tar, and its expression was absent in normal skin and tape stripped
skin without cream exposure. Interestingly, hBD2 was only expressed in vaseline
treated skin, whilst protein expression could not be detected in coal tar treated skin
nor in control skin and tape stripped skin without cream exposure. The differential
expression in hBD2 between vaseline and coal tar was confirmed at mRNA level
in the biopsies (DEFB4A, Figure 3G) and stratum corneum protein concentrations in
collected tape strips (Figure 3H). These results indicate that prolonged exposure of
vaseline lanette cream on damaged skin induces acute local dermatitis and delayed
skin barrier recovery, which in part was counteracted by coal tar having anti-
inflammatory effects demonstrated by dampening of epidermal hyperproliferation
and hBD2 expression.

AHR activation by coal tar impedes immune cell trafficking in skin

To better characterize the inflammation process and potential anti-inflammatory
mechanisms of coal tar, biopsies were stained for CD45 and myeloperoxidase
(MPO) expression to identify involvement of innate and adaptive immune cells,
respectively. CD45+ and MPO+ cell numbers were significantly increased in the
dermis after treatment with vehicle but remained similar to skin with no cream
upon coal tar treatment (Figure 4A, B, D). Epidermal CD45 mRNA expression
followed the same pattern, indicating epidermal immune cell infiltration due to
vehicle application, but not coal tar (Figure 4C). Given our prior studies on IL-17
induced hBD2 expression in keratinocytes and identification of IL-17A as a
keratinocyte mitogen in vitro [55, 410], we analyzed the presence of IL-17+ cells
in the dermis. The number of IL-17+ cells varied between volunteers but actually
appeared reduced upon inflammation and lowest in vaseline treated skin
(Figure 4E-F), indicating involvement of other cell types in the inflammatory process.
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Figure 3. Coal tar and vaseline induce keratinocyte proliferation and differentiation following tape
stripping. A) Ki67 immunostaining, and B) FLG, IVL, and LCE3 immunostaining of biopsies from
volunteers treated after tape stripping. C) Quantification of Ki67 positive nuclei. Lines indicate paired
measurements within the same volunteer. D-E) NMF (histidine (HIS) and trans-UCA) measurements in
tapes after 4 days of treatment. NMF values are normalized for total protein concentration per sample.
F) SKALP and hBD2 immunostaining. G-H) DEFB4 (hBD2) mRNA expression and protein quantity
analyzed by qPCR and ELISA, respectively.
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Given the dermal infiltration of innate and adaptive immune cells, a process likely
initiated by antigen presentation of tissue-resident antigen presenting cells (APCs)
such as Langerhans cells could be involved. Normally, Langerhans cells (marked by
CD1a expression) are constrained to the epidermis (Figure 4E, control). In vehicle-
treated inflamed skin, Langerhans cells mostly localized in the dermis, indicative
of their activation and migration (Figure 4E, vehicle). Interestingly, the localization
and number of Langerhans cells in coal tar treated skin was similar to control
skin and tape-stripped skin without inflammation (Figure 4E, coal tar). Hence, the
anti-inflammatory effects of coal tar may be orchestrated by inhibition of antigen
presentation and T-cell recruitment in the early events that initiate skin inflammation.

Figure 4. Coal tar hampers immune cell trafficking in skin. A) Characterization of immune cell infiltrate
by immunofluorescence staining for MPO and CD45 on skin biopsies from volunteers treated after tape
stripping. B) Quantification of CD45 immunofluorescent staining C). Relative CD45 mRNA expression
in epidermis. D) Quantification of MPO immunofluorescent staining. Quantifications are an average of
representative donors (N=3) E) Immunofluorescent staining of CD1a and IL-17 expression. F) Ratio of
IL-17 positive cells.



178 | Chapter 7

Discussion

In this study, we investigated the ability of coal tar to prime skin for faster barrier
function recovery after superficial skin wounding. However, no beneficial prophylactic
effects were seen from coal tar treatment when treating healthy skin before the skin
barrier is damaged. On the contrary, rather detrimental effects on epidermal biology
were observed. We also explored the use of coal tar during the first days of skin barrier
repair upon superficial injury of healthy skin. Whilst no beneficial effects on skin
barrier parameters were observed, neither by coal tar nor vehicle cream, our study
permitted investigations into the anti-inflammatory effects by coal tar due to the
unexpected acute dermatitis caused by the combination of tape stripping followed
by repeated application of vaseline lanette cream (vehicle) under occlusion.

Vaseline lanette is often described as an inert cream, however the recipe of the
cream used in this study comprised sodium lauryl sulfate (SLS) and polyethylene
glycol (PEG). SLS is a known irritant, whilst PEG is classified as a skin sensitizer [411].
Both have likely contributed to the acute (allergic or irritant) contact dermatitis
that we observed in tape stripped skin. We postulate that the removal of the
stratum corneum by the tape stripping procedure resulted in direct exposure of
keratinocytes to SLS and PEG, and the prolonged exposure period (four days) under
occlusion presumably have led to the observed inflammation. This inflammation
was not observed in the prophylactic setting where creams were applied on intact
skin, whilst being occluded and repetitively exposed. Hence, the presence of the
intact stratum corneum and sufficient barrier function prevented the elicitation of
inflammation by vaseline lanette cream.

In contrast, the AHR activating molecules in coal tar were able to penetrate the
intact stratum corneum of healthy skin, activating keratinocytes in the basal layers
and increasing their proliferation rates. This keratinocyte hyperproliferation was
accompanied by elevation in other epidermal protein markers often seen elevated
in hyperproliferative conditions, like psoriasis [295, 412]. Persistent activation
of the AHR in healthy human skin, for example by the potent AHR activator
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is known to cause persisting chloracne,
which is amongst others characterized by keratinocyte hyperproliferation and follicular
plugging [330]. Similarly, AHR activation by air pollution is linked to dermatitis-like
skin conditions [150]. Also in vitro, AHR signaling appears required for keratinocyte
proliferation [124]. Although coal tar is more readily metabolized as compared to
TCDD, these transient effects of keratinocyte hyperproliferation can be causally linked
to AHR signaling and as we now observe also to skin barrier defects [76]. Hence, under
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physiological conditions, AHR ligands can finetune the balance between epidermal
proliferation and differentiation and thereby steer epidermal regeneration and
maintenance. Disturbances in AHR ligand availability and signaling activation, being
too much or too little have been earlier described as the Janus-faced roles of AHR
activation in skin and may interfere with epidermal homeostasis [122]. Hence, both
the hero and villain aspects of AHR activation require further investigation when
considering the AHR as a therapeutic target for the treatment of skin diseases.

Next to our focus on AHR activation in keratinocytes, we broadened our scope to
tissue resident and infiltrating immune cells. Skin-resident immune cells, such as
Langerhans cells, play an important role in the presentation of antigens to theimmune
system [413]. We found increasing numbers of Langerhans cells in the dermis of
vehicle treated inflamed skin sites indicating the Langerhans cell migration typically
seen in irritant and allergic contact dermatitis. Interestingly, this dermal migration
was not observed in no cream or coal tar treated sites. This could be due to activation
of AHR in Langerhans cells, considering that Langerhans cell specific ablation of
AHR results in an elevated Th-2 and regulatory T-cell response [199]. In addition,
tryptophan metabolites which activate the AHR in Langerhans cells negatively
regulate their activation and in turn dampen the inflammatory response in the
skin [414, 415]. Alternatively, activating cues from keratinocytes to Langerhans cells
may be suppressed by activated AHR signaling in keratinocytes [179]. Considering
the study design, we were unable to pinpoint the key events and target cells as only
biopsies were taken after four days and the inflammation had already flared.

We and others previously reported the induction of epidermal barrier genes such
as filaggrin by coal tar [75]. In this study we again observed an increased expression
of barrier genes such as filaggrin in sites treated with coal tar. However, this was not
accompanied by an improved barrier function as measured by TEWL, water content,
erythema or NMF levels. Of note, skin sites only under occlusion also did not
recover to baseline levels within the four-day period. Indeed, multiple studies have
shown barrier defects due to occlusion from the skin, for example increased TEWL
after wearing fire fighters' clothes or after occlusion with emollients [416, 417].
As seen per biopsy morphology, stratum corneum was not fully developed four days
post- tape stripping likely preventing the skin barrier function to return to baseline
levels. Hence, longer follow-up periods should be considered in future studies to
evaluate skin barrier recovery interventions.

In conclusion, we demonstrate differential effects of coal tar when either applied to
an intact or disrupted stratum corneum indicating that AHR targeted intervention
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in dermatology should be carefully balanced and monitored to not tip the balance
towards aggravating epidermal defects. Our study also highlights the effects of AHR
activation on inhibition of Langerhans cell migration that coincided with lowerimmune
cell infiltration which may hint towards effectiveness of AHR targeting therapeutics in
other forms of dermatitis next to the currently indicated AD and psoriasis.

Methods

Inclusion of volunteers

Both male and female healthy human volunteers between age 20-26 were included for
this study. Healthy is defined as not having visible inflammatory skin disease or a history
of psoriasis or AD. Volunteers were excluded if having known hypersensitivity to coal
tar cream or using any other emollients or corticosteroids. Volunteers were provided
with oral and written information before the start of the research and individual
informed consent was obtained. This study was approved by the local medical ethical
committee (Commissie Mensgebonden Onderzoek Arnhem-Nijmegen). The study was
performed according to the Declaration of Helsinki principles.

