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SUMMARY

SUMMARY

Pemphigus vulgaris and pemphigus foliaceus are rare bullous autoimmune diseases of the skin
and mucous membranes mediated by autoreactive antibodies directed against the
desmosomal cadherins desmoglein (Dsg)1 and Dsg3. Binding of these antibodies leads to
acantholysis, the loss of cell-cell adhesion between keratinocytes and thus manifests in
blisters and erosions of the skin and mucosa in patients suffering from pemphigus. Previous
data indicate that T helper type 2 (Th2) cells and related cytokines play a major role in disease
initiation and manifestation, yet the contribution of other T cell subsets remains unclear and
evidence is emerging for the involvement of Th17 cell subsets and associated cytokines in
pemphigus pathogenesis. To address this issue, the cytokine signature in lesional skin of
pemphigus patients was determined by whole transcriptome sequencing and quantitative
real-time PCR (qPCR). Further, the distribution of Th and follicular T helper (Tfh) cells in
peripheral blood from pemphigus patients with different disease activity stages was analyzed
by flow cytometry. Transcriptome analysis identified a broad spectrum of cytokines and
chemokines, including interleukins (IL), as well as other immune mediators differentially
expressed in lesional pemphigus skin compared to healthy skin samples. Most importantly, an
IL-17A-dominated immune signature and an upregulation of the IL-17A signaling pathway
were revealed in the skin of pemphigus patients. The dominance of IL-17A and associated
cytokines was further validated by gPCR. Moreover, flow cytometry analyses demonstrated
elevated levels of IL-17A-producing Th17, Th17.1, Tfh17 and Tfh17.1 cells in the blood of
patients with active pemphigus disease. Of note, levels of Th17, Tth17 and Tfh17.1 cell subsets
positively correlated with the levels of circulating Dsg3-reactive memory B cells in active
patients. Follow-up experiments by the collaborating partners in Marburg identified Tfh17
cells as the primary inducers of Dsg-specific antibody production by B cells. These findings
demonstrate that Tfh17 cells are substantially implicated in pemphigus pathogenesis and offer
novel therapeutic approaches, for instance with small molecules targeting cytokine signal

transduction of cells involved in disease initiation and manifestation.

In the next step, such small compounds aiming to block Janus kinase (JAK)/signal transducer
and activator of transcription (STAT)-mediated signal transduction were investigated for their

ability to interfere with various signaling cascades initiated by cytokines in CD4* Th cells. In
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particular, compounds targeting JAK3 were assessed and compared with the clinically
established pan-JAK inhibitor Tofacitinib. In this setting, four of the five inhibitors tested were
able to selectively block JAK3-mediated signal transduction without affecting other JAKs.
Furthermore, the compounds abrogated the signaling cascade activated by IL-21, a cytokine
crucial for Tfh cell differentiation and autoantibody formation. Immunohistochemical staining
revealed STAT1 and STAT3 activation in epidermal keratinocytes of perilesional pemphigus
skin. Blockade of JAK1 as well as JAK3 in primary human epidermal cells resulted in a protective
effect towards cell sheet fragmentation of keratinocyte monolayers in dispase-based
dissociation assays. Taken together, these findings indicate a potentially beneficial effect of
JAK inhibition in patients suffering from pemphigus and provide the basis for further

investigations regarding the therapeutic application of JAK inhibitors in clinical practice.
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Pemphigus vulgaris und Pemphigus foliaceus sind seltene blasenbildende
Autoimmunerkrankungen der Haut und der Schleimhaute, die durch die Bildung autoreaktiver
Antikorper gegen die desmosomalen Cadherine Desmoglein (Dsg)1 und Dsg3 hervorgerufen
werden. Die Bindung solcher Antikdrper an Desmosomen fiihrt zur Akantholyse, dem Verlust
von Zell-Zell-Verbindungen zwischen Keratinozyten, was sich bei Patienten mit Pemphigus
durch die Bildung von Blasen und Erosionen der Haut und Schleimhaut &uRert.
Vorausgegangene Studien deuten darauf hin, dass Typ2-T-Helferzellen (Th2) und zugehorige
Zytokine eine wichtige Rolle bei der Krankheitsentstehung und -manifestation spielen. Das
Mitwirken anderer T-Zellpopulationen ist jedoch unklar und es gibt zunehmend Hinweise auf
eine Beteiligung von Th1l7-Zellen und assoziierten Zytokinen an der Pathogenese von
Pemphigus-Erkrankungen. Um diese Fragestellung zu untersuchen, wurde die Zytokinsignatur
in ldsionaler Haut von Pemphigus-Patienten mittels Transkriptom-Sequenzierung und
quantitativer Echtzeit-PCR (qPCR) bestimmt. Weiterhin wurde die Verteilung von Th- und
follikuldren T-Helferzellen (Tfh) im peripheren Blut von Patienten mit Pemphigus in
unterschiedlichen  Aktivitatsstadien  mittels Durchflusszytometrie  analysiert.  Die
Transkriptomanalyse zeigte ein breites Spektrum von Zytokinen und Chemokinen,
einschliefllich Interleukinen (IL), sowie andere Immunmediatoren, die in ldsionaler Haut von
Patienten mit Pemphigus im Vergleich zu gesunden Hautproben unterschiedlich exprimiert
wurden. Am bedeutendsten war, dass eine IL-17A-dominierte Immunsignatur und eine
Uberregulation des IL-17A-Signalwegs in der Haut von Pemphigus-Patienten festgestellt
wurde. Die Dominanz von IL-17A und assoziierten Zytokinen wurde durch den Einsatz der
gPCR validiert. Darlber hinaus zeigten durchflusszytometrische Analysen erhohte Mengen
von IL-17A-produzierenden Th17-, Th17.1-, Tfh17- und Tfh17.1-Zellen im Blut von Patienten
mit aktiver Pemphigus-Erkrankung. Bemerkenswerterweise korrelierten die Anteile der Th17-,
Tfh17- und Tfh17.1-Zelluntergruppen positiv mit der Menge der zirkulierenden Dsg3-reaktiven
Gedachtnis-B-Zellen bei der aktiven Patientengruppe. Nachfolgende Experimente der
Kooperationspartner in Marburg identifizierten Tfh17-Zellen als die primaren Ausléser der
Dsg-spezifischen Antikorperproduktion durch B-Zellen. Diese Erkenntnisse zeigen, dass Tfh17-
Zellen malgeblich an der Entstehung der Pemphigus-Erkrankung mitwirken und erlauben

neue therapeutische Ansatze, zum Beispiel mit niedermolekularen Substanzen, die gezielt die
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Zytokin-Signaltransduktion von jenen Zellen beeinflussen, die an der Krankheitsentwicklung

und -manifestation beteiligt sind.

Im nachsten Schritt wurden solche niedermolekularen Verbindungen, die zur Inhibition der
Januskinase (JAK)/Signal-Transduktor und Aktivator der Transkription (STAT)-vermittelten
Signaltransduktion dienen, hinsichtlich ihrer Eignung untersucht, in verschiedene
Signalkaskaden einzugreifen, die durch Zytokine in CD4* Th-Zellen aktiviert werden.
Insbesondere wurden gegen JAK3 gerichtete Verbindungen untersucht und mit dem klinisch
etablierten pan-JAK-Inhibitor Tofacitinib verglichen. Im Rahmen dieser Untersuchungen
konnten vier der fiinf getesteten Inhibitoren selektiv die JAK3-vermittelte Signaltransduktion
blockieren, ohne die Funktion anderer JAKs zu beeintrachtigen. Darliber hinaus unterbrachen
die verwendeten Substanzen die IL-21-Signalkaskade, welche eine entscheidende Rolle bei der
Tfh-Zelldifferenzierung und der Bildung von Autoantikdrpern spielt. Immunhistochemische
Farbungen zeigten zudem eine Aktivierung von STAT1 und STAT3 in epidermalen
Keratinozyten der perildsionalen Haut von Patienten mit Pemphigus. Die Inhibition von JAK1
sowie JAK3 in primdren humanen epidermalen Zellen schiitzte Keratinozyten-Monolayer vor
der Akantholyse im dispasebasierten Dissoziationstest. Zusammengefasst deuten diese
Ergebnisse auf eine potenziell vorteilhafte Wirkung einer JAK-Inhibition bei Patienten mit
Pemphigus hin und bilden die Grundlage fiir weitere Untersuchungen zur therapeutischen

Anwendung von JAK-Inhibitoren im klinischen Alltag.
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INTRODUCTION

1. INTRODUCTION

1.1. Adaptive immune system

The immune system defends the organism against infections and is typically divided into the
innate and the adaptive immune response. The innate or non-specific immunity serves as the
first defense mechanism. However, innate responses do not specifically recognize certain
pathogens and do not provide targeted protection against re-infection. In contrast to the
innate immune response, adaptive or specific immunity is based on the clonal selection of
lymphocytes, a subgroup of white blood cells with uniform appearance but distinct functions.
Lymphocytes possess a variety of highly specific receptors, this allows the immune system to
recognize any foreign antigen [1]. The main players in adaptive immunity are B and T
lymphocytes. They originate in the bone marrow from a common lymphoid precursor cell and
maturation takes place in the bone marrow for B cells and in the thymus for T cells. From here,
they enter the blood circulation as mature naive lymphocytes and circulate to secondary
lymphoid tissues. During maturation, a single lymphocyte precursor cell results in a large
number of lymphocytes, each with its own specific antigen receptor. Potentially autoreactive
immature lymphocytes carrying receptors for the individual’s own proteins (autoantigens) are
usually eliminated before complete maturation, thus ensuring tolerance to autoantigens.
Once a foreign antigen binds to a specific receptor of a mature naive lymphocyte, the cell is
activated and starts to proliferate. This results in lymphocytic clones with receptors capable
of binding the same antigen [2]. These cells differentiate into effector cells that combat the
pathogen. At the same time, differentiated memory cells are generated, which enable a faster

and more effective reaction in case of re-infection [3].

B and T lymphocytes vary in the structures of their expressed antigen receptors and their
surface molecules. The so-called cluster of differentiation (CD) molecules enable the
identification and characterization of distinct immunological cell types based on their surface
proteins and typically act as co-receptors, supporting antigen-recognition [4]. Circulating B
cells express the antigen-specific B cell receptor (BCR) and the co-receptors CD19 and CD20,
which can facilitate their activation [5, 6]. The BCR is produced by the same genes that encode
antibodies, a group of proteins also known as immunoglobulins (Ig). After binding of an

antigen to the BCR, the B cell proliferates and differentiates into a plasma cell, which produces
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antigen-specific antibodies. Depending on the antigen, B cell activation takes place with or
without the help of T lymphocytes [3, 7]. The T cell receptor (TCR) differs from the BCR in
structure and binding properties. It forms a functional receptor complex with CD3, which is
required for signaling upon antigen binding and this complex is assisted by different co-
receptors [8]. The first contact of a T cell with its specific antigen results in the formation of
one of several types of T effector lymphocytes with different activities. Cytotoxic T cells (Tc)
express CD8 and can induce cell death when cells present the antigen on their surface upon
infection with viruses or other intracellular pathogens. T helper cells (Th) express CD4 and
produce mediators called cytokines, which activate the functions of other cells, such as
antibody production by B cells or phagocytosis of pathogens by macrophages. Regulatory Th
cells (Treg) also express CD25 and suppress the proliferation and activity of other effector

lymphocytes. By this Tregs help dampening immune responses [3, 7].

While the BCR and antibodies can recognize almost any type of chemical structure, T cell
receptors typically only bind protein antigens. Furthermore, the TCR recognizes a peptide
epitope only if the peptide is bound to a certain glycoprotein and presented on the cell surface
of another cell. These glycoproteins are called major histocompatibility complex (MHC)
molecules or human leukocyte antigen (HLA) molecules and there are two types expressed on
antigen-presenting cells (APCs): MHC class | and MHC class Il. The MHC class | molecule is
expressed on every nucleated cell and presents peptides originating from the cell itself
(endogenous pathway) to Tc cells, which subsequently kill the presenting cell by induction of
apoptosis. MHC class Il is expressed on so-called professional APCs like B cells, macrophages
or dendritic cells. Professional APCs internalize antigens, process them into peptide fragments
and present the fragments bound to MHCII on their surface (exogenous pathway) to Th and

Treg cells [7, 9].

1.2. T helper cells and associated cytokines

Antigen recognition of T cells leads to the transduction of TCR signals, which enable the
activation of these cells. In order to gain effector function and to generate T lymphocytes with
different phenotypes, additional cytokine and costimulatory signals are required. The

interaction of these signals finally governs the differentiation into a specialized effector type
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with a lineage-specific cytokine-profile and distinct functions. There are several subtypes of
differentiated CD4* T cells playing crucial roles in maintaining beneficial immune responses.
On the other hand, Th cells are also implicated in pathogenesis of inflammatory autoimmune
diseases [10]. An increasing number of Th cell subsets has been described in recent years.
Figure 1 illustrates an overview of the most relevant CD4* T cell subgroups. The early reported
subsets were the type 1 (Th1) and type 2 (Th2) cells, primarily producing the cytokines

interferon (IFN)-y and interleukin (IL)-4, respectively [11].

Thl lymphocytes are particularly important for host defense against intracellular pathogens
like viruses by initiating cell-mediated responses and inflammation. Following contact
between an APC and a naive T cell, the APC secretes IL-12, which activates signal transducer
and activator of transcription (STAT)4, leading to differentiation of the IFN-y expressing Thl
phenotype [12, 13]. In turn, the expression of IFN-y further stimulates APCs to produce IL-12
and also promotes Th1 cell differentiation by activation of the transcription factor STAT1 and
the T-box transcription factor TBX21, resulting in a positive feedback loop to strengthen the
immune response [14, 15]. Th1 cells may also play a role in the development of organ-specific

autoimmune diseases like type 1 diabetes [16, 17].

For mediating immune responses against extracellular toxins, allergens or parasites, Th2 cells
are crucial to provide humoral immunity. These cells secrete primarily IL-4, but also IL-5 and
IL-13 and can stimulate B cells to produce antibodies. IL-4 is the major driver of type 2 Th cell
differentiation and activates STAT6 leading to upregulation of GATA3 expression, the master
transcriptional factor of Th2 differentiation. Due to IL-4 release by Th2 cells a positive feedback
loop is triggered and enhances the immune response [18-20]. However, Th2 cells seem to be

implicated in the development of allergic inflammatory diseases like asthma [21].