Treatment schedule

The lower back of participants was first measured for erythema, TEWL and water
content (see biophysical measurements). Three skin areas were completely tape
stripped until the skin was glistening. The first ten tape strips were stored for NMF
and protein analysis. Before or after tape stripping, participants were asked to apply
coal tar cream (5% pix lithanthracis in vaseline lanette) and vehicle cream vaseline
lanette to different designated areas twice daily and leave one area untreated.
Each area was occluded with a Tegaderm plaster. At set time points, biophysical
measurements (TEWL, erythema and water content), biopsies and tape strips were
taken (see Figure 1A, 2A for a schematic representation) prior and after treatment.

Biophysical measurements

Measurements of the three noninvasive parameters (erythema, TEWL, water
content) were performed using previously published protocols [418]. The skin
was acclimatized to the ambient air for at least 15 minutes prior to measurements.
Room temperature and air humidity were kept as constant as possible (17.6-
25.0°C and 31.2-56.9% respectively). Volunteers were laid down in supine position
during acclimatization period and measurements to prevent possible orthostatic
interactions. First, erythema was measured with a portable spectrophotometer (CM-
2600d/2500d, Konica Minolta, USA). Before each measuring session, calibration to



Coal tar attenuates acute experimetally-induced dermatitis | 181

a standard white plate provided with the meter was performed. After pressing the
calibration button, three calibration measurements were automatically taken. Then,
three measurements per measurement location were taken; the device was lifted
and gently reapplied between each recording. The average of the three consecutive
erythema measurements was automatically calculated by the device. Next, TEWL was
measured with the Aquaflux (AF200, Biox, UK). After calibration, three measurements
per location were performed with standard settings and a maximum measurement
time of 200s. The average of the three measurements per location was calculated.
Thirdly, water content was determined by performing one measurement per
location with the Epsilon (E100, Biox, UK). The Burst mode option was used with a 5s
measurement delay after first skin contact to rule out initial variation in skin occlusion.
A frame interval of 1s and a total measurement window of 30s was selected.

Histology and immunohistochemistry

Half a 4 mm biopsy was processed for histology and fixed in 4% formalin for 4 hours and
paraffin embedded according to routine histology procedure. Sections of 6 um were
deparaffinized and stained using hematoxylin and eosin (Sigma-Aldrich). Immuno-
histochemical analysis was performed using indirect immunoperoxidase technique
and avidin-biotin complex. Used antibodies are listed in Supplemental Table S1.

Immunofluorescent staining and quantification
Immunofluorescent staining was performed using Alexa Fluor 594-Fab and 488-Fab
secondary antibodies targeting primary antibodies of interest and mounted using

Fluoromount-G. Used antibodies are listed in Supplemental Table S1. High resolution
images were acquired using a ZEISS Axio Imager equipped with a ZEISS Axiocam
105 color Digital Camera and a 40x objective. Quantification of number of positive
cells was performed using Cell Profiler (analysis pipelines available upon request)
and data was visualized as total number of positive cells using Graphpad Prism 10.0.

RNA extraction and qPCR

Half a 4mm biopsy was processed for RNA extraction and qPCR. To only obtain
the epidermis, biopsies were pre-treated with dispase for 4 hours, after which the
epidermis was placed in RNA lysis buffer. RNA was isolated using the Omega Biotek
RNA extraction kit following manufacturer's protocol. RNA was first treated with
DNAsel (Invitrogen) according to manufacturer's protocol. cDNA synthesis was
performed using Ultrascript 2.0 (PCRBiosystems). RT-qPCR was performed using
SYBR Green (Bio-Rad). Relative expression levels were next calculated using the
ddCt method [246]and normalized using human acidic ribosomal phosphoprotein
PO (RPLPO). Primers sequences are listed below.
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Gene Forward primer Reverse primer

symbol

DEFB4A gatgcctcttccaggtgttttt ggatgacatatggctccactctt

CD45 gggaacaagcatcacaagagtaca tgtttccgcactttctaagagattt

RPLPO caccattgaaatcctgagtgatgt tgaccagcccaaaggagaag
hBD2 ELISA

Protein samples were obtained from tape strips by needle sonication. To do so, tape
strips were placed in a tube containing cold PBS/0.005% Tween with the adhesive
side facing inwards. Tape strips were sonicated six times for ten seconds. After
sonication, tape strips were removed from the tubes and protein concentration
in the supernatant was determined using a micro BCA assay kit (Thermofisher
Scientific), following manufacturer’s protocol.

For the hBD2 ELISA, 96-wells plates were coated overnight at 4°C with goat-anti-
human hBD2 (ABCAM) 1:500 in PBS. After, plates were washed twice with PBS and
blocked with 1%BSA/1% normal goat serum (Vector laboratories) in PBS for 1 hour
at 37°C. Afterwards plates were washed 4 times with PBS/0.05% Tween20. Next,
samples and standard dilutions were incubated on the plate for 1 hour at 37°C. Plate
was washed again for 4 times with PBS/0.05% Tween20. Plates were incubated with
rabbit-anti hBD2 M47 (1:1000) for 1 hour at 37°C and afterwards washed 4 times
with PBS/0.05% Tween20. Goat anti-rabbit biotinylated antibody (1:500, Vector
laboratories) was added and incubated for 30 minutes at 37°C and afterwards washed
with PBS/0.05% Tween20 4 times. Avidine-biotine complex was added (1:250, Vector
laboratories), incubated for 30 minutes at 37°C and washed 4 times with PBS/0.05%
Tween20. Next, TMB substrate (Thermo Scientific) was added and reaction was
stopped using H2SO4. hBD2 concentration was determined using a plate reader
(Biorad) at 450nm. Antibody details are provided in Supplemental Table S1.
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Supplemental Table

NMF analysis

NMFs were extracted from tape strips by placing the strips in a cryo-vial with the
adhesive side facing inwards. Ultrapure water was added so that the entire strip
was in contact with water and vortexed for 15 minutes. Water with NMF is then
transferred to a new tube and the procedure is repeated one more time. NMF
content was measured as previously described [421] and NMF abundance was
corrected for by total protein content. Visualization of data was performed using
GraphPad prism 10.0.

Supplemental Table S1. Antibodies used in this study

Antigen Species Dilution Company Catalog number

FLG Mouse 1:100 Thermo Fisher MA5-13440

IVL Mouse 1:20 Mon 150 Own antibody [204]

CYP1A1 Mouse 1:25 Santa Cruz Sc-25304

LCE3 Mouse 1:5000 Abmart Own antibody [419]

Ki67 Rabbit 1:200 Abcam Ab16667

SKALP Rabbit 1:4000 Own antibody Own antibody [420]

KRT2 Mouse 1:200 Progen 65191

hBD2 Goat 1:200 Abcam Ab9871

MPO Rabbit 1:400 Dako MAB3174

CD45 Mouse 1:50 Dako MO0701

CD1a Mouse 1:50 Dako M3571

IL-17 Goat 1:50 R&D AF 317 NA

Goat anti-rabbit Goat 1:200 Vector laboratories  BA-1000

Horse anti-mouse Horse 1:200 Vector laboratories  BA-2000

Donkey anti-goat Fab594 Donkey 1:200 Invitrogen A11058

Donkey anti-mouse Fab488  Donkey 1:200 Abcam Ab150105
Statistics

Statistical analysis was performed using GraphPad Prism 10.0 on N=8 or N=3
volunteers. To determine whether changes in gene expression or cell number were
significant, paired one-way analysis of variance (ANOVA) was performed followed
by post hoc testing using Tukey's multiple comparison.
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In the introduction of this thesis (Chapter 1), the skin and its important role
as a barrier organ were introduced. In brief, the skin barrier is made up of four
components, namely the physical, chemical, immunological, and microbiological
barrier. In inflammatory skin diseases, such as atopic dermatitis (AD) and psoriasis
(PS), the skin barrier is affected by aberrant keratinocyte differentiation, an
inflammatory response and a disbalanced microbiome of the skin. Treatment
of inflammatory skin diseases ranges from applying topical emollients and
corticosteroids on the skin to systemic treatment with general and targeted anti-
inflammatory drugs. One of the oldest treatments of inflammatory skin diseases
is coal tar, which was found to have its therapeutic effect through activation of
the aryl hydrocarbon receptor (AHR). Although the AHR was first discovered as
an environmental sensor of xenobiotics, the AHR is able to bind a wide variety
of both exogenous and endogenous ligands and functions as a gene regulatory
transcription factor. The AHR acts through several pathways, described as either
the canonical signaling pathway with its binding partner aryl hydrocarbon nuclear
translocator (ARNT), and the non-canonical signaling pathway with other binding
partners. The AHR was found to influence many processes in the skin, having an
effect on keratinocyte proliferation and differentiation as well as influencing the
skin barrier function. Additionally, the AHR controls the inflammatory response of
the skin, making it a suitable target in the treatment of inflammatory skin diseases.
In this thesis, the physiological effects of the AHR in skin barrier formation and
maintenance were investigated as well as the potential of novel AHR-targeting
therapeutics for alleviating inflammatory skin diseases.

In Chapter 2 and 3 we investigated two novel groups of AHR-binding compounds
for their potential in the treatment of AD. In Chapter 2, a group of selective
modulators of AHR activation called ‘SGA derivatives’ were investigated. A wide
variety of SGA derivates were first screened for their potential to activate the AHR.
This led to the identification of several derivatives with varying potential to activate
the AHR. The strongest AHR activators were first tested in mouse and human
primary keratinocyte cell lines. In both species, the selected derivatives were able
to activate the AHR, whilst being non-toxic to the cells. In monolayer cell cultures,
expression of keratinocyte differentiation genes such as hornerin and filaggrin was
induced in an AHR-dependent manner. In 3D human epidermal equivalents, similar
effects were seen in terms of inducing keratinocyte differentiation. To investigate
the therapeutic potential of these derivatives to treat AD, AD-like 3D human
epidermal equivalents were treated with these SGA derivatives. RNA sequencing
was performed to provide an overview of the biological effects that were induced
by these compounds. Here, clusters of genes were found that showed the potential
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of SGA derivatives to induce keratinocyte differentiation and reduce keratinocyte
proliferation together with dampening of the inflammatory response. These effects
were verified on protein level in 3D human epidermal equivalents. Lastly, the anti-
inflammatory effects were investigated in an in vivo mouse model. SGA derivatives
were able to prevent acute dermatitis-related epidermal thickness, erythema, and
neutrophilic infiltration. Taken together, these results show a promising potential
for SGA derivatives for topical treatment of inflammatory skin diseases.

In Chapter 3 another group of compounds, carboxamide derivatives, were
investigated for their potential to activate the AHR and to treat AD-like features
in in vitro models. Similarly to the SGA compounds, carboxamide derivatives were
first screened for their potential to activate the AHR, leading to the selection of
several carboxamides with high activating potential, whilst not influencing the cell
viability. In 3D human epidermal equivalents, addition of carboxamides induced
keratinocyte differentiation, both on a gene and protein level. In AD-like human
epidermal equivalents, the carboxamides showed the potential to restore epidermal
differentiation. This indicates that a variety of AHR activating compounds can be
developed as novel therapeutics in the treatment of inflammatory skin diseases.

As highlighted in the introduction, the AHR can bind a wide variety of ligands and
signals through different pathways. To understand the physiological role of AHR
in our skin and rule out other activated pathways by ligands, suitable models are
essential. Therefore, we aimed to develop a keratinocyte cell line without functional
AHR by CRISPR/Cas9 genome editing. While keratinocytes are notoriously difficult to
genetically modify, we demonstrated the proof of principle of CRISPR/Cas9-based
editing in the immortalized N/TERT-2G keratinocyte cell line (Chapter 4). Here,
filaggrin (FLG), a key component of the skin barrier and risk gene for developing
AD, was knocked out using CRISPR/Cas9 methodology. Guide RNAs targeting
exon 3 were developed and transfected into N/TERT-2G cells. Clonal cell lines were

investigated for their loss of FLG on a genetic level. From selected clonal knock
out cell lines, 3D human epidermal equivalents were generated, showing the loss
of the granular layer associated with FLG mutations, as well as loss of FLG protein.
Moreover, skin barrier function was affected, resulting in increased permeability
of the FLG deficient human epidermal equivalents. To show that these effects
were dependent on the introduced FLG mutation, FLG expression was restored in
the knockout cell lines by reverting the mutation, using CRISPR/Cas9-mediated
homology directed repair. This repaired defects on keratinocyte differentiation and
the skin barrier. Using similar techniques, we generated an AHR knockout cell line to
study specific effects of AHR deficiency in keratinocyte biology in further chapters.
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To understand the mechanisms of AHR binding to the genome and its downstream
functions, RNA- and ChIP-sequencing experiments were performed in Chapter 5.
Keratinocytes stimulated with dioxin (TCDD) or coal tar showed similar changes
in RNA expression, with distinct early and late response gene clusters being
identified. Early response genes included processes of epithelium development and
protein phosphorylation, whilst late response genes were involved in keratinocyte
differentiation and epidermis development. To determine where AHR binds the
enhancer landscape, ChIP-sequencing using AHR and H3K27ac antibodies was
performed. This yielded genomic regions bound by AHR immediately after AHR
activation and a distinct subset of active enhancer regions related to early AHR
binding, while different regions related to secondary effects of AHR activation.
This led us to hypothesize that AHR binds enhancer elements regulating
other transcription factors which in turn regulate the expression of epidermal
differentiation genes as a secondary event. Integrating both sequencing datasets
led to the identification of Transcription Factor AP-2 alpha (TFAP2A), being bound
by AHR and known for its role in epidermal differentiation. To validate that TFAP2A
is indeed regulated by AHR, AHR knockout cell lines were generated as described
in Chapter 4. Addition of TCDD to AHR knockout cell lines did not increase TFAP2A
expression, in contrast to AHR wildtype cell lines. This indicated that TFAP2A is
indeed regulated by AHR. Additionally, TFAP2A knockout cell lines were generated
to demonstrate the involvement of the AHR-TFAP2A axis in epidermal differentiation.
AHR responsive genes involved in epidermal differentiation were not upregulated to
the same extent in TFAP2A knockout cell lines as compared to TFAP2A wildtype cell
lines. TFAP2A knockout epidermal equivalents appeared underdeveloped showing
aberrant epidermal differentiation. Where TCDD treatment in wildtype epidermal
equivalents induces epidermal differentiation, treatment of TFAP2A knockout
models showed only a minor increase in epidermal differentiation, again indicating
that the AHR-TFAP2A axis is important for epidermal development and stratification.

In my thesis, | also aimed to understand the functional consequences of AHR
signaling for the formation of the skin barrier. This called for quantitative
measurement techniques to longitudinally follow development of the skin barrier
without harming the organotypic epidermal models. In Chapter 6, we examined
such a novel method, namely electrical impedance spectroscopy (EIS). Electrical
impedance was measured non-invasive using a frequency sweep to follow barrier
development in time, without harming cells and epidermal morphology. Our EIS
measurements, combined with morphological and histological analyses, led to
the identification of different parts of the impedance plots, where impedance at
lower frequencies was associated with epidermal development and impedance at
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higher frequencies was associated with stratum corneum thickness. We validated
these findings using CRISPR-Cas9 modification of epidermal differentiation genes
or regulators, like TFAP2A and AHR. We also investigated the potential of EIS to
measure therapeutic effects of AHR agonists in combination with our IL-4-induced
AD-like epidermal equivalent model. These models, mimicking AD pathology and
demonstrated barrier defects, were treated with different AHR agonists, including
the SGA derivatives and carboxamide compounds. While IL-4 reduced the skin
barrier function and lowered the electrical impedance, all used AHR agonists were
able to rescue this impairment. Altogether, these data show both the potential of
AHR activating therapeutics as well as the ability of impedance measurements to
monitor these effects in pre-clinical disease models.

The pre-clinical studies in my thesis demonstrated that AHR activation has
therapeutic potential in reversing barrier defects in inflammatory skin diseases.
These experiments included in vitro models or in vivo murine models. In Chapter 7,
we aimed to translate our research to in vivo human skin and investigated the effects
of coal tar application on skin barrier function in healthy human volunteers. To induce
skin barrier defects, skin was tape stripped before or after application of coal tar or
its vehicle cream. We were unable to demonstrate barrier function improvement in
coal tar treated skin, potentially due to the short nature of treatment. In addition,
the chosen vehicle cream inadvertently induced acute skin inflammation upon
superficial wounding by the tape stripping procedure. However, this allowed us
to demonstrate the anti-inflammatory effects of coal tar. The increased epidermal
thickness and dermal infiltrate was significantly less pronounced in coal tar exposed
skin. Both innate and adaptive immune cells were significantly less abundant in coal
tar treated skin compared to vehicle treated skin and Langerhans cell migration was
impaired by coal tar exposure, demonstrating the inhibitory effects of coal tar on

these important immune cell-driven cascades in AD and psoriasis.

Finally, in Chapter 8, | integrate the findings of my empirical studies to final
conclusions and provide a general discussion with future perspectives. | focus
on the prospects for therapeutic developments of AHR ligands highlighting the
diversity of ligands and their affinities, the cell specificity of AHR expression and
the role for the tissue and cell microenvironment that influences the outcome of
AHR signaling. To conclude, the research in my thesis sheds light onto the function
of AHR in the human skin. | demonstrated that AHR signaling is important for
keratinocyte proliferation, differentiation, skin barrier function and inflammatory
processes and cell migration highlighting the therapeutic nature of AHR activation
in chronic inflammatory skin diseases.
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The many faces of AHR signaling: prospects for
therapeutic developments

In my thesis | demonstrate the prospects of the AHR as a therapeutic target in the
treatment of inflammatory skin diseases (chapters 2 and 3). The AHR was long
regarded as a target to avoid in drug development pipelines due to being associated
with carcinogenic effects. This was shown in several studies where activation of
the AHR resulted the development of cancer, while blocking the AHR was shown
therapeutic[87,422,423]. On the contrary, AHR activating ligands used in this thesis
show promising therapeutic effects for the treatment of inflammatory skin diseases
as AHR activation dampens the pro-inflammatory JAK/STAT-driven response to
Th2 cytokines and induces the expression of epidermal barrier proteins [75, 309].
Additionally, AHR-activating coal tar has long been used to treat inflammatory
skin diseases, without increased risk of any cancer type development [78]. This
indicates the contradiction in downstream effects of AHR activation and the need
to thoroughly investigate the cell- and tissue-specific effects of AHR activation by
diverse ligands in order to unleash their therapeutic potential. Herein, the ligand
binding affinity, cell specificity and the local milieu in which binding occurs should
be taken into consideration.

One explanation for the variety in effects could be found in the diversity of ligands
that have affinity for binding the AHR. Ligands originating from environmental
pollution, such as TCDD and PAHs, are associated with negative effects after
activating the AHR. TCDD was shown to be the causative agent in the development of
chloracne, whilst PAHs from air pollution have been associated with the development
of several types of cancer [330, 424]. TCDD is not metabolized and thus having a long
half-life plus being a high affinity AHR ligand. This results in prolonged, unregulated
constitutive activation of the AHR [425]. PAHs are metabolized upon AHR activation
by phase | cytochrome p450 metabolism. Several of the formed metabolites are
mutagenic and associated with the development of cancer [426]. On the other hand,
therapeutic molecules induce a transient activation of the receptor, followed by a
negative feedback loop due to induction of repressor proteins which may account
for the positive effects in the treatment of several diseases [427]. Transient activation
is more similar to physiological conditions in which AHR activation by endogenous
ligands is fast and tightly regulated by its own negative feedback loop [428]. For the
development of potential new therapeutics, it is therefore important to understand
the ligand's affinity for the AHR. The differences in affinity are caused by structure
of the ligands and the structure of the binding pocket in the AHR. Recently, the
crystal structure of human AHR was uncovered and provided insights in the ligand



Discussion and future perspectives | 193

binding [117], allowing future investigation into the differences in binding between
therapeutic compounds, such as the SAhRMs and carboxamides (chapters 2 and 3),
and carcinogenic compounds such as TCDD and PAHs as a possible explanation in
their differential effects.