In addition to the well-known Th1 and Th2 cell subsets, Th17 cells were discovered in 2005
[22-24]. They play an essential role in orchestrating responses against extracellular pathogens
like bacteria and fungi by recruiting other immune cells to produce inflammatory cytokines,
chemokines and antimicrobial peptides. On the other hand, they have been found to be
responsible for various forms of inflammatory autoimmune disorders like psoriasis or multiple

sclerosis [25, 26]. During development, IL-6-mediated STAT3 activation together with
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transforming growth factor (TGF)-B induces upregulation of ROR transcription factors and thus
initiates Th17 differentiation and secretion predominantly of the inflammatory cytokine IL-17
[27-29]. However, IL-21 and IL-23 may similarly be involved in STAT3 activation and Th17
development and maintenance [23, 30, 31]. Due to the cells’ capability of also producing

TGF-B, this cytokine may serve in a positive feedback mechanism in Th17 differentiation [32].

TGF-B is not only involved in Th17 differentiation, but also in the development of Treg cells.
Together with the activation of STATS by IL-2, the Treg associated transcription factor FOXP3
is upregulated and the production of TGF-B by Tregs is induced, resulting in a positive feedback
loop [33-35]. Treg cells are essential for maintaining self-tolerance and controlling
differentiation, proliferation and function of T effector cells in order to prevent immune and

autoimmune reactions [36].
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Figure 1: T helper cell subsets, associated cytokines and transcription factors involved in
differentiation. The antigen-specific TCR/CD3 complex on the surface of naive CD4* cells
recognizes the antigen peptide:MHCII complex presented on antigen-presenting cells (APC).
In addition, APCs secrete cytokines, which signal through cytokine receptors on the T cells (TC)
and polarize them towards an effector phenotype carrying specific surface receptors,
secreting defined cytokines and having particular functions.
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Studies on human and mouse immune cells revealed that the cellular source of IL-17 is
heterogeneous and is not only defined by classical Th17 cells, but also by Th17 cells with a
transient phenotype that additionally produces IFN-y [37, 38]. These so-called Th17.1 cells are
considered to play a special pathogenic role in the setting of certain organ-specific
autoimmune diseases like multiple sclerosis as shown by experimental models and human
data [37, 39, 40]. The expression of surface markers enables to distinguish between Th17 and
Th17.1 cell subsets. While classical Th17 cells typically express the CC chemokine receptor
type 6 (CCR6) and Th1 cells bear the CXC chemokine receptor (CXCR)3, Th17.1 cells express
both CCR6 and CXCR3 on their surface [41, 42].

In recent years, more specialized T cell subsets emerged and helped to understand that not
all T cells are equivalently involved in inducing autoantibody production through B cells [43].
The most critical T cells for initiating autoreactive B cell responses and generating long-term
serological memory are the T follicular helper (Tfh) cells [44]. By interactions with B cells, they
form germinal centers (GC), sites of B cell proliferation, differentiation and memory
generation, and thereby promote autoantibody production [45, 46]. These cells express
CXCR5 on their surface and seem to play a pivotal role in autoimmune disorders. During
development, the presence of IL-6 and IL-21 is required and induces activation of STAT3 and
B-cell ymphoma 6 (BCL6). Tfh cells produce high levels of IL-21 resulting in a positive feedback

mechanism towards Tfh differentiation [45, 47].

1.3. JAK/STAT signaling pathway

Cytokine-triggered signal transduction of many cytokines critically involved in T cell
differentiation and in the pathogenesis of inflammatory skin diseases is mediated by Janus
kinase (JAK)/signal transducer and activator of transcription (STAT) signaling, providing this
pathway a major role in inflammation and autoimmunity. There are four JAKs (JAK1, JAK2,
JAK3 and tyrosine kinase 2 (TYK2)), which associate with the cytoplasmic regions of specific
type | and type Il cytokine receptors. Binding of the corresponding cytokine leads to
dimerization of the receptor and to activation of JAKs through phosphorylation. This in turn
results in dimerization and phosphorylation of STAT molecules (STAT1, STAT2, STAT3, STAT4,

STAT5a/b or STAT6), which translocate into the nucleus and modulate the expression of many
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genes involved in differentiation, proliferation and survival (Figure 2) [48]. Table 1 depicts an

overview of some important JAK/STAT pathway components for cytokine signaling.

Table 1: JAK/STAT pathway component activation [49, 50]

Cytokine receptor family  Cytokine Associated JAKs STAT phosphorylation
Common y chain IL-2 JAK1, JAK3 STATS5, STAT1, STAT3
IL-4 JAK1, JAK3 STAT6, STATS
IL-21 JAK1, JAK3 STAT3, STAT1, STATS
Glycoprotein 130 IL-6 JAK1, JAK2, TYK2 STAT3
IL-12 receptor B1 IL-12 JAK2, TYK2 STAT4
IL-23 JAK2, TYK2 STAT3
Type | interferon IFN-a JAK1, TYK2 STAT1, STAT2
Type Il interferon IFN-y JAK1, JAK2 STAT1

JAK1, JAK2 and TYK2 are ubiquitously expressed in mammals, while JAK3 is predominantly
expressed in hematopoietic and lymphoid tissue where it plays a crucial role in lymphocyte
development and homeostasis [51, 52]. JAK3 exclusively associates with receptors bearing the
common y chain (yc), a receptor unit typically used by IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21.
Consequently, loss of function mutations of JAK3 might lead to the severe combined
immunodeficiency (SCID) syndrome in humans. Patients suffering from SCID lack natural killer
(NK) cells, T cells and functional B cells, resulting in exposure to various infections with

bacteria, viruses or fungi [53, 54].

Inhibition of components within the JAK/STAT signaling pathway may affect many cellular
functions, making them popular targets for the development of new drugs. JAK inhibitors
(JAKi), for instance, intervene in cytokine signal transduction at the JAK level by blocking their
activation and consequently diminishing downstream STAT activity (Figure 2). At present, a
variety of JAK inhibitors are under investigation in different stages of preclinical development
and clinical trials. The first JAKi developed for the treatment of autoimmune diseases,
Tofacitinib (Tofa), was initially claimed to selectively block JAK3 signaling [55]. Further studies

also revealed the inhibition of JAK1 and to a lesser extent JAK2 signal transduction [56].
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Tofacitinib was developed for the treatment of rheumatoid arthritis and was approved in the
USA in 2012 and in the EU in 2017 [57]. Like Tofacitinib, other first generation JAK inhibitors
block multiple JAKs, resulting in broad cytokine inhibition that may have adverse off-target
activity and side effects. Besides infections and malignancies, potential side effects include
anemia and leukopenia due to the vital role of JAK2 in hematopoiesis [58, 59]. Especially for
the long-term treatment required by inflammatory and autoimmune diseases, more selective
agents targeting just one individual JAK are under investigation and may reduce side effects

caused by simultaneous JAK inhibition.

O Cytokine

Cytokine receptor

Cytoplasm

Figure 2: JAK/STAT signaling pathway. Upon cytokine binding to the specific receptors
expressed on the cell surface, the associated Janus kinase (JAK) proteins get activated by
phosphorylation and subsequently activate signal transducer and activator of transcription
(STAT) molecules, which form dimers and enter the nucleus to regulate the transcription of
various genes like cytokines and other proteins. JAK phosphorylation may be inhibited by
different compounds like JAK inhibitors (JAKi) resulting in blocked signal transduction.

1.4. Structure of the skin

With its surface area of 1.5 to 2 m? the skin is the largest organ of the human body and has
many important functions. Among other functions, it serves as a mechanical barrier with
protective functions to the outside and is part of the innate immune system. The structure of

the skin is divided into epidermis, dermis and subcutis. The epidermis forms the outermost
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epithelial layer of the skin. It consists of keratinocytes in different stages of differentiation,
which are connected by cell-cell contacts like desmosomes, adherens junctions or gap
junctions. Epidermal keratinocytes undergo a differentiation process from proliferating basal
cells in the stratum basale towards the surface of the epidermis through the stratum spinosum
to the stratum granulosum, where they lose their nuclei and their cytoplasm appears granular.
Finally, when the cells have lost their nuclei and cytoplasmic organelles, they become
corneocytes in the stratum corneum, the outermost part of the epidermis (Figure 4).
Corneocytes are frequently replaced by desquamation and renewal from the lower epidermal
layers, which makes them an essential part of the skin barrier function. The dermis lies
between the epidermis and the subcutaneous adipose tissue. The structure connecting the
epidermis to the dermis is called dermal-epidermal junction and is formed by protein
structures that anchor the cytoskeleton of the basal keratinocytes to the fibril elements of the
papillary dermis. Epidermal basal cells are attached to the basement membrane by
hemidesmosomes and transmembrane anchoring filaments. The basement membrane
consists of lamina lucida and lamina densa which is attached to the papillary dermis by

anchoring fibrils made of type VIl collagen [60, 61].

1.5. Desmosome

Desmosomes are intercellular adhesive structures that link neighboring cells to each other and
improve the cohesion of the tissue by connecting the intermediate filament of one cell to the
intermediate filament of other cells. They are typically found in tissue exposed to intense
mechanical stress such as stratisfied squamous epithelia of the skin and mucosa as well as
some non-epithelial tissues like the myocardium [62-64]. Desmosomes connect neighboring
cells through discoid junctions with a length of 0.2 - 0.3 um and a circular or oval shape. The
intercellular space between the cells measures about 24 nm and in each adjacent cell are two
electron-dense plaques, the outer dense plaque (ODP) and the inner dense plaque (IDP) [62,
65]. The IDP is less dense than the ODP and it is attached to bundles of keratin intermediate
filament [66]. Figure 3 shows the molecular model of the desmosome. It consists of at least
three protein families: the desmosomal cadherins desmoglein (Dsg) and desmocollin (Dsc)
form the intercellular region and mediate adhesion by binding to each other, whereas the

plaques are built of armadillo and plakin family proteins. The intracellular ends of desmogleins
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and desmocollins interact with plakoglobin. These interactions are stabilized by plakophilin.
Plakoglobin binds to desmoplakin, which finally is attached to the intermediate filament

cytoskeleton in the IDP [67, 68].

Extracellular space

Plasma membrane

Cytoplasm

Desmoglvein Desmoplakin

Plakophilin Desmocollin

Plakoglobin -
OPD IDP

Intermediate
filament

Figure 3: Desmosome schematic diagram. The desmosome consists of desmoglein and
desmocollin that can bind through homophilic and heterophilic interaction of the extracellular
(EC) domain to partner molecules on the same cell (cis) as well as on the neighboring cell
(trans). In the outer dense plague (ODP), the cytoplasmic domains of desmoglein and
desmocollin are attached to plakoglobin and plakophilin. These adaptor molecules are linked
to the intermediate filament cytoskeleton in the inner dense plague (IDP) via desmoplakin.

Like classical cadherins, desmosomal cadherins are calcium-dependent glycoproteins
possessing a transmembrane domain, which mediate the cell-cell contact in different tissues.
Four desmogleins (Dsgl, Dsg2, Dsg3 and Dsg4) and three desmocollins (Dsc1, Dsc2 and Dsc3)
are distinguished [69]. Their structure consists of four highly conserved extracellular (EC)
domains (EC1, EC2, EC3 and EC4), an extracellular anchor, a single transmembrane domain
followed by an intracellular anchor and variable intracellular domains [70]. Extracellular
calcium promotes adhesion by bringing the extracellular domains into a rigid and functional
conformation [71]. In contrast to classical cadherins, where homophilic interactions are most
likely to occur, the interaction of the extracellular domains of desmosomal cadherins can be

homophilic or heterophilic [70, 72]. The expression of desmosomal proteins is tissue- and
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differentiation-specific. Dsg2 and Dsc2 are expressed in all desmosome-possessing tissues and
are the only members of desmosomal cadherins found in simple epithelia and in the
myocardium. In contrast, Dsgd4 is present in hair follicle and highly differentiated
keratinocytes, whereas Dsgl, Dsg3, Dsc 1 and Dsc3 are only found in stratified squamous
epithelia like skin and oral mucosa [73-75]. The composition of desmosomal cadherins varies
within the epidermal layers of the skin, depending on keratinocyte differentiation and
stratification (Figure 4). Dsgl, Dsg4 and Dscl are mainly found in the superficial layers,
whereby Dsg4 is only present in the stratum granulosum, Dscl is also found in the spinous
layer and Dsgl is expressed throughout the epidermis in decreasing concentrations. The

expression of Dsg3, Dsc2 and Dsc3 is increasingly found in the deep epidermis, whereas Dsg2

is only present in the basal layer [76].
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Figure 4: Expression patterns of desmosomal proteins throughout the epidermis. Keratin
intermediate filaments are linked to desmosomes and to hemidesmosomes at sites of cell-cell
contact and the basement membrane, respectively. On the right, the expression levels of
desmosomal cadherins in the specific layers of the epidermis are shown. Desmoglein (Dsg)1,
Dsg4 and desmocollin (Dsc)1 expression levels are strongest in the superficial layers, whereas
expression of Dsg3, Dsc2 and Dsc3 is most prominent in the deeper epidermis. Dsg2 is only

expressed in the stratum basale.

1.6. Autoimmune bullous diseases

Autoimmune disorders are based on a defective tolerance to autoantigens, which results in
the production of autoantibodies and subsequently in inflammation and tissue damage. The
exact cause of autoimmune diseases is unknown, but it is assumed that they underlie a failure

of regulatory mechanisms and are triggered by a combination of genetic predisposition and
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environmental factors [77]. There are different types of autoimmune disorders, one group of
them are the blistering autoimmune dermatoses. These forms of dermatoses are life-
threatening diseases of the skin or mucous membranes, which usually have chronic relapsing
course. Circulating autoantibodies directed against anchor proteins of the dermal-epidermal
junction or against intercellular anchoring proteins of the epithelial cells lead to loss of
adhesion and thus subsequently results in blister formation and extensive erosions.
Depending on the localization of the gap formation, intra- or subepidermal blistering
autoimmune dermatoses are distinguished. If autoantibodies against hemidesmosome
anchoring proteins or collagen VIl are present, subepidermal blistering occurs and is referred
to as pemphigoid disorders. This group includes bullous pemphigoid, linear IgA dermatosis or
epidermolysis bullosa acquisita [78]. Disruption of the keratinocyte adhesion and
intraepidermal blistering causes diseases of the pemphigus group. The most important target
antigens of pemphigus disorders are Dsgl and Dsg3. The presence of autoantibodies against
these antigens causes acantholysis, the loss of cell-cell adhesion between keratinocytes and
thus subsequently results in blister formation and extensive erosions. The two main subtypes
of pemphigus diseases are pemphigus vulgaris (PV), characterized by oral and skin erosions,

and pemphigus foliaceus (PF), which is exclusively defined by skin lesions [79].

1.7. Pemphigus: Epidemiology and genetic factors

The prevalence of pemphigus varies geographically and between ethnic groups [80]. Although
PF, as endemic PF, is the prevalent type in some Latin American and African countries including
Brazil and Tunisia, PV is the more common form of pemphigus in most of the world [81, 82].
At diagnosis, most patients are between 40 and 60 years old, whereby pemphigus may appear
at all ages [80]. Most studies report a predominance in females, though more male patients
are found in some Asian nations like Saudi Arabia and Kuwait [83, 84]. The annual incidence
of PV within Europe varies from 0.5 cases per million in Germany to 8 cases per million in
Greece [85, 86]. In Asia, the incidence varies from 1.6 cases per million in Saudi Arabia
(pemphigus erythematosus and PV) to 7.2 cases per million in Israel (all pemphigus diseases)
[83]. Among the Jewish people in Israel, the prevalence was three times higher than among
the Arab population [87]. In the United States of America, the incidence among people with a

Jewish background was eight times higher than among people with other ethnic
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backgrounds [88]. The ethnic preference and geographical distribution of pemphigus
occurrence indicate a genetic predisposition, and the existence of an endemic form of PF
suggests that environmental factors may also trigger pemphigus disorders. Most patients have
no family history of pemphigus. However, there are studies indicating a genetic predisposition
in association with the HLA type. A meta-analysis revealed a statistically significant relation of
HLA-DRB1*04, HLA-DRB1*08 and HLA-DRB1*14 with PV susceptibility [89]. HLA-DRB1*04:02 is
frequently found in Jewish populations [90]. The largest genome-wide association study of
pemphigus has recently been conducted in the Chinese population, where HLA-DQB1*05:03
has been identified as the most associated allele in both PV and PF [91]. These findings indicate
that specific MHC class Il alleles are crucial for the recognition of autoantigens by T cells in
pemphigus patients, resulting in the production of autoantibodies mediated by T cell-B cell

interactions.

1.8. Pathogenesis of pemphigus diseases

Pemphigus diseases are mainly mediated by autoantibodies of the isotype 1gG, which are
directed against Dsgl and Dsg3. Binding of these autoantibodies leads to acantholysis and
intraepidermal blistering in mucous membranes and in the skin [79, 92]. The autoantibody
profile and the blistering site differ among the two pemphigus subtypes. While PF patients
show only antibodies against Dsgl and patients with mucosal-dominant PV have only anti-
Dsg3 antibodies, those suffering from PV of the mucocutaneous-type have both anti-Dsgl and
anti-Dsg3 autoantibodies. Blister formation in the skin of PV patients takes place in the deeper
epidermis above the basal layer (suprabasal skin blistering), while PF blisters develop in the
upper layers in the stratum granulosum (superficial skin blistering). Patients with mucosal-
dominant type PV usually show no blister formation in the skin, but only mucosal involvement.
The location of blister development is explained by the desmoglein compensation hypothesis
corresponding to the distribution pattern of desmosomal cadherins (Figure 5). In PF, where
only anti-Dsgl antibodies are present, Dsg3 functionally compensates for the autoantibody-
induced loss of Dsgl binding in the deeper epidermis and blistering occurs only in the
superficial layers. In mucosal-dominant-type PV, Dsgl compensates for Dsg3 throughout the
epidermis so there is no blister formation in the skin. In mucocutaneous PV, the function of

both Dsgl and Dsg3 is impaired and blisters develop in the deep epidermis. Mucous
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membranes express Dsgl and Dsg3 in the entire squamous epithelium layer, though the
expression of Dsg3 is much higher. Antibodies directed against Dsgl have no impact on cell
adhesion due to compensation through Dsg3. On the contrary, in the presence of anti-Dsg3

antibodies, the low expression of Dsgl is not sufficient to compensate for the loss of Dsg3 and

suprabasal blistering occurs [76, 93, 94].
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Figure 5: The desmoglein compensation theory explains the location of blister formation
based on the antibody profile in pemphigus foliaceus and pemphigus vulgaris. According to
this model, Dsg3 compensates for the impaired Dsgl binding in pemphigus foliaceus, when
only anti-Dsgl antibodies are present, and blistering occurs in the superficial layers of the
epidermis. No blisters are developed in the skin of mucosal-dominant pemphigus vulgaris (PV)
patients because Dsgl, which is present throughout the epidermis, compensates for the
blocked Dsg3-mediated adhesion. Only if both anti-Dsg1 and anti-Dsg3 antibodies are present
in PV, suprabasal gap formation occurs due to autoantibody-induced loss of adhesion.

Two major mechanisms of autoantibody-mediated acantholysis have been identified: direct
interference of desmosomal cohesion by autoantibody binding (steric hindrance) and
triggering of intracellular signaling pathways in keratinocytes through binding of

autoantibodies, which indirectly affects desmosomal adhesion. The theory of direct
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autoantibody interference is supported by the observation that pathogenic monoclonal
antibodies cause blistering in mice. AK23, a monoclonal antibody derived from a PV mouse
model and directed against a binding motif on EC 1 of Dsg3, which is important for adhesive
trans-interaction with Dsg3 on opposing cells, has been shown to be pathogenic in vivo,
whereas antibodies directed against other parts of the extracellular Dsg3 domain were
ineffective to induce blistering [95, 96]. It was also demonstrated that both IgG from PV
patients’ sera and AK23 directly inhibited the homophilic Dsg3 binding in a cell-free system
[97]. In addition, monoclonal pathogenic autoantibodies from pemphigus patients were
reported to disrupt the EC1-EC2 cis-adhesion of Dsg3 molecules [98]. Intracellular signals
following autoantibody binding also promote keratinocyte dissociation. Immunofluorescent
staining and electron microscopic observations showed that autoantibody binding leads to
clustering or internalization of Dsg from the cell surface, resulting in depletion of Dsgl and
Dsg3 [99-101]. It has been shown that several signaling pathways are activated, leading to loss
of keratinocyte cohesion. Among them are the p38 mitogen-activated protein kinase (MAPK),
the protein kinase C (PKC)/phospholipase C (PLC) and the epidermal growth factor receptor
(EGFR) pathways [102-105]. Inhibition of p38 MAPK blocked autoantibody-mediated Dsg3
clustering and internalization together with loss of adhesion in vitro and prevented PV IgG
induced blistering in mice [106, 107]. Combination of several non-pathogenic monoclonal
anti-Dsg3 antibodies binding to different parts of Dsg3 induced blisters in vivo, suggesting a
synergistic pathogenic effect as found in patients [108]. Both steric hindrance and signaling

pathway alterations seem to operate in pemphigus disease [106].

The generation of pathogenic autoantibodies requires B cell activation by autoreactive CD4*
Th cells. Adoptive transfer of one Dsg3-reactive T cell clone together with naive B cells isolated
from immunized Dsg37" mice led to autoantibody production and development of a PV
phenotype in Rag2” mice, whereas transfer of B cells only showed no such effect [109].
Furthermore, Dsg3-reactive Th2 cells were able to stimulate unprimed B cells to secrete Dsg3-
specific antibodies in vivo [110]. In blood of PV patients with active disease, the frequencies
of autoreactive Th2 cells were elevated compared to patients in remittent disease stage or
healthy controls and Th2 levels correlated with anti-Dsg3 1gG titers [111]. In addition, Dsg3-
specific T cells were found in PV patients and secreted Th2 associated cytokines upon

stimulation in vitro [112]. Moreover, autoreactive Th1 cells could be identified in PV patients
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as well as in healthy individuals, while Dsg3-reactive Th2 cells were exclusively found in PV

patients [113].

In accordance with this, sera from patients with PV and PF showed increased concentrations
of Th2 cytokines such as IL-4 and IL-10 and suppressed Th1 cytokines like IL-2 and IFN-y [114].
Taken together, autoreactive Th2 cells seem to play a crucial role in the regulation of
pathogenic autoantibody production. However, elevated levels of IL-6 and TNF were found in
PV patients’ blood and another study reported increased IFN-y concentrations compared to
healthy individuals [115-117]. In lesional skin of PV patients, both type 1 and type 2 related
cytokines could be detected [118]. Of note, Dsg3-specific IL-21* T cells and the Tfh associated
cytokines IL-21 and IL-27 as well as the Th17 cell associated cytokines IL-17A and IL-23 were
also elevated in PV blood [116, 117, 119]. Additionally, IL-17, IL-21 and IL-23 were detected in
lesional skin of PV patients by immunofluorescent staining and flow cytometry [120, 121].
Moreover, some groups reported an increase of Th1l7 cells and suppressed Treg cells in
peripheral blood of pemphigus patients [122, 123]. These findings suggest that a more

complex Th cell response may be critical for the development of pemphigus diseases.

1.9. Clinical appearance and diagnosis of pemphigus

Due to the predominant expression of Dsg3 in mucous tissues, mucosal-dominant PV initially
manifests with painful erosive lesions of the oral mucosa in most cases. Buccal mucosa,
gingiva, tongue and palate are particularly affected. Other mucous membranes may also be
involved like esophageal, nasal, conjunctival, anal or genital mucosa. Over 50 % of the PV
patients develop the mucocutaneous PV type with flaccid blisters and erosions of the skin,
mostly in areas exposed to mechanical stress and seborrheic areas, whereas the entire skin
can be affected. There is also the less frequent cutaneous type of PV without mucosal
involvement, where blisters develop in the deeper epidermis and anti-Dsgl antibodies are
predominant. Without treatment, the lesions hardly heal and are highly painful. Viral or
bacterial superinfections are relatively common in cutaneous and mucous lesions. In PF, only
the skin is affected, there is no mucosal involvement. Lesional skin presents erythematous
with scaly and crusted erosions, and seborrheic areas of the skin are mainly affected, including

the face and the upper trunk. Due to their superficial localization and fragility, blisters are
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rarely seen in patients with PF. In active disease stage, PV and PF are both positive for Nikolsky
sign, gentle rubbing of unaffected skin causes exfoliation of the superficial layers and
subsequent blistering [92, 124, 125]. Fingernail involvement was also reported in both PV and

PF [126, 127].
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Figure 6: Synopsis of clinical and pathological characteristics of pemphigus diseases.
Clinically pemphigus presents with lesions and blisters of the skin and mucosa (in case of
pemphigus vulgaris, PV) or the skin alone (in case of pemphigus foliaceus, PF). Clinical images
of patients’ skin were provided by Solimani et al. [128]. Blistering occurs in PV in the deeper
epidermis with basal keratinocytes acquiring a tombstone-like appearance as shown in the
schematic diagram and as seen in hematoxylin and eosin staining (H&E, magnification 100x).
In PF, blisters develop in the upper layers of the epidermis without acantholytic cells. Direct
immunofluorescence (DIF) staining reveals deposition of I1gG autoantibodies (green) at the
surface of keratinocytes in the lower (for PV) or upper (for PF) layers of the epidermis,
respectively (Evans blue counterstaining in red, magnification 400x).

Diagnosis of pemphigus disease is based on the combination of clinical presentation,
histopathology of lesional skin, direct immunofluorescence (DIF) microscopy of perilesional
skin, and detection of autoantibodies in patients’ sera by indirect immunofluorescence (IIF)
microscopy and enzyme-linked immunosorbent assay (ELISA). Figure 6 gives an overview of
the clinical and pathological characteristics of PV and PF. The histopathological appearance of
pemphigus is characterized by intraepidermal acantholysis caused by loss of adhesion
between keratinocytes. In PV, blistering occurs suprabasally, with acantholytic cells and basal
keratinocytes still attached to the basement membrane showing a tombstone-like

morphology. In contrast, PF lesional skin shows superficial, subcorneal blisters without
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apparently acantholytic cells. DIF staining of perilesional skin presents deposition of 1gG
autoantibodies on the surface of epidermal keratinocytes in a reticular pattern in PV and PF.
Circulating autoantibodies in the blood of pemphigus patients can be detected by IIF staining
typically using monkey esophagus as substrate demonstrating reactivity of IgG autoantibodies
with the surface of epithelial cells [129]. The implementation of ELISAs allows the quantitative
detection of anti-Dsgl and anti-Dsg3 antibodies in patients’ sera using recombinant Dsg
protein [129, 130]. In general, autoantibody levels fluctuate in line with clinical disease activity

and can therefore be useful for the monitoring of disease course [131, 132].