Additionally, effects of AHR might be cell specific. In my thesis, this is investigated
using in vitro cell culture models or in vivo studies using mice or human volunteers. In
vivo, the skin harbors multiple cell types, including but not limited to keratinocytes,
fibroblasts, endothelial cells and a wide variety of immune cells. Understanding how
the activation of AHR affects each cell type will provide valuable insight in addition
to the overall effects of AHR activation in the tissue. While we choose for formalin
fixation and paraffin embedding of biopsies, next to bulk RNA isolation, the effects
on different cell types may be better dissected using single-cell analysis techniques,
such as single cell RNA- or ATAC- sequencing, single cell spatial transcriptomics
or mass spectrometry. Alternatively, single cell mass cytometry (e.g, Cytof) could
still be explored on the samples we harvested. Thereby, hypothetically, the cell-
specific effects can be correlated to physiological state of that cell, including
ligand metabolite levels and AHR expression, downstream gene expression (i.e.,
CYP1A1), or expression of its negative feedback mechanism (through AHRR). While
our in vitro model consists of keratinocytes only, these cells are actually in different
stages of differentiation and their gene expression profile changes as they progress
through different layers of the epidermis. We studied the effect on different layers
of the epidermis through immunohistochemical staining of protein expression. This
visualizes tissue morphology, protein localization, and protein quantity in the skin
in order to determine the effect of AHR activation. However, this only shows the
final result of changes in AHR activation status. Underlying mechanisms, driven by
gene expression, could not be studied in this way. Recently, novel techniques that
employ fluorescent probes to target RNA molecules on skin tissue sections were
developed [429]. This single cell transcriptomics methodology could be employed
on our epidermal models, to investigate changes in gene expression levels related to

the spatial position of the cells in the epidermis. Additionally, novel computational
models are continuously developed to predict gene interactions and signaling
pathways. Inferring gene expression data, for example from cells stimulated with
AHR agonists, can predict binding partners and downstream effects based on pre-
existing knowledge of the signaling pathways [430]. In my thesis, all investigations
into the effects of AHR activation on gene expression were performed in bulk,
where effects on separate cells, cell types and their specific milieu are less well
distinguished. Novel techniques such as single-cell transcriptions, metabolomics
and proteomics are developing at a rapid pace and are already used to investigate
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expression profiles for single cells and cell types in the skin [431-433]. For future
in vivo and in vivo studies, single-cell analyses will provide insight into differential
effects of AHR activation in cells, depending on their cellular context and which
cell types are affected most by AHR targeting. The differences in expression level
of AHR in the strata or cell types of the skin may already provide us with clues. In
the stratum spinosum and stratum granulosum the AHR expression is higher than
in the stratum basale or stratum corneum. Additionally, expression of AHR is higher
in keratinocytes and melanocytes, but virtually absent in fibroblasts (based on
data from the Human Protein Atlas) [121]. This indicates that the addition of AHR
agonists may have a cell-specific effect based on their expression of AHR.

Lastly, effects of AHR are dependent on the microenvironment in which cells
reside when activated. This was also shown in our in vivo study (chapter 7), where
treatment of healthy skin using topical coal tar application led to an induction
of proliferation. This contrasts with effects of agonists in skin affected by an
inflammatory cue, as AHR activation reduces keratinocyte hyperproliferation in that
context (as shown in chapter 2). This has important implications for treatment of
patients, as only local, topical application of affected skin is necessary to achieve
therapeutic effects, and application to healthy skin could enhance inflammation.
Additionally, systemic effects need to be studied further even if creams are applied
locally. Compounds can permeate through the skin and have additional effects
elsewhere in the body. Considering that the AHR is expressed in a large number of
organs and cells from the immune system, activating compounds could have effects
elsewhere in the body that require monitoring. While the use of the AHR agonist
coal tar has no negative side effects after long term use [78], this does not rule out
adverse effects by other AHR agonists. The complex nature of coal tar, including
potentially receptor antagonists, may yield a different response to creams with only
pure AHR agonists. Besides the potential of the AHR to be employed as a therapeutic
target, | also aimed to further understand the physiological role of the AHR in our
skin, specifically in the formation and maintenance of the skin barrier. In my thesis,
| developed and applied a technique to measure epidermal barrier function in in
vitro epidermal models by electrical impedance spectroscopy (EIS). This system
was implemented to investigate the effects of AHR deficiency on the skin barrier,
as well as the effect of AHR activation. The importance of AHR in skin development
was demonstrated in chapter 6. Knockout of the AHR in the immortalized human
keratinocyte cell line N/TERT-2G showed impaired barrier function in our in vitro
models. This can be explained through impaired expression of differentiation genes
and therefore a defect in keratinocyte differentiation and consequent formation of
the skin barrier. Possibly, lack of endogenous AHR signaling leads to changes in lipid
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composition and formation of the stratum corneum. These in vitro experiments with
AHR knockout cells prove the importance of AHR in formation of the epidermal skin
barrier, as previously demonstrated by AHR antagonists which hamper epidermal
development [76]. While Ahr knockout mice do not show a severe skin phenotype,
the barrier function appears affected as seen from the elevated transepidermal
water loss due to impaired keratinocyte intercellular connectivity and changed
expression of barrier-associated genes [141]. This is in accordance with our results
seen in human AHR knockout cell lines. The benefits of using knockout cell lines
over treatment with receptor antagonists, is the potential non-selective nature of
antagonists affecting other pathways. Also, our knockout epidermal models allow
for investigation of the absence of AHR on the development of the skin barrier in
early stages, whereas addition of antagonists in these early stages is often harmful
or even lethal to the developing epidermis. The knockout model is therefore
more similar to in vivo mice models, where Ahr knockout mice are able to form an
epidermis, albeit with hampered skin barrier.

Additionally, we showed that the addition of AHR ligands can reverse barrier
defects that are induced by inflammatory cues. In atopic dermatitis-mimicking
models, the skin barrier was shown to be impaired. Addition of a variety of AHR
ligands, including coal tar, SAhRMs and carboxamides used in this thesis, were
able to enhance the skin barrier through increasing expression of keratinocyte
differentiation genes and perhaps lipid composition [434], although the latter
was not studied in this thesis. The anti-inflammatory effects and enhancement
of keratinocyte differentiation were shown in previous studies using partial AHR
agonists [435, 436]. We have come to learn that activation of the AHR can have a
positive effect on restoring deregulated epidermal differentiation, proliferation and
inflammation. The mechanism behind these effects is starting to be unraveled, as
more binding partners (such as stimulator of interferon response cGAMP interactor
1 (STING1) [437], the estrogen receptor (ER) [438] and circadian clock proteins [439])
and the target genes that are bound by the AHR (e.g., TFAP2A in chapter 5) are
discovered. Future studies on patients treated with AHR agonists will shed further

light on the intricate signaling cascades in which the AHR is involved.

The recent FDA approved topical AHR agonist cream Tapinarof (VTAMA) will play
a key role in these discoveries. Tapinarof is now approved for the treatment of
psoriasis and atopic dermatitis for adults and children over 2 years [440], sparking
major interest by dermatologists and the pharmaceutical industry. Follow up clinical
studies investigating the effects of Tapinarof treatment will now emerge soon with
phase 3 trials being finalized [441-443]. Since AHR activating therapeutics have
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such a strong barrier restoring effect, this could imply that patients with severe
barrier effects could benefit significantly from treatment with AHR agonists. Since
skin barrier function can easily be measured in a non-invasive way, by measuring
transepidermal water loss or water content of the skin, this provides possibilities to
study the differential effects of AHR agonist treatment in different disease severity
stages and degrees of skin barrier defects. Patients most likely to benefit from
this treatment could easily be pre-selected using aforementioned non-invasive
methods in daily clinical practice.

Experimental models to investigate AHR function in skin

For future research into the mechanism underlying therapeutic effects of AHR
activation and its physiological role in the skin barrier, faithful models are essential.
Whilst animal models (mice) provide a physiological complete model, their skin
is different from human skin and ethical issues with animal use are becoming
more prominent nowadays. On the other hand, research using human volunteers
is time consuming, also limited by ethical considerations, and the number of
tissue samples that can be obtained. We also experienced these culprits in our in
vivo study (chapter 7), where only a few biopsies per volunteer could be taken
which limited our analyses, and predicting the optimal time point for biological
sampling proved difficult and suboptimal. In vitro human skin models that faithfully
mimic disease states could overcome these limitations. In most of our studies,
we used an organotypic human in vitro epidermis model based on the culture of
solely keratinocytes on a plastic filter. Exposure of these keratinocytes to air in
combination with specific media supplements, leads to differentiation of these
cells into a mature epidermis, containing all layers of the epidermis including a
stratum corneum. While only modeling the upper layer of skin, it has the advantage
that keratinocyte-specific effects can be studied separately from other cell types.
These models are relatively simple to culture in a short amount of time (<2 weeks),
making them useful for manipulation by for example addition of cytokine mixtures
or therapeutics, or utilizing genome editing techniques for gene function analysis.

In chapter 5 and 6 of this thesis we aimed to develop a model to dissect AHR-
dependent cellular functions. This research was enabled by previous work of our
department on the characterization of the immortalized N/TERT cell line and
creating methodologies for knocking out genes by CRISPR/Cas9, as shown in
chapter 4. Although all protocols appeared operational, such genome editing
studies are difficult to perform in keratinocytes and creating a viable clonal cell
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line knockout for AHR was tedious, possibly due to the role of AHR in keratinocyte
proliferation. This made clonal expansion challenging, as AHR proficient cells
quickly overgrew AHR-KO cells. Eventually “only” one validated keratinocyte
knock out line could be generated. For these cells it is important to realize that
compensatory mechanisms may have occurred to compensate for the loss in AHR-
driven proliferation. This may possibly affect other processes in these cells and
therefore complementary studies with AHR antagonists, or developing rescue
experiments to convert the knockout cells back to wildtype (using homology
directed repair (like in chapter 4) are necessary to uncover effects that are solely
based on lack of AHR.

As discussed in my introduction, the AHR affects gene expression both through
canonical signaling with ARNT and non-canonical signaling with other binding
partners. CRISPR/Cas9-mediated knockout of ARNT would provide a model
for differentiating between canonical signaling and non-canonical signaling.
Investigating solely non-canonical signaling would help distinguish the different
effects of AHR signaling and provide a basis for research into the mechanism
behind therapeutic AHR signaling. Although our current epidermal models provide
an important gateway into research of human skin, several elements are still lacking
that are found in in vivo human skin. These elements include a physiological stratum
corneum with shedding ability, an immune cell compartment and microbiota.

Modelling physiological stratum corneum cornification
and desquamation

One lacking factor in our in vitro models is a shedding stratum corneum, a process
called desquamation. The stratum corneum is the most outer layer of our skin
and has an essential role in the skin barrier. It consists of dead corneocytes that
are shed regularly in vivo. Research into stratum corneum formation is important,
as the AHR was shown to have a role in the development of the stratum corneum
and its composition [76]. In this thesis, knockout of the AHR was already shown to
impact the skin barrier function by reduced epidermal differentiation and electrical
impedance values (Chapter 6). Recently, a role for the AHR in ceramide synthesis
has been discovered. Ceramides are lipids present between cells in the stratum
corneum and have an important role in the skin barrier and water retention in
the skin. Activation of the AHR induced expression of the ceramide metabolizing
enzyme uridine diphosphate glucose ceramide glucosyltransferase (UGCG) and
increased levels of ceramides in the skin [434]. Since AHR has a regulatory role in
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stratum corneum formation and maintenance, models with physiological stratum
corneum that can be studied separately are vital. Herein, cell culture conditions
are important to consider. 3D skin models are cultured in incubators, at which
cells are kept at 37°C with high relative humidity. However, stratum corneum
naturally resides in a colder (32°C) and dryer environment. Higher temperatures
and humidity might have an effect on processes in the cell that are involved in
the formation of the epidermis and specifically the outermost layer, the stratum
corneum. Although, higher humidity and temperature do not appear to affect the
lipid composition of the stratum corneum, epidermal thickness and differentiation
rate of the models [444, 445] which may influence the study outcome.

Another difference with the in vivo situation is that in vitro stratum corneum is not
regularly shed since no mechanical abrasion occurs in the cell culture. Shedding
can potentially be modeled by tape stripping, removing several layers of stratum
corneum by cellotape. This could also provide a model for investigating breaches and
repairing mechanisms of the skin barrier in model systems. However, tape stripping
in vitro is difficult due to the delicate nature of the models. We attempted creating a
tape stripping model using our 3D human epidermal model, both for modelling of
our in vivo coal tar study findings as well as study the role of the stratum corneum in
electrical resistance in our EIS study (chapter 7 and 6, respectively). Nevertheless,
we found that tape stripping creates mechanical friction, causing stress on the cells
in the viable epidermis or even complete rupture of the tissue. The lower strength
of the basement membrane that holds the epidermis in place, aberrant crosslinking
or enzyme activity involved in the desquamation process may be causal factors.
Further refinement of the tape stripping method or epidermal modeling itself is
therefore needed. Also more subtle removal of the stratum corneum (e.g. by chemical
peeling) could prevent the mechanical stress and cytotoxicity of the epidermal cells.
Alternatively, ex vivo models of surplus skin from plastic surgery may be used having
a native stratum corneum that can be removed using conventional tape stripping
methods allowing investigations into the repair mechanisms ex vivo [446] and
studies on the therapeutic nature of in our case AHR agonists.

Addition of an immune cell compartment

In vivo human skin is a complex tissue and often multiple factors play a role in the
development and maintenance of skin diseases. In inflammatory skin diseases,
immune cells are important disease drivers and are target cells for treatment, i.e.
through biologics. The models used throughout my thesis lack immune cells that
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are important to skin homeostasis, such as cells from the innate immune system
as well as tissue resident immune cells such as Langerhans cells or tissue resident
T-cells. In these immune cells, the AHR plays a key role in their development,
maturation and plasticity [447, 448]. The importance for immunocompetent
models is illustrated by our in vivo study on the anti-inflammatory role of the
AHR (chapter 7). We were able to demonstrate the anti-inflammatory regulation
by coal tar-mediated AHR activation, however the pilot nature of the study setup
and limited biopsy material hampered important additional analyses. Also herein,
ex vivo skin models may be good alternatives. Techniques such as tape stripping
and topical application of creams are possible on ex vivo skin, yet the availability
of donor material is rather limited and highly dependent on optimal logistics with
nearby plastic surgery clinics. Also, for more extended experiments, large pieces of
skin have to be available. Additionally, while providing presence of certain immune
cells, such as Langerhans cells in the epidermis and dermal immune cells at time of
biopsy, influx of immune cells from the circulation cannot be studied herein. Solving
these issues, research is ongoing to develop the much-needed immunocompetent
in vitro skin models allowing the migration of T-cells, or dendritic cells [410, 449,
450] and bioprinting techniques that enable precise spatial reconstruction are
developing at a fast pace [391, 451]. These future immunocompetent models could
provide a foundation to investigate the treatment of inflammatory skin diseases
and incorporating specific patient characteristics, allowing for research into the
effects of AHR activation on the skin and immune component simultaneously in a
biologically relevant setting.

A role for the microbiome through AHR signaling

Microbes play an important role in our skin barrier, such as preventing colonization
of pathogenic microbes. Microbial metabolites from commensals in our gut were
already shown to activate AHR signaling in gut epithelial cells and resident immune

cells. These metabolites were identified as tryptophan metabolites [452]. Recently,
skin commensals were shown to produce similar tryptophan metabolites that interact
with the AHR and through AHR signaling affect the skin barrier [30]. Similarly, in
germ-free mice the skin barrier is impaired but rescued by addition of AHR activating
agonists, which upregulated genes involved in keratinocyte differentiation and
enhanced skin barrier function [212]. Skin barrier function could also be restored by
addition of human skin microbes that influence AHR signaling [212]. This underscores
the importance of microbiome interaction with host AHR to establish the skin barrier,
with microbial metabolites also being key to upregulate keratinocyte proteins
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associated to antimicrobial host defense. Such auto-regulatory loop by micro-
organisms through host AHR signaling may be disturbed in many skin diseases [213].
Several inflammatory skin diseases, such as AD, are associated with dysbiosis in the
skin microbiome but the causal relationship between the microbial dysbiosis, the
diminished physiological AHR activation, impaired skin barrier and more severe
disease phenotype has yet to be established. Recently, our group developed new
models that allow culturing of microbes on the 3D human epidermal equivalents that
| used in my thesis [453]. Merging these research efforts will fuel future research into
the interaction mechanisms of our microbiota with host AHR, with possible dissecting
of canonical (AHR/ARNT driven) and non-canonical signaling pathways (AHR/other).
This could have an impact beyond the dermatology field, as not only in the skin our
microbiome influences barrier function through AHR signaling. Gut homeostasis is
regulated similarly where tryptophan metabolites produced by microbes are shown
to have barrier promoting and anti-inflammatory effects. In intestinal bowel disease,
tryptophan metabolite levels as well as AHR activity is known to be lowered in
patient fecal samples [454]. This highlights that the anti-inflammatory effects of AHR
activation are conserved in different organ systems and underscores the potential
for AHR-activating therapeutics to treat a variety of inflammatory diseases. Effects of
AHR activation in the gut also have the ability to influence processes in other sites
of the body, such as the liver and the lung [454]. Dietary AHR ligands (e.g., broccoli-
derived indole-3-carbinol) where additionally shown to influence inflammatory
processes in the skin [455], directing towards the potential for lifestyle interventions
in clinical practice.