1.10. Treatment of pemphigus diseases

The initial therapy of pemphigus aims to control disease activity without new blister formation
and to support the healing of existing blisters and erosions. According to the recent
recommendations by an international panel of experts, the first-line treatment of pemphigus
is immunosuppression with systemic corticosteroids in combination with immunosuppressive
adjuvants [133]. However, several severe side effects of long-term therapy with
corticosteroids have been reported, such as osteoporosis, hyperglycemia, hypertension, and
increased overall susceptibility to infections [134]. In addition, about half of patients
experience a relapse during corticosteroid therapy, and the remaining patients reach
complete remission off therapy within an average of three years of treatment [135]. For
severe cases or for patients without clinical remission upon immunosuppression, depletion of
B cells by anti-CD20 monoclonal antibodies (rituximab) may be administered. Rituximab has
been proven to be highly effective in pemphigus treatment and, referring to only one of many
studies, showed remission off-therapy in 89 % of patients after two years compared to 34 %
of patients treated with corticosteroids alone [136]. Meta-analyses revealed complete clinical
remission within 6 months in 76 — 90 % of pemphigus patients with a mean duration of 16
months [137, 138]. Yet, a relapse occurs in at least half of the patients and severe side effects
linked to infections may appear [138]. In addition, there are patients not responding to
rituximab treatment or even experiencing exacerbation of the disease [139-142]. Therefore,
understanding of pemphigus pathogenesis is essential to investigate novel therapeutic
strategies targeting involved factors, cells and autoantibodies in order to avoid general

immune suppression.
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1.11. Aim of the study

PV and PF are rare blistering skin diseases mediated by autoantibodies directed against the
desmosomal cadherins Dsg3 and Dsgl. While the cellular immune response that results in
autoantibody formation presumably initiates at distant sites from the target organ, the
disease itself manifests at mucosa and skin. Binding of pathogenic autoantibodies to the
desmosomes causes inflammatory response, loss of epithelial cell adhesion, blister formation
and extensive erosions. As in other autoimmune diseases, the development of autoantibody
production is based on specialized Th cells, which upon activation may stimulate autoreactive
B cells [143]. For many years it was assumed that autoantibody-mediated diseases like PV and
PF were driven by classical type 2 Th cells producing the lineage-characteristic cytokine IL-4.
However, both Th2- as well as Thl-associated cytokines have been found in lesional skin of PV
patients. Moreover, Dsg-reactive Th2 and Thl cells were detected in peripheral blood of
pemphigus patients. Nevertheless, the exact phenotype of the T cells responsible for the
development of pemphigus needs to be identified. The discovery of new T cell subtypes and
associated cytokines has advanced our understanding of inflammation and autoimmunity. For
instance, CD4* IL-17-producing Th17 cells were shown to be the key players in the
pathogenesis of psoriasis, an inflammatory autoimmune skin disease with epithelial
hyperproliferation [144]. First reports suggest that IL-17 may also be involved in other skin
diseases like pemphigus. Further, Dsg3-specific IL-21* T cells as well as circulating Tfh cells
seem to be overrepresented in the blood of pemphigus patients. Of note, IL-21 is also
implicated in the promotion of Th17 cell responses. Based on these recent developments, it is
possible that a Th17 cell response could play a more prominent role in pemphigus than Th2
or Thl cells. In the present study, the aim was to analyze the dominant cytokines and disease-
inducing CD4* T cell subsets in a large cohort of patients suffering from pemphigus by
performing large-scale gene expression studies, T cell phenotyping and quantitative analysis

of cytokines in the skin and peripheral blood.

New therapeutic options for the treatment of pemphigus are needed. In recent years, JAKs
have emerged as an attractive target for specific immune blockade and JAKi are currently
approved for autoimmune diseases such as rheumatoid arthritis or psoriatic arthritis. Due to
the high immunological activity in pemphigus, JAKi could also provide high efficacy in the

therapy of this disease. In addition, due to the limited expression of JAK3 to hematopoietic
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and lymphoid cells, the identification of a selective JAK3 inhibitor should have limited but
precise effects on immune cells and would not affect other cell types, promoting a novel
therapeutic approach in the treatment of pemphigus and other inflammatory autoimmune
diseases. In order to identify novel selective compounds, the dose-dependent inhibition of
STAT phosphorylation in human CD4* T cells was determined. In addition, selected JAKi were
further characterized for their ability to abrogate Th cell lineage associated cytokine signaling.
Furthermore, the effect of JAKi on autoantibody-induced acantholysis in keratinocyte

monolayers was investigated.

The main aims and objectives of this study were as follows (illustrated in Figure 7):

(1) Identification of the disease-relevant Th and Tfh cell subsets in pemphigus disease by
immunophenotyping of peripheral blood from pemphigus patients.

(2) Detection of relevant cytokines involved in pemphigus pathogenesis by gene expression
analysis of lesional skin from pemphigus patients.

(3) Investigation of selective JAK inhibitors and their potential role as therapeutics in

pemphigus disease.
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Figure 7: lllustration of topics addressed in the immune pathogenesis of pemphigus.

Cytokine producing CD4* effector T cells (TC) activate autoreactive B cells (BC) and thereby
initiate the formation of autoantibody-secreting plasma cells (PC). Binding of the
autoantibodies to desmosomes leads to acantholysis and manifests with blisters and erosions
of skin and mucosa. (1) The exact phenotype of the T cells responsible for disease
development, (2) the cytokine signature of lesional skin from pemphigus patients and (3) a
potential role of Janus kinase inhibitors (JAKi) in the treatment of pemphigus was investigated.
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2.  MATERIALS

2.1. Laboratory equipment

Centrifuge 5417C with rotor F45-30-11

Centrifuge Multifuge 3 S-R with rotor 75006445

E1-ClipTip™ Electronic Single Channel Pipette
12.5 ul

Electrode Blueline 18 pH

FACSAria Cellsorter

Freezer

Freezing Container Mr. Frosty™

Heracell 240 CO2 Incubator

Herasafe HS 18 Safety Cabinet

Inverted Laboratory Microscope DM IL LED

LightCycler® 480 Il Real-Time PCR Instrument

LightCycler® 480 Real-Time PCR Instrument

LSR Il FACS-Analyzer

MACSmix™ Tube Rotator

Mastercycler gradient thermal cycler

Millipore Elix® 3 UV Water Purification system

Mini-PROTEAN® Tetra Cell Casting Module with
15-well combs, 1.5 mm gel casting modules,
casting stands and casting frames

Mini-PROTEAN® Tetra Vertical Electrophoresis
Cell

Multiskan EX Microplate Reader

NanoDrop 1000 Spectrophotometer

Nanozoomer digital slide scanner

Odyssey® Sa Infrared Imaging System

pH meter CG842

PIPETBOY acu Pipette Controller

Power supply EV243

Eppendorf, Hamburg, Germany
Heraeus, Hanau, Germany

Thermo Fisher Scientific, Waltham, USA

SI Analytics, Mainz, Germany

BD, Franklin Lakes, USA

Liebherr, Bulle, Switzerland

Thermo Fisher Scientific, Waltham, USA
Heraeus, Hanau, Germany

Heraeus, Hanau, Germany

Leica, Wetzlar, Germany

Roche, Basel, Switzerland

Roche, Basel, Switzerland

BD, Franklin Lakes, USA

Miltenyi, Bergisch Gladbach, Germany
Eppendorf, Hamburg, Germany
Merck, Darmstadt, Germany

Bio-Rad, Hercules, USA

Bio-Rad, Hercules, USA

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Hamamatsu, Hamamatsu City, Japan
LI-COR, Lincoln, USA

Schott, Mainz, Germany

Integra, Zizers, Switzerland

Consort, Turnhout, Belgium
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QuadroMACS™ Separator
Refrigerator

Repeater® M4 multipette
Research® plus 0.1-2.5 ul pipette
Research® plus 0.5-10 ul pipette
Research® plus 100-1,000 ul pipette
Research® plus 10-100 ul pipette
Research® plus 20-200 ul pipette
Research® plus 2-20 ul pipette
Self-Contained Ice Machine AF124
Thermomixer comfort

Tissuelyser Adapter Set 2 x 24
TissuelLyser MM300 Bead Mill
Ultra-low temperature freezer
Vortex Mixer

Western blot incubation box, black
Wet/Tank electroblotting module

Xplorer® 50-1,000 ul electronic pipette

2.2. Consumables

96-MicroWell Plates, Nunc-Immuno™

96-well PCR plate, colorless

BioCoat™ Flask T75 Collagen | coated

C-Chip Counting Chamber, Neubauer improved

Cell culture dish 60/15 mm, PS, sterile

Cell culture plate 24-well, PS, clear, with lid,
sterile

Centrifuge Tube 15 ml, sterile

Centrifuge Tube 50 ml, sterile

ClipTip 12.5 pl, filter, sterile

Column 2.5 ml, 35 um filter pore size

Miltenyi, Bergisch Gladbach, Germany
Liebherr, Bulle, Switzerland

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Scotsman Ice Systems, Vernon Hills, USA
Eppendorf, Hamburg, Germany

Qiagen, Hilden, Germany

Retsch, Haan, Germany

Thermo Fisher Scientific, Waltham, USA
Neolab, Heidelberg, Germany

LI-COR, Lincoln, USA

Biostep, Burkhardtsdorf, Germany

Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Waltham, USA
Biozym, Hessisch Oldendorf, Germany
Corning, Corning, USA

Merck, Darmstadt, Germany

Greiner Bio-One, Kremsmiunster, Austria

Greiner Bio-One, Kremsmiunster, Austria

Greiner Bio-One, Kremsmtinster, Austria
Greiner Bio-One, Kremsmiunster, Austria
Biozym, Hessisch Oldendorf, Germany

MoBiTec, Goéttingen, Germany
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Combitips advanced® 0.1 ml, PCR clean

Combitips advanced® 5 ml, sterile

Cryo vials 2 ml, PP, round bottom

Falcon® 5 mL Round Bottom Polystyrene Test
Tube

Falcon® 5 mL Round Bottom Polystyrene Test
Tube, sterile with snap-cap

Injekt®-F solo fine dosage syringe 1 ml

LS Columns

Microplate 96-well, PS, F-bottom, clear

PCR 12-well CapStrips

PCR 12-well SoftStrips

Polyvinylidene difluoride (PVDF) membrane
Immobilon-FL

gPCR adhesive plate seals

Safe-Lock Tube 0.5 ml

Safe-Lock Tube 1.5 ml

Safe-Lock Tube 2.0 ml

SafeSeal SurPhob Tips 1,250 pl, filter, sterile

SafeSeal SurPhob Tips 200 ul XL, filter, sterile

SafeSeal Tips Premium 10 pl, filter, sterile

SafeSeal Tips Premium 2.5 pl, filter, sterile

S-Monovette® 8.5 ml, CPDA1

Stainless Steel Beads, 5 mm

Sterican® single-use hypodermic needles 20
gauge

Stripette™ Serological Pipets 10 ml, sterile

Stripette™ Serological Pipets 2 ml, sterile

Stripette™ Serological Pipets 25 ml, sterile

Stripette™ Serological Pipets 5 ml, sterile

UltraPoint Graduated Filter Tip 100 pl, sterile

Whatman Cellulose Chromatography Paper

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Greiner Bio-One, Kremsmtinster, Austria

Corning, Corning, USA

Corning, Corning, USA

B. Braun, Melsungen, Germany
Miltenyi, Bergisch Gladbach, Germany
Greiner Bio-One, Kremsminster, Austria
Biozym, Hessisch Oldendorf, Germany
Biozym, Hessisch Oldendorf, Germany

Merck, Darmstadt, Germany

Genaxxon, Ulm, Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Biozym, Hessisch Oldendorf, Germany
Biozym, Hessisch Oldendorf, Germany
Biozym, Hessisch Oldendorf, Germany
Biozym, Hessisch Oldendorf, Germany
Sarstedt, Nimbrecht, Germany
Qiagen, Hilden, Germany

B. Braun, Melsungen, Germany

Corning, Corning, USA
Corning, Corning, USA
Corning, Corning, USA
Corning, Corning, USA
Starlab, Hamburg, Germany

GE Healthcare, Chicago, USA
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2.3. Chemicals

1,4-Dithiothreitol (DTT)

2-Propanol

Acrylamide ROTIPHORESE®Gel 30 (37.5:1)
Ammonium persulfate (APS)

Agua ad injectabilia

AutoMACS Rinsing Solution (contains 2 mM

EDTA in PBS pH 7.2)
Biocoll Separating Solution
Bovine Serum Albumin (BSA), lyophilized
BSA, 10 % in PBS (MACS Stock Solution)
Bromophenol blue sodium salt
CnT-Prime Basal Medium
cOmplete™ Protease Inhibitor Cocktail
Crystal violet

CD4 MicroBeads

Dimethyl sulfoxide (DMSQ) Cell culture grade

Dispase Il (neutral protease, grade Il)

Dulbecco’s Phosphate Buffered Saline (PBS)

Ethylenediamine tetraacetic acid (EDTA)

disodium salt dihydrate, Titration complex Il

Ethanol absolute for analysis
Fetal Bovine Serum (FBS)

Formaldehyde solution 37 %

Gentamycin / Amphotericin B Solution (500x)

Glycerol
Glycine

Hanks' Balanced Salt Solution (HBSS) with

calcium and magnesium
Hydrochloric acid fuming 37 % (HCI)
Intercept® (PBS) Blocking Buffer

Carl Roth, Karlsruhe, Germany
Honeywell, Charlotte, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

B. Braun, Melsungen, Germany

Miltenyi, Bergisch Gladbach, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA

Miltenyi, Bergisch Gladbach, Germany
Carl Roth, Karlsruhe, Germany
CELLNnTEC, Bern, Switzerland

Roche, Basel, Switzerland

Carl Roth, Karlsruhe, Germany
Miltenyi, Bergisch Gladbach, Germany
AppliChem, Darmstadt, Germany
Roche, Basel, Switzerland
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
CELLNTEC, Bern, Switzerland
Sigma-Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany

Gibco, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

LI-COR, Lincoln, USA
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lonomycin calcium salt from Streptomyces Sigma-Aldrich, St. Louis, USA

conglobatus
MACS BSA Stock Solution Miltenyi, Bergisch Gladbach, Germany
Methanol VWR, Radnor, USA

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl- Thermo Fisher Scientific, Waltham, USA
tetrazolium Bromide)

PageRuler™ Plus Prestained Protein Ladder, 10- Thermo Fisher Scientific, Waltham, USA
250 kDa

Penicillin/Streptomycin 10,000 U/10,000 pug/ml  Merck, Darmstadt, Germany

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich, St. Louis, USA
PhosSTOP™ Roche, Basel, Switzerland
Protein G Sepharose® 4 Fast Flow GE Healthcare, Chicago, USA
Protein Transport Inhibitor GolgiStop™ BD, Franklin Lakes, USA
RNAlater RNA Stabilization Reagent Qiagen, Hilden, Germany

Roswell Park Memorial Institute (RPMI) 1640 Sigma-Aldrich, St. Louis, USA
Medium with L-alanyl-glutamine and sodium

bicarbonate

Saponin Carl Roth, Karlsruhe, Germany
SDS pellets Carl Roth, Karlsruhe, Germany
Sodium carbonate (Na;COs) Carl Roth, Karlsruhe, Germany
Sodium fluoride (NaF) Sigma-Aldrich, St. Louis, USA
Sodium hydroxide pearls (NaOH) Carl Roth, Karlsruhe, Germany
Sodium hydroxide solution 4 N (NaOH) Carl Roth, Karlsruhe, Germany
Supernatant from AK23 hybridoma cell line Ritva Tikkanen, Giessen, Germany
Tetramethylethylenediamine (TEMED) Carl Roth, Karlsruhe, Germany
Tris(hydroxymethyl)aminomethane (TRIS) Carl Roth, Karlsruhe, Germany

tri-Sodium citrate dihydrate (NasCeéHsO7 x 2H20)  Carl Roth, Karlsruhe, Germany

Triton® X 100 Carl Roth, Karlsruhe, Germany

Trypan Blue Solution 0.4 % Thermo Fisher Scientific, Waltham, USA
Trypsin/EDTA Solution 0.05 %/0.02 % w/v Merck, Darmstadt, Germany