Concluding remarks

Taken together, the research in my thesis provides further insight into the function
of AHR in the human skin. | demonstrated that AHR signaling is important for
keratinocyte proliferation, differentiation, skin barrier function and inflammatory
processes in the skin. My research highlights that AHR is an important therapeutic
target in the treatment of inflammatory skin diseases and should not be feared
for its association with toxicity and cancer development considering ligand- and
microenvironment dependent outcomes. Future research to scrutinize AHR's ligand-
dependent signaling and interplay with different signaling partners in different
cell types will be aided by technological developments such as single-cell omics
and genetic engineering approaches, combined with the important quantitative
assessment of epidermal function and further refinement and complexification of
in vitro skin models.
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Nederlandse samenvatting

In de introductie van mijn proefschrift (Hoofdstuk 1) is de huid en zijn belangrijke
functie als barriereorgaan beschreven. Samengevat bestaat de huidbarriére uit
vier componenten: de fysische, chemische, immunologische en microbiologische
barriére. Bij inflammatoire huidziekten, zoals atopisch eczeem (AD) en psoriasis, is de
huidbarriére aangedaan door een afwijkende differentiatie van keratinocyten, een
inflammatoire respons en een disbalans in het huidmicrobioom. De behandeling
van inflammatoire huidziekten bestaat uit het smeren van hydraterende en
vettende créemes, het smeren van corticosteroiden, maar ook systemische
behandelingen met ontstekingsremmende medicijnen. Eén van de oudste
behandelingen van inflammatoire huidziekten is koolteer, waarvan ontdekt werd
dat het zijn therapeutische effect uitoefent via activatie van de aryl koolwaterstof
receptor (AHR). Hoewel de AHR oorspronkelijk ontdekt is als een omgevingssensor
voor xenobiotica, kan de AHR een grote variéteit aan zowel endogene als
exogene liganden binden en functioneert het zo als een transcriptiefactor
die de genexpressie reguleert. De AHR werkt via verschillende intracellulaire
signaleringsroutes, die gekenmerkt worden door specifieke interacties met andere
eiwitten zoals de arylkoolwaterstof nucleaire translocator (ARNT). Hierdoor heeft
de AHR invloed op vele diverse processen in de huid, waaronder de celdeling en
differentiatie van keratinocyten en de vorming van de huidbarriére. Ook reguleert
de AHR de inflammatoire respons in de huid, waardoor het een geschikt doelwit
is in de behandeling van inflammatoire huidziekten. In dit proefschrift zijn de
fysiologische effecten van AHR signalering op de vorming en het behoud van de
huidbarriére onderzocht, evenals de mogelijkheden voor nieuwe AHR-gerichte
therapieén in de behandeling van AD.

In Hoofdstuk 2 en 3 zijn twee nieuwe groepen van AHR-bindende stoffen
(liganden) bestudeerd. In Hoofdstuk 2 is een groep selectieve liganden, genaamd
SGA verbindingen, onderzocht. Een groot aantal SGAs is eerst onderzocht op hun
potentie tot AHR activatie. Dit leidde tot identificatie van enkele liganden met
een wisselende potentie. De sterkste AHR liganden zijn eerst getest in muis- en
humane keratinocyt cellijnen. In beiden activeerden zij de AHR, zonder schadelijke
bijwerkingen. In monolaag celkweken was de expressie van genen die geassocieerd
zijn met keratinocytdifferentiatie, zoals hornerine en filaggrine, verhoogd op een
AHR-afhankelijke manier. In 3D humane epidermis equivalenten werd eenzelfde
effect gezien ten aanzien van de differentiatie status van keratinocyten. Vervolgens
is de effectiviteit van geselecteerde SGAs in het verminderen van AD-gerelateerde
kenmerken in de epidermis equivalenten. Middels RNA-sequencing werden clusters
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van AD-gerelateerde genen gevonden die onder invloed van de SGAs veranderen.
Herstel vond met name plaats in processen betrokken bij de keratinocyt
differentiatie en hyperproliferatie de inflammatoire respons. Deze effecten konden
gevalideerd worden op eiwit-niveau. Tenslotte werden de ontstekingsremmende
effecten onderzocht in een in vivo muismodel voor acute huidontsteking. Ook in dit
model was topicale toediening van SGAs effectief in het reduceren van roodheid,
verdikking en de infiltratie van neutrofiele granulocyten in de huid. Samengevat
tonen deze resultaten aan dat SGAs veelbelovend zijn in de ontwikkeling van een
lokale behandeling voor inflammatoire huidziekten.

In Hoofdstuk 3 is een andere groep verbindingen, carboxamides, onderzocht op
hun vermogen om de AHR te activeren en AD-kenmerken in in vitro modellen te
verminderen. Zoals in de eerdere studie met de SGAs, zijn de carboxamides en hun
concentratie eerst geselecteerd op basis van AHR activatie en cellulaire vitaliteit.
In 3D humane epidermis equivalenten leidde het toevoegen van carboxamides
tot een verhoogde keratinocyt differentiatie, zowel op gen- als eiwit-niveau. In
humane epidermis equivalenten met AD kenmerken, waren ook de carboxamides
effectief in het reduceren ervan. Dit toont aan dat een verscheidenheid aan AHR
activerende liganden bruikbaar zijn als mogelijke medicatie voor inflammatoire
huidziekten, zoals AD.

Zoals besproken in de introductie, kan de AHR een grote verscheidenheid
aan liganden binden en zo zijn effect uitoefenen via verschillende cellulaire
signaalroutes. Om de fysiologische rol van de AHR in de huid te begrijpen en
andere geactiveerde signaalroutes door de AHR liganden uit te sluiten, zijn
geschikte in vitro modellen essentieel. Daarom is een keratinocyt cellijn ontwikkeld
middels de CRISPR/Cas9 techniek waarin de AHR niet aanwezig is (knock out). Deze
CRISPR-Cas9 techniek moest eerst geoptimaliseerd worden voor het gebruik in
keratinocyten, hetgeen beschreven is in Hoofdstuk 4. In deze “proof-of-concept”
studie is een onsterfelijke keratinocyt cellijn (N/TERT-2G) zodanig aangepast met
CRISPR-Cas9 zodat filaggrine (FLG), een belangrijke component van de huidbarriére
en risico-gen voor het ontwikkelen van AD, uitgeschakeld is. Zogeheten “guide-
RNAs” gericht tegen exon 3 werden ontwikkeld en vervolgens getransfecteerd in
N/TERT-2G cellen, tezamen met synthetisch Cas9 eiwit. Uit geselecteerde klonale
cellijnen met variaties in het FLG gen waardoor geen functioneel filaggrine eiwit
tot expressie komt, zijn 3D humane epidermis equivalenten gemaakt. Deze
equivalenten lieten verlies zien van de granulaire laag in de epidermis, wat

geassocieerd is met FLG mutaties, en verlies van filaggrine eiwitexpressie. Daarbij
was ook de huidbarriere aangedaan, dat resulteerde in barriére defecten van
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filaggrine-deficiénte equivalenten. Om te laten zien dat deze effecten het gevolg
waren van de geintroduceerde FLG mutatie, werd het FLG gen succesvol hersteld
in de filaggrine-deficiénte lijnen met behulp van CRISPR/Cas9 “homology directed
repair”. Met een vergelijkbaar protocol genereerden we AHR deficiénte cellen om
het specifieke effect van AHR op de biologie van keratinocyten te onderzoeken, als
onderdeel van Hoofdstuk 5.

In Hoofdstuk 5 werden RNA- en ChlIP-sequencing experimenten uitgevoerd
om het moleculaire mechanisme volgend op AHR activatie in de cel beter te
begrijpen. Keratinocyten, gestimuleerd met dioxine (TCDD) of koolteer, lieten
tijdsafhankelijke vergelijkbare veranderingen zien in RNA-expressie. Door de
identificatie van vroege en late responsgenen suggereren wij dat een deel van
de AHR respons in keratinocyten in feite een secundair effect van AHR activatie is.
Vroege responsgenen waren betrokken bij processen zoals epitheelontwikkeling
en eiwitfosforylering, terwijl late responsgenen een rol speelden in keratinocyt
differentiatie en epidermisontwikkeling. Door ChIP-sequencing uitgevoerd met
AHR- en H3K27ac-antilichamen hebben wij genomische regio's geidentificeerd
die direct na AHR-activering door AHR worden gebonden, evenals een specifieke
subset van actieve enhancerregio's geassocieerd met deze AHR-binding. Daarnaast
werden verschillende regio's geidentificeerd die verband hielden met secundaire
(late) effecten van AHR-activatie. De AHR kan dus enhancer-elementen in het
genoom binden waardoor het de werking van andere transcriptiefactoren kan
reguleren. Wij veronderstelden dat deze transcriptiefactoren op hun beurt de
expressie van epidermale differentiatiegenen aansturen als secundair proces. Om
deze hypothese te toetsen, zijn beide datasets geintegreerd resulterend in de
identificatie van transcriptie factor AP-2 alpha (TFAP2A). De expressie van deze
transcriptiefactor wordt direct gereguleerd door de AHR, en is bekend een rol te
spelen in ontwikkeling van de epidermis. De door ons gemaakte AHR-deficiénte
cellijnen gestimuleerd met TCDD lieten inderdaad geen verhoging zien van
TFAP2A expressie, in tegenstelling tot AHR wildtype lijnen. Daarnaast werden
ook TFAP2A-deficiénte cellijnen gegenereerd middels CRISPR-Cas9, waarmee wij
de rol van de AHR-TFAP2A signaalroute in epidermale differentiatie aantoonden.
Epidermale equivalenten gemaakt van TFAP2A-deficiénte keratinocyten waren
onderontwikkeld, met een afwijkende keratinocyt differentiatie. Activatie van de
AHR in deze TFAP2A-deficiénte modellen liet slechts een minimale verhoging zien
in epidermale differentiatie, waarschijnlijk veroorzaakt door andere familieleden
uit de AP1/AP2 familie van transcriptiefactoren. Deze studie levert bewijs voor
de aanwezigheid van een AHR-TFAP2A signaalroute die nodig is voor een goede
ontwikkeling van de epidermis en barriérefunctie van de huid.
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In mijn proefschrift heb ik tevens getracht de fysiologische rol van de AHR in
de vorming van de huidbarriére beter te begrijpen door de ontwikkeling van
kwantitatieve meettechnieken. In Hoofdstuk 6 onderzochten we een nieuwe
methode waarbij met elektrische impedantie spectroscopie (EIS) de epidermale
barrierefunctie gemeten kan worden, zonder daarbij de huid equivalenten
te schaden. Middels EIS, gemeten over een frequentierange, konden wij de
ontwikkeling van de huidbarriére volgen in de tijd, zonder daarvoor de huid
equivalenten te oogsten. Onze EIS-metingen, gecombineerd met morfologische
en histologische analyses, leidden tot de correlatie van verschillende delen van
de impedantiegrafieken aan diverse processen betrokken bij de ontwikkeling
van de huidbarriére. Impedantie op lage frequenties bleek geassocieerd met
epidermisontwikkeling en hoge frequenties werden geassocieerd met de dikte van
het stratum corneum. Ook konden we door toepassing van EIS het therapeutische
effect van AHR liganden bepalen in vitro. In AD-epidermale modellen die
de pathologie van AD nabootsen door toevoeging van ziekte-gerelateerde
ontstekingsmediatoren, herstelden alle AHR liganden (waaronder de SGAs en
carboxamides) de barriere defecten.

De preklinische studies in mijn proefschrift tonen aan dat AHR een therapeutisch
target is voor het herstellen van barrieredefecten in inflammatoire huidzieken.
In deze experimentele studies gebruikten we in vitro humane modellen of in vivo
muismodellen. Hoofdstuk 7 omvat een translatie van deze laboratorium modellen
naar de mens waarbij wij het effect van koolteer op de huidbarriére onderzocht
hebben in gezonde humane vrijwilligers. Hiervoor werd de hoornlaag van de
huid verwijderd met plakband (tape strippen) om huiddefecten, zoals in AD, na te
bootsen. Voor of na het tape strippen werd de huid blootgesteld aan koolteercreme
of de basiscreme. Onverwacht veroorzaakte de basiscreme een acute ontsteking
van de huid nadat deze getapestript was. Dit gaf ons de mogelijkheid om de
ontstekingsremmende effecten van koolteer te onderzoeken. De verdikking van
de epidermis en het aantal afweercellen in de huid, die verhoogd was door de
basiscréme, was significant minder in de met koolteer behandelde huid. Ook bleek
de migratie van specifieke antigeen presenterende cellen (Langerhans cellen) van
de epidermis naar de dermis verminderd na koolteerbehandeling in vergelijking
met de basiscréme. Koolteer remt dus de acute infiltratie van immuuncellen in de
huid die ook belangrijk zijn in chronische ontstekingsziekten, zoals AD.

Ten slotte integreer ik in hoofdstuk 8 de bevindingen van mijn experimentele

studies met een algemene discussie en toekomstperspectieven. Ik richt me
in mijn discussie op de vooruitzichten voor therapeutische ontwikkeling van
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AHR-liganden. Daarbij leg ik de nadruk op de diversiteit van liganden en hun
receptoraffiniteit, de celspecificiteit van AHR expressie, en de rol voor het weefsel-
en de celmicro-omgeving in het beinvlioeden van de effecten van AHR signalering.
Concluderend heeft mijn onderzoek meer kennis geleverd over de functie van AHR
signalering in de huid. Ik heb aangetoond dat AHR signalering belangrijk is voor
keratinocytproliferatie, differentiatie en huidbarrierefunctie, evenals de regulatie
van ontstekingsprocessen en afweercellen in de huid. Met deze kennis kunnen we
de therapeutische waarde van AHR-activerende moleculen, en hun bijwerkingen, in
de behandeling van chronische inflammatoire huidziekten beter in kaart brengen.
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Research data stewardship and accessibility (FAIR)

Open access publications

The following chapters in this thesis have been published under open access and
are accessible through their mentioned DOlIs. Datasets can be requested through
contacting the last author:

Chapter 2 Lead optimization of aryl hydrocarbon receptor ligands for treatment
of inflammatory skin disorders.

Biochemical Pharmacology. February 2023.

DOI: 10.1016/j.bcp.2022.115400

Chapter 3 Carboxamide derivatives are potential therapeutic AHR ligands for
restoring IL-4 mediated repression of epidermal differentiation proteins.
International Journal of Molecular Sciences. February 2022.

DOI: 10.3390/ijms23031773

Chapter 4 Investigations into the FLG null phenotype: showcasing the
methodology for CRISPR/Cas9 editing of human keratinocytes.

Journal of Investigative Dermatology. August 2023.

DOI: 10.1016/j.jid.2023.02.021

Chapter 5 The aryl hydrocarbon receptor regulates epidermal differentiation
through transient activation of TFAP2A.

Journal of Investigative Dermatology. September 2024.

DOI: 10.1016/j.jid.2024.01.030

Chapter 6 Electrical impedance spectroscopy quantifies skin barrier function in
organotypic in vitro epidermis models.

Journal of Investigative Dermatology. November 2024.

DOI: 10.1016/j.jid.2024.03.038

Data availability

Data from all chapters was stored and processed on local department servers, which
are supported and backed up regularly by the ICT department of Radboudumc.
Execution of experiments was documented either in the electronic labjournal
labguru, which is accessible for all members of the department, or in paper
labjournals which are stored at the department at Radboudumc. These secure

storage options safeguard the availability, integrity and confidentiality of the data.



234 | Addendum

In addition, data and metadata are stored in the Radboud Data Repository under
the same title as this thesis and available upon request Lastly, several large datasets
are accessible through the Gene Expression omnibus (see below).

Chapter 2 Large RNA sequencing datasets of chapter 2 (Lead optimization of aryl
hydrocarbon ligands for treatment of inflammatory skin disorders, Biochemical
Pharmacology, February 2023) were made available at the Gene Expression
Omnibus (GEO) database under accession number GSE212539
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgiacc=GSE212539).

Chapter 5 Large RNA sequencing and H3K27ac data sets from chapter 5 (The
aryl hydrocarbon receptor regulates epidermal differentiation through transient
activation of TFAP2A, Journal of Investigative Dermatology, September 2024) were
made available at the Gene Expression Omnibus (GEO) database under accession
number GSE226047
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226047).

Ethics and privacy

Chapter 7 The data in chapter 7 is based on the results of research involving
human participants, which were conducted in accordance with relevant national
and international legislation and regulations, guidelines, codes of conduct and
Radboudumc policy. Ethical approval for these studies was granted by medical
ethical committee (Commissie Mensgebonden Onderzoek) Arnhem-Nijmegen
under file number 2017-3177 and NL-number NL60891.091.17. Informed consent
was obtained from all participants before participation. The privacy of participants
in this study was warranted by the use of fully anonymized data.
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Dankwoord

‘T is moéi gewaes. Een einde aan dit hoofdstuk. Maar wat ben ik dankbaar dat ik
mijn PhD heb mogen doen bij de warme mensen die de afdeling Dermatologie van
het Radboudumc maken. Vanuit mijn stage kon ik bij jullie aan de slag als PhD. Jullie
hebben me enorm veel geleerd over het doen van onderzoek, maar daarnaast ook
over mezelf en over wat ik verder wil. Ik denk dat de meeste van jullie me kennen
als rustig persoon en vooral als iemand van niet te veel woorden. Mijn dankwoord
zal dan misschien niet een heel epistel worden, maar weet dat alles wat ik zeg
gemeend is. En dat ik boven alles vooral erg dankbaar ben voor de mogelijkheid
om me bij jullie te hebben kunnen ontwikkelen tot waar ik nu sta.

Om te beginnen mijn promotieteam. Bedankt voor alle spar sessies en creatieve ideeén
die ervoor gezorgd hebben dat dit boekje tot stand heeft kunnen komen. Dat het met
tijden met ups en downs ging weten we allemaal, maar bedankt dat jullie me daarin
gepusht hebben en de kans gegeven hebben om mezelf te ontwikkelen. We mogen
samen trots zijn op dit resultaat! Beste (Prof. Dr.) Ellen. Je hebt de rol als mijn promotor
gedurende mijn PhD overgenomen van Joost. En wat heb je dat goed gedaan. Je
creatieve ideeén en manieren om het bruikbare in alle resultaten te zien (ook al vond
ik het experiment mislukt) zijn bewonderenswaardig. Je hebt me laten zien dat het
onderzoek niet altijd zwart en wit is, maar vooral ook heel veel grijs. Naast dat je mij hebt
laten groeien in de persoon die ik nu ben, heb ik jou ook mogen zien groeien tijdens
mijn PhD. Je mag trots zijn op de manier waarop jij verschillende onderzoeksvelden
bij elkaar kan brengen, soms wat gewaagde ideeén voor onderzoek hebt, maar vooral
ook de warme groep mensen waar je leiding aan geeft. Ik ben benieuwd naar wat de
toekomst jullie mag brengen aan resultaten en kijk uit naar toekomstige publicaties.

Beste (Dr.) Jos, begonnen als jouw stagiair op het CRISPR/Cas9 onderzoek tijdens
mijn master. Jouw enthousiasme over het onderzoek en de mogelijkheden in de
dermatologie werkten aanstekelijk, dus toen de kans zich voordeed om vanuit mijn
stage verder te gaan als PhD bij jullie groep nam ik die kans met beide handen
aan. Daarna als kamergenootjes tijdens het afronden van je eigen PhD. Eerst op de
achterste kamer, waar de nodige ‘diepzinnige’ gesprekken hebben plaatsgevonden.
Later een stukje naar voren in de gang als mijn copromotor. Bedankt voor alle
inspiratie en het praktisch meedenken tijdens mijn eigen onderzoek. Het was
enorm fijn om een copromotor te hebben die zo dicht op de werkvloer staat en
daarom ook zeker over de praktische zaken mee kon denken. Ook met persoonlijke
vragen of met de ‘hoe werkt dit nu weer’ vragen, kon ik altijd bij je terecht. Je hebt

me begeleid tijdens mijn hele traject tot onderzoeker, enorm bedankt daarvoor!
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(Dr.) Patrick, ik wist altijd precies wat ik aan je had. Lekker direct, duidelijk en
met 0og voor detail. Maar daarnaast ook een schat aan kennis over het onderzoek
doen. Mocht er ergens troubleshooting nodig zijn, had jij daar altijd wel ideeén
over. Daarvoor heb ik ook wel eens oude labjournalen van jou gebruikt en ik denk
dat er maar weinig mensen zijn die zo precies en duidelijk kunnen documenteren
wat er gedaan is. Ook de liefde voor oude rockers deelden we, ondanks dat de
muzieksmaak op het lab op zijn minst divers te noemen was. Bedankt voor de
begeleiding tijdens het schrijven van dit boekje. Jij kon precies de vinger leggen
op waar nog verduidelijking nodig was. Dat er heel wat minder dubbele spaties en
dubbele referenties in dit onderzoek staan, heb jij zeker aan meegeholpen.