Tween® 20 for synthesis Merck, Darmstadt, Germany
UltraComp eBeads eBioscience, San Diego, USA
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Urea Carl Roth, Karlsruhe, Germany
X-VIVO 15, serum-free, hematopoietic cell Lonza, Basel, Switzerland

medium

2.4. Kits

LightCycler® 480 Probes Master Roche, Basel, Switzerland

Maxima First Strand cDNA Synthesis Kit for RT- Thermo Fisher Scientific, Waltham, USA
qPCR

peqGOLD MicroSpin Total RNA Kit (Safety-Line) VWR, Radnor, USA

peqGOLD Total RNA Kit (Safety-Line) VWR, Radnor, USA
ROTI®Quant universal Biuret solutions Carl Roth, Karlsruhe, Germany
TURBO DNA-free™ Kit Thermo Fisher Scientific, Waltham, USA

2.5. Antibodies

Table 2: Antibodies used for the stimulation of CD4* cells (BioLegend, San Diego, USA)

Antigen Clone Coating concentration
CD3 UCHT1 5 pg/mi
CD28 CD28.2 5 ug/ml

Table 3: Antibodies used for immunohistochemical staining (Cell Signaling, Danvers, USA)

Antibody Dilution

Rabbit anti-Phospho-STAT1 (Tyr701), clone 58D6  1:500
Rabbit anti-Phospho-STAT3 (Tyr705), clone D3A7  1:400
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Table 4: Antibodies used for multiparameter flow cytometry (BioLegend, San Diego, USA)

Antigen Fluorochrome Clone Dilution

Isotype controls

Mouse 1gG1, k BV421 MOPC-21 1:20
Mouse IgG1, k BV510 MOPC-21 1:40
Mouse IgG2b, FITC MPC-11 1:100
Mouse 1gG1, k PE MOPC-21 1:200
Mouse IgG1, k PerCP-Cy5.5 MOPC-21 1:100
Mouse 1gG1, k PE-Cy7 MOPC-21 1:40
Mouse IgG2b, APC MPC-11 1:200
Mouse 1gG1, k APC-Cy7 MOPC-21 1:33
Mouse IgG1, k FITC MOPC-21 1:125
T cell panel

CXCR3 BV421 GO025H7 1:20
CD4 BV510 RPA-T4 1:20
CD45RA FITC HI100 1:100
CXCR5 PE 1252D4 1:100
CD3 PerCP-Cy5.5 SK7 1:50
CD25 PE-Cy7 M-A251 1:20
CCR6 APC GO34E3 1:100
CD127 APC-Cy7 A019D5 1:50

Intracellular staining

IL-17A
IFN-y

IL-21

IL-4

B cell panel
CD19

CD27

PE-Cy7
APC-Cy7
PerCP-Cy5.5
PE-Cy7

FITC
PE-Cy7

BL168
4S5.B3
3A3-N2
MP4-25D2

HIB19
M-T271

1:20
1:20
1:20
1:20

1:100
1:50
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Table 5: Primary and secondary antibodies used for immunoblot

Antibody

Dilution Company

Mouse anti-Actin, clone C4

Rabbit anti-Actin, clone 13E5

Rabbit anti-Phospho-STAT1 (Tyr701), clone 58D6
Rabbit anti-Phospho-STAT3 (Tyr705), polyclonal
Rabbit anti-Phospho-STAT4 (Tyr693), clone D2E4
Rabbit anti-Phospho-STATS5 (Tyr694), clone C71E5
Rabbit anti-Phospho-STAT6 (Tyr641), polyclonal

Rabbit anti-STAT1, polyclonal
Rabbit anti-STAT3, clone 79D7
Rabbit anti-STATS5, clone D206Y

Rabbit anti-Phospho-p38 MAPK (Thr180/Tyr182),

clone D3F9
Rabbit anti-p38 MAPK, polyclonal
Mouse anti-Desmoglein 3, clone 5H10
IRDye® 680RD Goat anti-Mouse IgG
IRDye® 800CW Goat anti-Rabbit I1gG

1:5,000 Merck, Darmstadt, Germany
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA
1:1,000 Cell Signaling, Danvers, USA

1:1,000 Cell Signaling, Danvers, USA
1:1,000 Bio-Techne, Minneapolis, USA
1:14,000 LI-COR, Lincoln, USA

1:14,000 LI-COR, Lincoln, USA

2.6. Recombinant proteins

Recombinant human Dsg3-Alexa Fluor 647
Recombinant human IFN-a (Roferon®-A)
Recombinant human IL-2 (PROLEUKIN® S)
Recombinant human IL-21

Recombinant human IL-4

Recombinant human IL-6

Robert Pollmann, Marburg, Germany
Roche, Basel, Switzerland

Novartis, Basel, Switzerland
PeproTech, Rocky Hill, USA
Bio-Techne, Minneapolis, USA
PeproTech, Rocky Hill, USA
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2.7. Primers and probes

Table 6: Sequences of human primer and probes (TIB MOLBIOL, Berlin, Germany)

Gene Primer Probe

ACTB for AgCCTCgCCTTTgCCgA CCgCCgCCCgTCCACACCCgCC
rev CTggTgCCTgggegCs

POLR2A for gTggAgATCTTCACggTgCT TACCACgTCATCTCCTTTgATggCTCCTAT
rev gTgCggCTgCTTCCATAA

IL1A for gAAggCTgCATggATCAATCTET CgggAAgeTTCTgAAgAAgAgACgeT
rev gTgAggTACTgATCATTggCTCg

IL1B for CAgggACAggATATggAgCAA AgAATCTgTACCTgTCCTgCgTgTTgAA
rev ATgTACCAgTTggggAACTg

L4 for ACAgAgCAgAAgACTCTgTgCA AgATgTCTgTTACggTCAACTCggT
rev CCTTCTCAgTTgTgTTCTTggA

IL10 for gCTACggCgCTgTCATCgA ACCTgCTCCACggCCTTgCT
rev AgATgCCTTTCTCTTggAgCTTA

IL12B for CTgATATTTTAAAggACCAgAAAZAAC CTggACgTTTCACCTgCTggTgge
rev gTCAAATCAGTACTgATTETCgTCA

IL17A for AACCTgAACATCCATAACCggAA CCAATACCAATCCCAAAAggTCCTCAgA
rev gTCCTCATTgCggTggAgA

IL19 for CTgCggCAATETCAggAAC ATgACTCTggTggCATTggTggC
rev CgTggACCTCCAgCTgATCATA

21 for gACACTggTCCACAAATCAAgC TCAAgATCgCCACATEATTAgAATgCgTC
rev CTgACCACTCACAGTTTgTCTCTAC

1L22 for TgATgACCTgCATATCCAgAggAAT TgCAAAAgCTgAAggsACACAETEAAAAA
rev ATCCAgTTCTCCAATTgCTTTgATC

IL23A for TAgTgggACACATggATCTAAG CCATCTCCACACTggATATgggeA
rev gCAAgCAgAACTgACTgTTg

1L24 for AgCATTCAAACAgTTggACgTA CAAgggCTTTggTCAgAgCTgC
rev TCTAGACATTCAgAgCTTETAgAATTT

IFNG for gCATCCAAAAZAZTETggAg ATCAAggAAgACATgAATETCAASTTTTTCAA
rev ggACATTCAAGTCAGTTACCgA

CXCR5  for TgCAgTCATCTTgACCAAgCA CTggCTCTgACCgAAACAgCg

rev TCACECTTCCTCAggTCACT
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2.8. Inhibitors (stock solution 10 mM in DMSO)

Selective JAK3 inhibitors and Skepinone-L were kindly provided by Michael Forster from the

group of Stefan Laufer from the Pharmaceutical Chemistry Department of the Tibingen

University.

Tofacitinib Citrate (pan-JAK)
FM-409 (JAK3)

FM-381 (JAK3)

FM-492 (JAK3)

NIBR3049 (JAK3)

FM-481 (JAK3)

FM-392 (JAK3)
PF-04965842 (JAK1)
Skepinone-L (p38 MAPK)

2.9. Buffers, media and solutions

70 % Ethanol

APS solution

CnT complete medium

CnT differentiation medium

Selleck Chemicals, Houston, USA
Michael Forster, Tlibingen, Germany
Michael Forster, Tlibingen, Germany
Michael Forster, Tlibingen, Germany
Michael Forster, Tlibingen, Germany
Michael Forster, Tlibingen, Germany
Michael Forster, Tlibingen, Germany
Sigma-Aldrich, St. Louis, USA

Michael Forster, Tlibingen, Germany

Ethanol 70 %

Agua ad injectabilia

APS 10 % (w/v)
H,O

Gentamycin 10 pg/ml
Amphotericin B 0.25 pg/ml

CnT-Prime Basal Medium

CaCl, 1.8 mM

CnT complete medium
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Crystal violet staining solution

Dispase |l (dissociation assay)

Dispase I

(primary keratinocyte isolation)

EDTA buffer pH 8.0

Elution buffer

Fixation buffer (dissociation assay)

Fixation buffer

(intracellular flow cytometry)

Freezing medium

MACS buffer

MTT staining solution

Crystal violet
Methanol
H20

Dispase Il

HBSS

Dispase Il

CnT complete medium

EDTA
H,O

Adjust pH to 8.0 with NaOH.

tri-Sodium citrate dihydrate
H20
Adjust pH to 2.4 with HCI.

Formaldehyde
HBSS

Formaldehyde
PBS

DMSO

CnT Prime Basal Medium

BSA (MACS Stock Solution)
AutoMACS Rinsing Solution

MTT
HBSS

0.5 % (w/v)
20 %

2.5U/ml

12 U/ml

05M

20 mM

8%

2%

10 %

0.5%

5 mg/ml
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Neutralization buffer

PBST

Permeabilization buffer

Protein lysis buffer

Resolving gel buffer

RPMI complete medium

Sodium carbonate
H->O
Adjust pH to 9.0 with HCI.

Tween® 20

PBS

Saponin

MACS buffer

EDTA

Tween® 20
Triton® X 100
Sodium fluoride
Urea
cOmplete™
PhosSTOP™
H.0

TRIS
SDS
H.0
Adjust pH to 8.8 with HCI.

FBS
Penicillin
Streptomycin

RPMI 1640 Medium

2M

0.1%

0.5 % (w/v)

1mM
0.005 %
0.5%
5mM
6M

1x

1x

1.5M
0.4 % (w/v)

10 %
100 U/ml
100 pg/ml
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SDS-PAGE running buffer

SDS-PAGE sample buffer 5x

Stacking gel buffer

Standard for protein gquantification

Stripping buffer

TE buffer pH 8.0

TRIS buffer pH 8.0

TRIS

Glycin

SDS

H.0

Adjust pH to 8.3 - 8.5 with HCI.

Glycerol

DTT

SDS

Bromophenol blue
TRIS buffer pH 6.8
H.0

TRIS buffer pH 6.8
SDS
H20

BSA, lyophilized
PBS

NaOH
H->O

TRIS buffer pH 8.0
EDTA buffer pH 8.0
H,O

TRIS
H20
Adjust pH to 8.0 with HCI.

25 mM
200 mM
0.1 % (w/v)

50 %

250 mM
5% (w/v)
0.05 % (w/v)
125 mM

0.5M
0.4 % (w/v)

2 mg/ml

05M

10 mM
1mM

1M

32



MATERIALS

TRIS buffer pH 6.8

Western blot transfer buffer

2.10. Software

TRIS
H.O
Adjust pH

TRIS
Glycin
Methanol
H.0
Adjust pH

1M

to 6.8 with HCI.
250 mM
200 mM
20 %

to 8.5 with HCI.

Table 7: Software versions used for data analysis

Software Version Company

Adobe lllustrator CS6 16.0.3 Adobe Inc., San Jose, USA

Adobe Photoshop CS6 13.0.1 Adobe Inc., San Jose, USA

Ascent Software for Multiskan 2.6 Thermo Fisher Scientific, Waltham, USA
BD FACSDiva™ 6.1.3 BD, Franklin Lakes, USA

FastQC 0.11.8 Babraham Institute, Cambridge, UK
FlowJo 10.0.7 BD, Franklin Lakes, USA

GraphPad Prism 8.1.0 GraphPad Software, San Diego, USA
Image Studio™ Lite 3.14 LI-COR, Lincoln, USA

Image) Fiji 1.53c Wayne Rasband, NIH, Bethesda, USA
LightCycler® 480 Software 1.5.1.62 Roche, Basel, Switzerland

MultiQC 1.7 Phil Ewels, Stockholm, Sweden
NanoDrop 1000 Software 3.7.1 Thermo Fisher Scientific, Waltham, USA
NDP.view2 2.7.39 Hamamatsu, Hamamatsu City, Japan
Odyssey® Sa Software 1.1.7 LI-COR, Lincoln, USA

R 3.5.1 CRAN

Salmon 0.12.0 Rob Patro, Stony Brook, USA
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2.11. Patient samples

A total of 76 PV and 16 PF patients were included in this study. 47 of the patients were
recruited in TUbingen and 45 in Marburg. Diagnosis of pemphigus was determined by clinical
evidence of blisters or erosions and direct immunofluorescence microscopy of perilesional
skin biopsies for demonstration of intercellular IgG and complement deposition. Furthermore,
serum autoantibodies were detected by indirect immunofluorescence microscopy of monkey
esophagus as well as by Dsg1/Dsg3-specific ELISA. Patient cohorts were classified depending
on their status of disease according to Pfiitze et al. into acute (onset with < 3 month duration),
chronic (active disease with a duration of 2 3 months) and patients in remission (no
appearance of new clinical lesions for 21 month) [145]. Detailed data on epidemiology, clinical
status and desmoglein levels at the time of analyses are shown in Table A1, Table A2, Table A3

and Table A4 in the appendix.

Punch biopsies of 4 mm diameter were taken from lesional or perilesional skin of pemphigus
patients. Perilesional skin for RNA analysis was taken 1-2 cm distant from the corresponding
lesion, while perilesional skin for immunohistochemical (IHC) stainings was obtained at the
interface of the lesion, eventually including a part of the blister. For the remission group,
biopsies from lesional skin were taken only from patients presenting chronic non-debilitating
erythematous lesions in which disease remission was achieved either under or off treatment.
Healthy skin samples were obtained from adult control patients, who underwent surgical
procedures for non-inflammatory diseases. For RNA isolation, all skin samples were incubated
over night at 4 °C in RNAlater, transferred into fresh 2.0 ml tubes and stored at -80 °C. Tissue
samples from patients recruited in Marburg were shipped to Tlbingen for analysis. Tissue for
IHC staining were fixed with paraformaldehyde and embedded in paraffin. Peripheral blood
from patients and control individuals (healthy individuals or patients with non-inflammatory
disease and no immunosuppressive therapy) was collected in citrate-phosphate-dextrose-
adenine (CPDA) containing tubes and processed directly. Flow cytometric measurement of 40
patients and 14 control individuals recruited in Marburg was performed by Farzan Solimani,
Carolin Baum, Robert Pollmann and Manuel Schulze-Dasbeck from the group of Christian
Mobs at the Philipps-University Marburg and raw data was analyzed in Tlibingen. The study

was approved by the Ethics Committees of the Eberhard Karls University Tlibingen (protocol
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759/2016B02) and the Medical Faculty of the Philipps-University Marburg (Az.: 20/14) and

patients gave their written informed consent for participating in this study.

Tissue samples of seven individuals suffering from psoriasis vulgaris were collected and
proceeded for IHC staining as described above for pemphigus and healthy skin. Each patient
signed an informed consent and ethical approval was obtained by the ethics committee of the

Eberhard Karls University Tubingen (protocol 309/2017B02).

2.12. Human cell culture

Primary normal human epidermal keratinocytes (NHEK) were isolated from discarded healthy
foreskin tissue. The isolation of primary human cells was approved by the medical ethical
committee of the Eberhard Karls University (protocol 331/2010B0O2) and performed in

accordance with the Declaration of Helsinki principles.

Peripheral blood cells for CD4* cytokine stimulation assays were isolated from leukoreduction
system chambers, which were obtained from the Centre for Clinical Transfusion Medicine in

Tubingen, where they are typically discarded after platelet donations.
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3. METHODS

3.1. RNA isolation

Total RNA from human skin was isolated using PeqGOLD Total RNA Kit. Frozen tissue was
placed into a 2.0 ml tube containing one frozen stainless steel bead with 5 mm diameter. The
tube was placed into the Tissuelyser Adapter and the TissuelLyser was operated for 40 s at
30 Hz. All following steps were performed at room temperature (RT). 600 pl RNA Lysis Buffer T
was added to the tube and the tissue was homogenized two more times for 40 s at 30 Hz
followed by centrifugation for 3 min at full speed to remove debris. The lysate was transferred
directly into a DNA Removing Column placed in a 2.0 ml collection tube and the further
procedure was performed according to the manufacturer's protocol [146]. To elute the RNA,
the column was placed into a fresh 1.5 ml tube, 50 ul RNase-free H,0 was added directly to
the binding matrix in the column and incubated for 5 min followed by centrifugation for 1 min
at 5,000 xg. The column was discarded, RNA concentration was quantified using the

NanoDrop 1000 spectrophotometer system and the RNA was stored at -80 °C.

Total RNA from sorted cells was isolated using peqGOLD MicroSpin Total RNA Kit. The sorted
cells were transferred from the collection tubes into 1.5 ml tubes and centrifuged at 400 x g
for 5 min at RT. The supernatant was carefully removed and 300 pl RNA Lysis Buffer T was
added. By passing the lysate through a 20 gauge needle ten times with a 1 ml syringe the pellet
was homogenized. The lysate was transferred into a DNA Removing Column placed in a 2.0 ml
collection tube and the protocol was proceeded according to the manufacturer's instructions

[147] with the PerfectBind MS RNA Column and 20 pl elution volume.

To assess all transcript variants of CXCR5, the TagMan assay had to be designed on one exon,
so that it was not possible to span or flank introns. For this reason, remaining contaminating
genomic DNA was removed from the isolated RNA using TURBO DNA-free™ Kit containing the
DNase enzyme, buffer and inactivation reagent. The procedure was performed following the

manufacturer’s protocol [148].
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3.2. Next-generation sequencing and bioinformatics

Total RNA from healthy and patient skin was isolated and submitted to the NGS Competence
Center Tubingen (NCCT) for next-generation sequencing (NGS) analysis, a high throughput
technology allowing transcriptome profiling and quantification. Sequencing data was
produced on Illumina NextSeq 500 system in single-end sequencing mode (sequence
length = 75 bp). Raw data was analyzed with the help of Tobias Tekath from the Biomedical
Informatics group of the Institute of Medical Informatics at the University of Minster.
Thorough quality control for the sequenced data was performed with FastQC [149] and
MultiQC [150]. Read-mapping and quantification was performed with Salmon [151] using the
Gencode [152] human reference transcriptome v29. The Salmon quasi-index was created with
a default k-mer length of 31 and the --gencode flag. Subsequent quantification was performed
while accounting for sequence-specific biases like random hexamer priming, which often
results in lower base-call quality of the first few bases of a read. Additional parameters
included --validateMappings and --rangeFactorizationBins 4 to potentially improve the
guantification accuracy. The mean transcriptomic mapping rate was 89.2 % with a standard
deviation of 2 %. The transcript counts were summarized to gene-level with tximport [153]
and supplementary annotation data from Ensembl [154] through the biomaRt-package [155,
156]. During this summarization step, allosomal and mitochondrial genes were excluded to
decrease (sex-specific) biases. The differential expression analysis between pemphigus and
healthy skin samples was performed on the gene-level counts by DESeq2 [157]. The
requirement for a valid differentially expressed gene (DEG) was an absolute log; fold change
significantly greater than 1 with an adjusted p-value below 0.05. Furthermore, independent
hypothesis weighting (IHW) was used to increase the statistical power [158]. Gene-set
enrichment analysis was performed for the DEGs with goseq [159], both for Gene Ontology
[159, 160] terms and KEGG [161, 162] pathways. The goseq enrichment is accounting for
selection bias via the median transcript length of a gene. The association of a gene with a
specific pathway/term was directly pulled from the KEGG online resource or Ensembl biomart,
respectively. Results were visualized with the help of cowplot [163], ggplot2 [164], ggpubr
[165], GOplot [166], Pathview [167] and pheatmap [168]. For visualization purposes, shrunken
log; fold change values have been computed using the adaptive t prior shrinkage estimator
from the apeglm [169] package and expression values have been variance stabilized with the

rlog-function of DESeq2. R session information can be found in the appendix.
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3.3. cDNA synthesis

Reverse transcription from RNA into cDNA was performed with Maxima First Strand cDNA
Synthesis Kit for RT-gPCR. Maxima Enzyme Mix contained M-MulLV reverse transcriptase and
RNase inhibitor. 5x Reaction Mix contained the reaction buffer, dNTPs, oligo(dT)1s and random
hexamer primers to prime synthesis of first strand cDNA. The template RNA was denatured

for 5 min at 65 °C and cooled on ice before pipetting the following reaction into a 0.5 ml tube:

Reaction Mix (5x) 4 ul
Maxima Enzyme Mix 2 ul
Template RNA 1,000 ng
Nuclease-free water to 20 pl
Total volume 20 ul

If there was less RNA than 1,000 ng, the maximum volume of template RNA (14 ul) was used.
This reaction was incubated for 10 min at 25 °C for primer extension followed by synthesis of
cDNA for 30 min at 50 °C. Heating at 85 °C for 5 min terminated the reaction by inactivating

the enzyme. The product was stored at -80 °C.

3.4. Quantitative real-time PCR (qPCR)

The polymerase chain reaction (PCR) is a method for the specific in vitro multiplication of any
DNA section. First, the DNA double strand is separated by heating to 95 °Cin two single strands
(denaturation). Thereafter, the hybridization of the primer (annealing) takes place at reduced
temperature. Starting from the primers, complementary DNA strands are synthesized in the
next step (elongation). By repeating this reaction sequence, there is an exponential increase
in the DNA fragment that lies between the primers. The quantitative real-time PCR (qPCR)
allows in addition to the duplication the quantification of the DNA. By using fluorescent dyes,

the increase of the amount of PCR product can be detected in real time during each PCR cycle.

Relative mRNA expression was determined by gPCR using Probes Master and TagMan® probes
for the Roche LightCycler® 480 system. According to the fluorescence resonance energy

transfer (FRET) principle the PCR product was detected by specific hydrolysis probes, which
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were marked with a fluorescent reporter (fluorescein, FAM) and a quencher of fluorescence
(BlackBerry® Quencher, BBQ). While the probe was intact, the quencher was close to the
reporter and any fluorescence signal was suppressed. During amplification, the probe was
cleaved by the 5'-3'-exonuclease activity of the Tag polymerase (contained in Probes Master)
and the reporter was released. An increase of PCR product caused a proportional increase in
fluorescence signal. The fractional PCR cycle where the amplification curve met the threshold

line was used for quantification (quantification cycle, Cq).

In duplicates, the following reaction was pipetted per well of a 96-well PCR plate:

Probes Master (2x) 5.0 ul
Nuclease-free water 2.5 ul
Forward primer (20x) 0.5 ul
Reverse primer (20x) 0.5 ul
Hydrolysis probe (20x) 0.5 ul
cDNA template 1.0pl
Total volume 10 ul

The plate was sealed with sealing foil and centrifuged for 5 min at 400 x g. The following PCR

parameters were programmed for the LightCycler® 480 system PCR run:

Table 8: gPCR parameters

Step Temperature Time Cycles Analysis Mode
Enzyme activation 95 °C 10 min 1 None
Amplification Denaturation 95 °C 10s
50 Quantification
Annealing and elongation 60 °C 20s
Cool 40 °C 1 None

ACTB and POLR2A were used as reference genes for the analysis of human skin samples. A
pool of healthy skin cDNA (n=10) served as control and was set to 1 for normalization. For

gene expression analysis of T cell subsets, the reference gene POLR2A was used.
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Relative gene expression was calculated according to the 2224 method [170]:

ACq = Cq (target gene) - Cq (reference gene)
AACq= AC, (treatment) - ACq (control)

Relative expression = 2"42¢a

3.5. PBMC isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density
gradient centrifugation. Peripheral blood was collected in CPDA-monovettes, transferred into
a 50 ml tube and diluted 1:2 with PBS. 12 ml Biocoll separating solution were pipetted in a
50 ml tube and carefully overlaid with 20 ml of blood-PBS mixture. The tube was centrifuged
with the acceleration and brake set to the lowest level for 30 min at 400 x g and RT. Cells with
higher densities (granulocytes and erythrocytes) sedimented at the bottom of the tube during
centrifugation. The PBMCs (lymphocytes and monocytes) settled at the interface between the
density gradient medium and the plasma, from which they were carefully collected into a
15 ml tube and washed twice with PBS: the tube was filled up with PBS, centrifuged at 400 x g
for 5 min at RT, the supernatant was discarded and the pellet was resuspended in PBS. After
the second wash step, the cells were resuspended in 1 ml MACS buffer, the cell number was

determined and the cells were kept on ice until further use.

3.6. Determination of cell number

Cell number was determined using Neubauer improved counting chambers. The cells were
diluted with trypan blue to selectively stain dead cells and pipetted into the counting chamber.
The unstained vital cells in the four corner squares were counted and the cell number was

calculated as follows:

number of cells number of counted cells

= x dilution factor x 10,000
ml number of squares
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3.7. Flow cytometry

Detection of antigen expression on cell surfaces was performed by immunofluorescent
staining of cells for flow cytometric analysis. In the process, the cells are characterized based
on the forward and side scattering of light with respect to their size and granularity. At the
same time, the expression of antigens is determined with fluorochrome-labeled antibodies by

excitation of the fluorochrome by a laser and detection of the emitted fluorescent light.

After determination of the cell number, the concentration of PBMCs was set to
1 x 107 cells/ml. Per test, 1 x 10° cells in 100 pl volume were pipetted into 5 ml round bottom
polystyrene tubes and antibodies were added as indicated in Table 4. The optimal antibody
dilution was determined by titration of each antibody and isotype controls were used to
ensure the detected signal was due to specific binding. After incubation for 30 min at 4 °C in
the dark the cells were washed with 1 ml MACS buffer, the supernatant was discarded and
cells were resuspended in 100 pul MACS buffer. Stained cells were kept on ice until
measurement by BD LSR Il cytometer with BD FACSDiva™ software and compensation was set

up using UltraComp eBeads. Analysis of generated data was performed with FlowJo software.

Characterization of the T cell subsets in blood samples was determined based on the
expression of surface receptors in an 8-color flow cytometry analysis adapted from Morita
et al. [171]. Combination of these surface markers allowed for subdivision of CD3* CD4*
CD45RA" CXCR5' T helper (Th) and CD3* CD4* CD45RA" CXCR5* follicular T helper (Tfh) cells.
The expression of CXCR3 and CCR6 helped to further distinguish between Th1 (CXCR3* CCR6'),
Th2 (CXCR3" CCR67), Th17 (CXCR3" CCR6) and Th17.1 cells (CXCR3* CCR6Y). CXCR5* Tfh cell
subsets were subdivided according to their Th-like profile and regulatory T (Treg) cells and T

follicular regulatory (Tfr) cells were identified by the markers CD25 and CD127 (Figure 8).
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Figure 8: Gating strategy for multi-color flow cytometric analysis of both conventional CD3*
CD4* CXCR5 T helper and CD3* CD4* CXCR5* follicular T helper cell subsets. Further
characterization of T cell subpopulations: CXCR3*CCR6 for Th1l and Tfh1, CXCR3 CCR6" for Th2
and Tfh2, CXCR3 CCR6* for Th17 and Tfh17, CXCR3* CCR6* for Th17.1 and Tfh17.1, CD127'"°w/-
CD25* for Treg and Tfr.