(Prof. Dr.) Joost Schalkwijk, je hebt me begeleid tijdens het eerste jaar van mijn
PhD. Bedankt dat je mij deze kans bood om in deze mooie groep mijn onderzoek
voort te zetten. Ik heb je leren kennen als rustige persoonlijkheid, maar met enorm
veel kennis van het vakgebied. Je hebt de fundering gelegd voor een groep warme
mensen die nog steeds enorm mooi en vooruitstrevend onderzoek leveren, daar
mag je trots op zijn! Hopelijk geniet je nu heerlijk van je pensioen met veel tijd voor
je familie en hobby'’s.

Lieve collega’s van het lab dermatologie. Wat zijn jullie een leuke gezellige groep
mensen die altijd voor elkaar klaar staan, daar mogen jullie trots op zijn! Hoewel de
groep ‘multicultureel’ was (zeker met mij als Limburger) was iedereen altijd welkom
voor een praatje over het onderzoek of persoonlijke leven, een grap of gewoon een
goed feestje tijdens congres.

Ivonne en Diana, de praktische krachten die altijd een helpende hand wilden
bieden tijdens het uitvoeren van mijn onderzoek. Bedankt voor de bergen werk
die jullie voor mij verzet hebben, ook al kon ik soms iets chaotisch zijn in het
overbrengen van mijn ideeén en plannen. Jullie gingen altijd weer met hetzelfde
enthousiasme aan de slag. Maar ook voor een persoonlijk gesprek kon ik altijd bij
jullie terecht. Ik ga de vele gesprekken over het werk, de (klein)kinderen maar zeker
ook de voor- en nabespreking van het Songfestival missen.

Patrick (PJ), altijd in voor een grapje en vooral veel lol hebben als mensen hapten
(ja, ook ik). Het was altijd te horen als jij als eerste op het lab de muziek had aangezet
en ik heb dan ook van jou een heel nieuw muziekgenre leren kennen (zo af en toe
draai ik stiekem nog wat Gunther). Maar ik heb ook gebruik kunnen maken van
jouw kennis tijdens mijn PhD, maar ook al tijdens mijn stage. Niet alleen over het
moleculaire werk, maar ook bij de AIVD kerstpuzzels die elk jaar tijdens de pauzes
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gemaakt moesten worden. Bedankt voor het meedenken over mijn onderzoek,
maar ook voor de lach tijdens de werkdag als ik de grap niet altijd meteen doorhad.

Hanna, je bood altijd een rustig luisterend oor en opperde nieuwe, inspirerende
ideeén voor mijn onderzoek tijdens onze labmeetings. Maar ook voor een feestje
bij de borrels of tijdens congressen was je zeker te porren. Tijdens mijn PhD heb
ik je je eigen onderzoekslijn zien opbouwen, maar daarnaast ook een eigen gezin.
Hoe je daar de balans in bewaard is iets waar je trots op mag zijn. Ik wens je hier
dan ook veel geluk mee in de toekomst.

Felicitas, mijn roomie tijdens mijn PhD. We zaten ongeveer in dezelfde periode van
onze PhD en konden dan ook naast het onderzoek goed praten over de praktische
zaken van het schrijven van een thesis (met de nodige klaag momentjes). We
hadden een gedeelde onderzoekslijn en hebben ook een aantal papers samen
geschreven. Jouw precisie en handigheid met computerprogramma’s heb ik daarin
zeker kunnen waarderen. We zijn samen op congres geweest in Amerika en onze
road trip door New York heb ik als erg bijzonder ervaren. Wat hebben we moeten
rennen om de voorstelling van Wicked te halen, maar het is ons gelukt! En nu
rennen we allebei naar de eindstreep van onze PhD. Ik wens je heel veel succes met
het afronden van je eigen traject, maar dat gaat ook zeker lukken!

Luca, op dezelfde dag kregen we te horen dat onze theses geaccepteerd waren, daar
kunnen we trots op zijn! We kunnen nu dan ook samen sparren over het drukwerk en
de laatste voorbereidingen. Ik heb je leren kennen als een goed georganiseerd persoon
die elke uitdaging aangaat. Naast de soms lange dagen samen op het lab voor het EIS
paper, hebben we ook genoeg gelachen samen. Van het organiseren van labuitjes,
gezamenlijke verjaardags traktaties en het vieren van het afscheid van ons lab met
airfryers en dansen op de lege tafels. Ik wens je veel succes met je eigen verdediging
binnenkort en ook heel veel geluk samen met Brandon gewenst op jullie bruiloft.

Gijs, op het moment dat ik dit schrijf heb je net je eigen verdediging gehad. En wat
heb je het goed gedaan! Samen hebben we een aantal papers afgemaakt en mede
daardoor kon ik een vliegende start maken aan mijn eigen onderzoek. Je wist altijd
alle ballen in de lucht te houden: je eigen onderzoek, het verbouwen van een huis en
het uitbreiden van je eigen gezin. En altijd met een lach en de woorden 'komt goed’ En
goed is het ook zeker gekomen! Veel geluk en plezier gewenst bij je verdere loopbaan!

Danique, even hebben we nog bij elkaar gezeten op de achterste kamer en dat
was altijd erg gezellig. De nodige sterke verhalen hebben de revue gepasseerd.
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Een tijd geleden alweer heb je je eigen PhD verdedigd. Ik vind het knap hoe je dit
afgerond hebt terwijl je al een nieuwe baan had en ook nog je eigen gezin hebt
uitgebreid. Veel geluk gewenst met je verdere toekomst en wie weet spreken we
elkaar op mijn verdediging!

Dan alle PhDs die ‘na mijn tijd’ zijn gekomen: Noor, je bent begonnen als mijn
stagiair en hier liet je al zien wat voor creatief persoon je was. Naast het goed
uitvoeren van experimenten waar je aan een half woord van mij genoeg had, kon
je ook nog eens heerlijk bakken. Je enthousiasme was blijkbaar groot genoeg om
een eigen PhD traject bij derma te beginnen. Heel veel succes met het afronden
van je eigen project! Aranka, ik ken je nog vooral van je stage bij ons waar je goed
georganiseerd kon werken. Succes bij je nieuwe baan in Utrecht! Rens, ik heb alleen
je sollicitatie mee mogen maken, maar daar liet je al zien dat je een enthousiast
en gedreven persoon was die zich goed had ingelezen in ons vakgebied. Heel veel
succes met je eigen project!

Piet, de oud gediende tussen ons jonge broekies, maar wel de handigste met
techniek. Als er een programma geschreven moest worden voor het tellen van
cellen of er was (weer eens) iets met de software van de microscoop konden we
altijd bij jou aankloppen. Maar die interesse voor techniek leidde ook wel eens
tot mislukte experimenten met niet helemaal werkende nieuwe apparaten om
huideigenschappen te meten. Gelukkig liet jij je niet uit het veld slaan en was je
overal even enthousiast over. Geniet van je pensioen en de tijd met je gezin!

Lieve medewerkers van het secretariaat, zonder jullie zou de afdeling een heel stuk
minder soepel draaien. Op de oude afdeling stond de deur altijd open en konden
we altijd binnen lopen voor het maken van een praatje of het bespreken van het
weekend. Ook als er weer eens een stagiair aangemeld moest worden of er iets anders
praktisch geregeld moest worden, waren we bij jullie altijd aan het juiste adres.

De afdeling dermatologie is natuurlijk niet compleet zonder de mensen van
de kliniek. Mensen van de klinische staf, waaronder (prof. dr.) Elke de Jong en
(dr.) Juul van den Reek, bedankt voor jullie opmerkingen en ideeén over het
onderzoek en het perspectief van de patiént wat jullie hierin konden uitlichten.
Jullie herinnerden ons eraan waar we het onderzoek voor doen en ik moet eerlijk
zeggen dat jullie verhalen ook mijn eigen interesse voor het helpen van patiénten
heeft aangewakkerd. Dan alle arts-onderzoekers, er zijn er vele geweest tijdens
mijn onderzoek, dus ik hoop dat jullie me vergeven als ik niet iedereen bij naam
noem. Het luisteren naar jullie onderzoek tijdens de journal clubs was altijd erg
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interessant. Ik wens jullie heel veel succes met het afronden van jullie onderzoek
en verdere opleiding! In het bijzonder een dankjewel voor Jade Logger en Tessa
Kouwenhoven. Bedankt voor het organiseren en verzorgen van de klinische
onderzoeken voor het koolteer paper. Ja het is nog steeds niet gepubliceerd...
Maar deze resultaten zullen vast en zeker een mooie plaats krijgen. Ook een
dankjewel aan Mirjam Schaap. Fijn dat ik jou kon helpen bij het experimenteel
werk voor je onderzoek naar detectie van huideiwitten in psoriasis. Het is een mooi
paper geworden, daar mag je trots op zijn!

Dear Gary Perdew, a combined grant with your research group allowed me to perform
my own PhD trajectory in the interesting world of the aryl hydrocarbon receptor. We
got to meet during the AHR meeting at Penn State University. Here | learned about
all the different fields in which the AHR plays an important role. Thank you for the
opportunity to talk and gain new ideas about the AHR for my own research. A thanks
also goes out to the members of your group with which we collaborated to show the
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