Identification of autoreactive B cell populations was performed by using 2 pl/test (1:50) of
fluorochrome-labeled recombinant human Dsg3 protein, which was kindly provided by Robert
Pollmann from the Philipps-University Marburg [143]. CD19* Dsg3* autoreactive B cells and
CD19*CD27* Dsg3* autoreactive memory B cells were distinguished by 3-color flow cytometric

analysis following the gating strategy shown in Figure 9.
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Figure 9: Gating strategy for the identification of Dsg3-reactive B cells. Characterization of
autoreactive CD19* Dsg3* B cells and autoreactive CD19* CD27* Dsg3* memory B cells using
fluorochrome-labeled recombinant Dsg3 protein.

3.8. Intracellular flow cytometry

For analysis of intracellular cytokine expression, 4 x 108 cells were stained with the surface
markers CD4, CD45RA, CXCR5, CCR6 and CXCR3 as described before in sterile 5 ml round
bottom polystyrene tubes. After antibody incubation, the cells were washed with 2 ml PBS,
the cell pellet was resuspended in 2 ml RPMI complete medium and pipetted into a 24-well
cell culture plate with 1 ml/well. In order to induce cytokine production, the cells were
stimulated with 50 ng/ml PMA and 1 pg/ml lonomycin for 4 h at 37 °C and 5 % CO.. Secretion
of cytokines was blocked by adding 1 pl/ml protein transport inhibitor. After stimulation, the
cell suspension was transferred into a 15 ml tube and washed with 2 ml PBS. The cell pellet
was resuspended in 2 ml fixation buffer and incubated for 10 min at RT in the dark followed
by washing with 2 ml permeabilization buffer. The supernatant was discarded, the fixed cells
were resuspended in 200 ul permeabilization buffer and divided into two tubes containing
100 pl/tube. Antibodies for IL-17A and IFN-g were added to one tube and antibodies for IL-4
and IL-21 were added to the other tube. After incubation for 30 min at RT in the dark, the cells
were washed with 1 ml MACS buffer, resuspended in 100 ul MACS buffer, and stained cells
were kept at 4 °C in the dark until measurement. The cytokine production of distinct T cell
populations was determined by including the indicated markers to the gating strategy for Th

and Tfh cell subsets as shown in Figure 8. A representative analysis of cytokine-producing Th
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cells is demonstrated in Figure 10 for CD4* CXCR5™ T cell subsets. Analysis of CXCR5* Tfh cell

subgroups was performed accordingly.
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Figure 10: Representative analysis of cytokine-producing CXCR5 T helper cell subsets by
intracellular flow cytometry. Distinct CD4* Th subsets were identified according to the gating
strategy shown in Figure 8, and cytokine-producing cells were gated within the respective
subsets. CXCR5* follicular T helper cell populations were analyzed accordingly.
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3.9. Cell sorting

Fluorescence-activated cell sorting (FACS) was used for isolation of different T cell populations
from PBMCs. FACS is a subform of flow cytometry where the cells can be sorted by size,
granularity and fluorescence. Individual drops of liquid, ideally with one cell per drop, are
analyzed by flow cytometry and based on the measured parameters electrically charged.

Deflection plates attract or repel the single drops accordingly into different collection tubes.

To achieve an appropriate number of sorted cells, 10 x 10 cells (£ 10 tests) were stained for
the sorting experiments in 1 ml MACS buffer as previously described for flow cytometry. The
cells were sorted into 5 ml round bottom polystyrene tubes containing 500 pl MACS buffer

and the tubes with sorted cells were kept on ice until RNA isolation.

3.10. Preamplification of cDNA for qPCR

Due to low amounts of RNA obtained from sorted cells, preamplification of cDNA was
performed before quantitative real-time PCR. Selected forward and reverse primers were
pooled and diluted with TE buffer to a final concentration of 0.2x per primer. The following

preamplification reaction was prepared in 0.2 ml PCR strips:

Probes Master (2x) 25.0 ul
Pooled primer mix (0.2x) 12.5 ul
cDNA template 12.5 ul

Total volume 50 ul

The thermal cycling conditions were set up for the preamplification reaction as shown in Table
9 and the product was diluted 1:20 in TE buffer. To ensure that all amplicons were amplified
uniformly without bias, preamplification uniformity check was performed for each gene by
comparing amplification of non-preamplified cDNA to amplification of preamplified cDNA.
Gene expression was determined as described for skin samples. POLR2A was used as

reference gene.
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Table 9: Thermal cycler setup for the preamplification reaction

Step Temperature Time Cycles
Enzyme activation 95 °C 10 min 1
Amplification Denaturation 95°C 15s

Annealing and elongation 60 °C 4 min H
Enzyme inactivation 99 °C 10 min 1
Cool 4°C Hold

3.11. CD4* T cell cytokine stimulation assay

PBMCs were isolated from leukoreduction system chambers as described before. Th cells were
purified from PBMCs by magnetic cell separation (MACS) technology using CD4 MicroBeads
and LS columns following the manufacturer’s instructions [172]. In this method, the CD4* cells
were magnetically labeled and then loaded on a column, which was placed in a magnetic field.
The labeled cells retained within the column, while all unlabeled cells ran through. After
removing the column from the magnetic field, the CD4* cells were eluted as the positively
selected fraction. The purity of isolated cells was >98 % as determined by CD4 staining and
flow cytometry. Isolated cells were counted followed by centrifugation for 5 min at 400 x g
and RT and the supernatant was discarded. The pellet was resuspended in X-VIVO 15 medium
and cell number was set to 2 x 10° ¢/ml. 24-well cell culture plates were coated with 5 pg/ml
of each anti-CD3 and anti-CD28 antibody in 300 ul PBS over night at 4 °C or for at least 2 h at
37 °C. The liquid was removed from the wells and 2 x 10° CD4* cells (1 ml cell suspension) were
added per well. After three days of activation with the plate-bound anti-CD3 and anti-CD28
antibodies at 37 °C and 5 % CO; the cells were further expanded for three days by transferring
the cells from one well into two wells each containing 500 pl fresh medium supplemented
with 6 ng/ml IL-2, resulting in a final concentration of 3 ng/ml IL-2 per well. If required, the
cells were expanded with 3 ng/ml IL-2 for three more days. After expansion, the T cells were
washed three times with medium, the cell number was set to 2 x 106 ¢/ml and 2 x 10® T cells
per well were rested in fresh medium overnight. For each condition, at least two wells were
incubated with the indicated concentrations of JAKi in DMSO or DMSO alone (control
condition) for 1 h and then stimulated with either 50 ng/ml IL-2, 50 ng/ml IL-4, 50 ng/ml IL-6,
1,000 U/ml IFN-a or 50-ng/ml IL-21 for 30 min. After stimulation, the cells of each condition
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were pooled and washed with PBS followed by lysis of the cell pellet in 100 pl protein lysis
buffer. Further homogenization was achieved by freezing the lysate in liquid nitrogen and
thaw at RT for a total of three freeze/thaw cycles. The lysates were centrifuged at full speed
for 3 min, the protein containing supernatant was transferred into fresh tubes, protein
concentration was determined and lysate was kept at -80 °C until Western Blot analysis. For
investigation of mMRNA expression, the cells were isolated, pre-incubated for 1 h with JAKi and
subsequently transferred into wells coated with CD3/CD28. The cells were further stimulated
with 50 ng/ml IL-21 for 24 h followed by washing with PBS and lysis in 400 pl RNA Lysis
Buffer T. The lysates were stored at -80 °C until RNA isolation using the PeqGOLD Total RNA
Kit.

3.12. Keratinocyte culture

NHEK were isolated from healthy foreskin tissue by separating the epidermal layer from the
dermis. Therefore, the tissue was cut into small pieces and placed into a 6 cm cell culture dish
with the epidermis facing upwards. The cell culture dish was flooded with dispase Il solution
so that the dermis was submerged and the epidermis remained at the air surface. After
incubation over night at 4 °C, the epidermal layer was stripped off, placed into a 6 cm cell
culture dish containing 5 ml trypsin/EDTA, cut into smaller pieces and incubated for 30 min at
37 °C. Trypsin activity was stopped by adding 10 ml RPMI complete medium to the cell culture
dish and the epidermis was passed through a 100 um cell strainer to achieve a single cell
suspension. After centrifugation for 5 min at 400 x g and RT, the cell pellet was resuspended
in 10 ml CnT complete medium, transferred into a T75 collagen coated cell culture flask and
cultured at 37 °Cand 5 % CO>. When 90 % confluence was reached, the cells were subcultured
or frozen. The medium was discarded and keratinocyte monolayer was rinsed with PBS. In
order to detach cells from the surface and obtain single cells, 3 ml trypsin/EDTA was added to
the flask and incubated for 5 to 10 min at 37 °C while observing the detachment under the
microscope. When >90 % of the cells have detached, 7 ml RPMI complete medium was added
to the flask to stop enzyme activity and cell suspension was transferred into a 50 ml centrifuge
tube. After centrifugation at 400 x g and RT for 5 min, the cell pellet was resuspended in 5 ml
CnT complete medium for further cultivation and 1 ml was pipetted into a T75 collagen coated

cell culture flask containing 9 ml CnT complete medium (passage 1). For cryopreservation, the
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cell pellet was resuspended in 3 ml ice cold freezing medium. Portions of 1 ml were frozen in
cryovials at -80 °C using a freezing container to provide a freezing rate of 1 °C per minute.
Keratinocytes were thawed by warming the cryovial at 37 °C for 1 minute and transferring the
cells into a 50 ml centrifuge tube containing 9 ml CnT complete medium. The cells were
centrifuged at 400 x g for 5 min at RT, pellet was resuspended in 10 mlI CnT complete medium
and cell suspension was transferred into a T75 collagen coated cell culture flask (passage 1).

Experiments were performed at passages 2 to 4.

3.13. Purification of AK23 from hybridoma cell culture supernatants

AK23 is a mouse monoclonal anti-Dsg3 antibody with pathogenic activities produced by the
cultivation of the AK23 hybridoma cell line [96]. 1gG containing supernatants from this cell line
were kindly provided by the laboratory of Ritva Tikkanen from the Giessen University [173].
The purification of the AK23 antibodies was performed by protein G affinity chromatography,
which separates proteins based on reversible interactions between the protein (AK23) and a
specific ligand (protein G) coupled to a chromatography matrix (sepharose). To 25 ml
supernatant 1 ml protein G sepharose was added and incubated with rotation over night at
4 °C to allow the Fc regions of the antibodies to bind to the protein G. The 2.5 ml column was
primed with 2 ml ethanol, washed with 5 ml PBS and then packed with the supernatant-
sepharose mix. The flow through was discarded and the column matrix was washed with 20 ml
PBS. 60 pl neutralization buffer was pipetted to ten 1.5 ml tubes and 5 ml elution buffer was
added to the column to elute the antibodies from the protein G sepharose matrix. 500 pl
fractions were collected to each tube, the protein concentration was determined using the

NanoDrop 1000 spectrophotometer system and the purified AK23 was stored at -20 °C.

3.14. Dispase-based dissociation assay

NHEK were seeded in triplicates with 500 pl/well in a 24-well cell culture plate and grown until
complete confluent. Upon confluence, CnT complete medium was exchanged by CnT
differentiation medium for 24 h. Cells were pre-incubated for 1 h with indicated inhibitors at
indicated concentrations in DMSO or DMSO alone (control condition) followed by incubation

with 20 pg/ml AK23 or neutralization/elution buffer mix (control condition) for further 4 h at
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37 °C and 5 % CO;. The keratinocytes were washed with HBSS and incubated with 250 pl
dispase Il solution at 37 °C until all monolayers were completely detached (approx. 30 min).
The dispase Il solution was removed from the wells and 250 pl HBSS was pipetted to the
monolayers. For better visualization and to ensure the cells were alive, the monolayers were
stained with 10 pul MTT solution for 15 min. By pipetting up and down with an electronic
pipette set to 230 ul, mechanical stress was applied to the monolayers, which caused
fragmentation. For all replicates and conditions of one experiment, the same number of
pipetting steps was applied. The fragments were fixed by adding 250 ul fixation buffer, stained

with 1 ul crystal violet solution over night at 4 °C and subsequently counted.

3.15. Keratinocyte AK23 stimulation assay

Keratinocytes were seeded and treated with AK23 with or without inhibitors as described for
dissociation assay for the indicated time points. After incubation with AK23, the supernatant
was discarded and cells were washed with PBS. Subsequently, 100 ul/well protein lysis buffer
was applied and lysates were collected into 1.5 ml tubes. Further homogenization was
achieved by freezing the lysate in liquid nitrogen and thaw at RT for a total of three
freeze/thaw cycles. The lysates were centrifuged at full speed for 3 min, the protein containing

supernatant was transferred into a fresh tube and protein concentration was determined.

3.16. Protein quantification and sample preparation for SDS-PAGE

Determination of the protein concentrations for immunoblotting was performed using the
ROTI®Quant universal kit, which is based on a biuret reaction. The peptide bonds of tripeptides
and larger polypeptides react with Cu?* ions in an alkaline environment and reduce them to
Cu*ions. The resulting complex is stained blue and the color intensity is proportional to the
amount of peptide bonds in the sample. The faint color is then enhanced by chelation of the

Cu*ions with PCA and the resulting chelate complex is strongly stained greenish-blue.

The BSA stock solution was diluted in PBS to a standard curve with the following
concentrations: 2,000, 1,500, 1,000, 750, 500, 250, 125, 50, 25, 5 and 0 pg/ml. The samples

were diluted 1:10 with PBS. 50 ul of standard and samples was pipetted in duplicates into the

49



METHODS

wells of a 96-well microplate. A working solution was prepared by mixing 15 parts of Reagent 1
with 1 part of Reagent 2 and 100 pl working solution was added to each well. After incubation
for 30 min at 37 °C, the optical density was determined using a microplate reader set to
492 nm and the sample protein concentration was calculated based on the standard curve.
Samples were diluted with sample buffer (5x) to a final amount of 20 ug protein per well and

heated for 5 min at 95 °C before loading on the SDS gel.

3.17. SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a method for the
analysis of protein mixtures and determination of molecular weights based on the
discontinuous SDS-containing tris-glycine buffer system according to Laemmli [174]. The
samples are incubated with the anionic detergent SDS at 95 °C, thereby the secondary and
tertiary structures of the proteins are dissolved, resulting in a linear conformation.
Furthermore, negatively charged SDS-protein complexes are formed with a constant mass-to-
charge ratio, which differ only in size and have comparable hydrodynamic properties. Addition
of reducing agents such as 1,4-Dithiothreitol (DTT) disrupts the disulfide bonds of the proteins
and results in complete unfolding and maintenance of the proteins in fully reduced states.
Applied on the gels, the samples are first focused in the neutral, wide-pored stacking gel and
then separated according to their molecular weight in the narrow-pored alkaline resolving gel.
The SDS-protein complexes migrate in the electric field to the anode, where the molecular
sieve effect of the polyacrylamide matrix separates the proteins according to their molecular
weight. By using a protein ladder with marker proteins of known sizes, the molecular weight

of the sample proteins can be determined.

Gel casting was performed with the Mini-PROTEAN® casting module. The 12 % acrylamide
resolving gel was poured into the assembled gel sandwich and overlaid with 2-propanol.
Polymerization was initiated by ammonium persulfate (APS) with
tetramethylethylenediamine (TEMED). Upon polymerization of the resolving gel, 5 %
acrylamide stacking gel was poured on top, the comb was placed in the cassette and the gel
was allowed to polymerize. The composition of the gels is listed in Table 10. The polymerized

gel was placed in the Mini-PROTEAN® cell and the cell was filled with 1x running buffer. The
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comb was removed from the gel, the wells were rinsed and the samples containing equal
protein amounts and protein ladder were loaded to the wells. The separation was first
performed at 80 V for 30 min (focusing of the samples), then the voltage was raised to 120 V
for approx. 90 min. After electrophoresis, the stacking gel was removed and the separation

gel was used for Western blotting.

Table 10: Recipes for resolving and stacking gels.

Resolving gel 1.5 mm (10 ml)  Stacking gel 1.5 mm (4 ml)

Corresponding gel buffer 2.55 ml 1.00 ml
Acrylamide 4.00 ml 0.67 ml
H20 3.45 ml 2.33 ml
TEMED 6.25 pl 5 ul
APS 10 % 50 ul 40 pl

3.18. Western blot and immunodetection

In a Western blot, the proteins from the SDS gel are transferred electrophoretically to an
adsorbing membrane. During this process, the negatively charged SDS-protein complexes
migrate out of the gel and stick to the membrane. The proteins on the membrane can then be

specifically identified by immunodetection.

The PVDF membrane was first activated by placing it in methanol for 1 min and then
equilibrated in transfer buffer. The filter paper and SDS gel were also equilibrated in transfer
buffer. The blotting tank was filled with transfer buffer and the transfer sandwich was
assembled as follows: The PVDF membrane and the gel were layered between buffer-soaked
filter papers and sponges and then placed between two electrodes submerged in transfer
buffer, while the gel side faced the cathode and the membrane side faced the anode. When
the electric field was applied, the negatively charged proteins moved out of the gel and onto
the surface of the membrane. Protein transfer was performed at a constant current of 200 mA
for 2 h. To prevent antibodies from non-specific binding to the membrane, it was subsequently
placed into a dark incubation box containing 10 ml LI-COR blocking buffer and blocked for 1 h

at RT and shaking. For specific protein identification, the membrane was incubated with

51



METHODS

primary antibodies diluted in 10 ml PBST/blocking buffer (1:2) using the indicated dilutions
(Table 5) over night at 4 °C and shaking. Pan-actin was co-detected as reference protein. After
washing three times with PBST for 10 min at RT the membrane was incubated with IRDye-
labeled secondary antibodies diluted 1:14,000 in PBST/blocking buffer (1:2) for 1 h at RT and
shaking followed by another three times washing with PBST. The membrane was placed in PBS
and visualization of protein bands and semi-quantitative analysis of signal intensity was
performed with the Odyssey Sa infrared imaging system and Image Studio Lite software.

Relative signal intensity was calculated using the following formula:

o signal (target protein) signal (reference protein)
relative signal = — — (treatment) x — - (control)
signal (reference protein) signal (target protein)

Control condition was set to 1 for normalization.

After detection of phospho-proteins, the respective total non-phosphorylated protein was
determined. For this purpose, the primary and secondary antibodies were removed from the
membrane by 10 min incubation with stripping buffer, the stripped membrane was then
washed two times with PBST, blocked and restained with the respective antibodies as

described before.

3.19. Immunohistochemical staining of skin

Formalin-fixed paraffin embedded (FFPE) punch biopsies of the skin were cut into 4 um
sections and IHC staining was performed in the Institute of Pathology and Neuropathology at
the Tidbingen University using an automated immunostainer (Ventana Medical Systems,
Tucson, USA) according to the manufacturer’s protocol. During this process, specific binding
of the pSTAT1 and pSTAT3 antibodies was visualized with 3,3-Diaminobenzidine (DAB) and the
tissue was counterstained with hematoxylin. Appropriate positive and negative controls were
used to confirm the adequacy of the staining. Stained tissue slides were digitized using the
Hamamatsu Nanozoomer system and images were taken with the NDP.view2 software with
100x magnification. Semi-quantitative analysis of the stained skin was performed using the

color deconvolution plugin of ImageJ Fiji software according to Crowe et al. [175]. Application
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of the vector Hematoxylin & DAB (H DAB) to the images resulted in the separation of the
brown DAB staining, representing the protein of interest, and the blue hematoxylin stain,
depicting cell nuclei. The threshold of DAB staining was set the same for all images, only the
epidermis was selected with the freehand selection tool, and the area fraction of positive

ixels within the selection was measured in %.
p

3.20. Statistics

All data except for RNA-seq were analyzed and plotted using GraphPad Prism software.
Statistical analyses were performed by using the Spearman correlation (two groups,
nonparametric, two-tailed p-value), One-sample Wilcoxon test (two groups, nonparametric,
two-tailed p-value), Mann-Whitney test (two groups, unpaired, nonparametric, two-tailed p-
value), Wilcoxon matched-pairs signed rank test (two groups, paired, nonparametric, two-
tailed p-value), Dunn’s multiple comparisons test after Friedman test (> three groups, paired,
nonparametric) and Dunn’s multiple comparisons test after Kruskal-Wallis test (= three
groups, unpaired, nonparametric) as indicated. Values of p<0.05 were considered significant.
For statistical analysis of RNA-seq data, see 3.2 Next-generation sequencing and

bioinformatics.
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4. RESULTS

The data presented in 4.1 to 4.6 were published by Holstein et al. [176] with some
modifications. Further, part of the Western blot images shown in 4.7 were reported by Forster

etal.[177, 178].

4.1. Whole mRNA expression analysis reveals a profound impact of pemphigus disease on

gene expression

For decades, Th2 cells have been considered to be primarily involved in the pathogenesis of
pemphigus. However, data on large-scale next-generation sequencing (NGS) analysis of
lesional pemphigus skin is limited. For this reason, whole transcriptome shotgun sequencing
(RNA-seq) of lesional skin of six patients with pemphigus vulgaris was compared to the
transcriptome of six healthy skin samples (control). Thorough quality control for the
sequenced data revealed no remarkable quality issues with 94.7 % of the reads having a
quality score above Q30. Figure Al to Figure A4 in the appendix illustrate the results of quality
control analyses. Many genes were found overexpressed in the samples of PV patients, which
have not been described before as involved in pemphigus pathogenesis. Of 53,903 genes
examined, 216 genes showed significantly altered expression in lesional pemphigus skin
compared to healthy skin. Of these differentially expressed genes (DEGs), 167 were
significantly upregulated and 49 downregulated in pemphigus patients (Figure 11A). A
considerable number of the genes identified were related to Th17 immune responses.
Pemphigus lesions showed significant overexpression of IL19, IL20 and IL24 (Figure 11B),
cytokines typically expressed in Thl7-mediated psoriatic skin inflammation [179].
Furthermore, other Th17-associated factors like the IL-1 family cytokines IL36A and /L1B and
the cytokine receptors IL1RL1 and /L21IR were also among the 167 genes significantly
overrepresented in pemphigus. Consequently, IL17A itself was strongly upregulated.
Furthermore, the expression of genes encoding chemokines, neutrophil-attractants and
inflammasome activators like the CXC chemokine ligands (CXCL) CXCL1, CXCL5, CXCL8, CXCL10,
absent in melanoma 2 (AIM2) and caspase 5 (CASP5), genes involved in tissue remodeling like
the matrix metalloproteinases (MMP) MMP1, MMP10 and MMP13, and genes encoding
defensive and antimicrobial factors like SI00A8, S100A9, S100A12, and the beta-defensins
DEFB103B, DEFB4A, DEFB4B were enhanced in pemphigus (Figure 11B). Among the
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downregulated genes were WFIKKN2, a serine- and metalloproteinase inhibitor, the
muscarinic receptor 4 encoding gene CHRM4, and MATN4, encoding the extracellular space
component matrilin 4. In addition, MYC, ADAMTS9-AS2 (A disintegrin and metalloproteinase
with thrombospondin motifs 9, antisense RNA 2) and cell adhesion molecule 2 (CADM2),

which encode proteins linked to cancer development, were underrepresented.
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Figure 11: Transcriptome analysis reveals overexpression of IL17A and related genes in
pemphigus. Whole transcriptome shotgun sequencing (RNA-seq) was performed in
pemphigus lesional skin (n=6) and in healthy control skin (n=6). (A) Scatter plot of all expressed
genes comparing control and affected skin. (B) Selected differentially expressed genes (DEGs)
are shown as a heat map. Figure was published with minor modifications in [176].

Gene Ontology (GO) enrichment analysis of the DEGs [159, 160] revealed that the majority of
overexpressed genes were involved in biological processes (n=71), while only a minority in
either formation of cellular components (n=12) or molecular function (n=13), as shown in
Figure A5 in the appendix. The most significant enrichment of DEGs in biological process was
in the terms immune response, immune system process and inflammatory response. In the

cellular component category extracellular region, extracellular space and immunoglobulin
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complex had the most significant enrichment of DEGs, and for molecular function the terms
cytokine activity, antigen binding and chemokine activity were the most significantly enriched
GO-terms (Figure 12A). Genes related to Th17 immune response like IL19, IL1B or IL17A itself
were mostly involved in the terms extracellular space, extracellular region, cytokine-mediated

signaling pathway and cytokine activity (Figure 12B).
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Figure 12: Gene Ontology (GO) enrichment analysis of upregulated DEGs. RNA-seq analysis
of lesional skin biopsies from pemphigus patients (n=6) was compared to healthy skin biopsies
(n=6). (A) GO-terms were classified into biological process, cellular component and molecular
function. The top ten GO-terms with the lowest p-values of each category are shown. (B) Circle
plot depicts selected regulated DEGs in relation to GO-terms. Part (B) of this figure was
published by Holstein et al. [176].

4.2. Altered processes in pemphigus skin are shaped by the IL-17 signaling pathway

To identify pathways involved in pemphigus pathogenesis, the Kyoto Encyclopedia of Genes

and Genomes (KEGG) analysis [161, 162] of the RNA-seq data was performed. Pathway
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analysis revealed that several pathways like the Staphylococcus aureus infection, rheumatoid
arthritis, B cell receptor signaling pathway and the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) signaling pathway were significantly overrepresented in

pemphigus (Figure 13A).
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Figure 13: IL-17 signaling pathway is overrepresented in pemphigus skin biopsies. KEGG
pathway enrichment analysis of DEGs in lesional skin from pemphigus patients (n=6)
compared to healthy skin biopsies (n=6) was performed. (A) Significantly upregulated KEGG
pathways in pemphigus skin biopsies are presented. (B) KEGG analysis shows significantly
altered gene expression in the IL-17 signaling pathway. Figure was published with minor
modifications by Holstein et al. [176].
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Further, the activation of the IL-17 signaling pathway was confirmed as supported by the
expression of chemokines, cytokines, anti-microbial peptides and tissue remodeling proteins
as described above (Figure 13B, Figure 11B). Taken together, these data showed that IL17A

and related genes seem to play a more prominent role in pemphigus than previously reported.

4.3. Cytokine signature of pemphigus skin is defined by IL-17A and associated interleukins

The whole transcriptome analysis of six patients indicated that pemphigus pathogenesis was
driven by an IL-17 dominated immune response. To further address this issue, mRNA
expression in skin samples from a large patient collective with pemphigus vulgaris (PV, n=18)
and pemphigus foliaceus (PF, n=11) were investigated by quantitative real-time PCR (qPCR).
First, the gene expression analysis from RNA-seq data was validated by gPCR analysis of 12
selected genes (IFNG, IL1A, IL1B, IL4, IL10, IL12B, IL17A, IL19, IL21, IL22, IL23A and IL24) for
the pemphigus patients (n=6) and healthy controls (n=6) studied in Figure 11. Comparison of
log; fold change of these genes showed a positive linear relationship between the RNA-seq
and gPCR data (Spearman’s correlation coefficient r=0.8951 and p=0.0002). Thus, the mRNA
expression data obtained by gPCR largely confirmed the transcriptome analysis generated by
RNA-seq (Figure 14).

15+ Spearman r = 0.8951
p =0.0002

log, fold change RNA-seq
(=]
[e]

log, fold change gPCR

Figure 14: Positive linear correlation between RNA-seq and qPCR data. Spearman correlation
analysis of data obtained from RNA-seq and qPCR of 12 genes (IFNG, IL1A, IL1B, IL4, IL10,
IL12B, IL17A, IL19, 1L21, IL22, IL23A and IL24) expressed in the same samples from pemphigus
patients (n=6) and healthy controls (n=6). Data were published by Holstein et al. [176].

Gene expression levels of the 12 selected genes were then analyzed in the whole patient
cohort. In agreement with previous reports [118], /L4 cytokine levels were slightly elevated in

PV and significantly increased in PF lesional skin (p<0.01). The expression of IFNG and IL10
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were also enhanced in pemphigus lesional skin compared to control skin (both p<0.05).
Several genes directly associated with the Th17 pathway showed significantly elevated
expression levels including the IL-1 cytokines IL1A and IL1B (both PV and PF p<0.05) as well as
IL23A (PV p<0.001), /L21 (PV and PF p<0.01) and IL17A itself (PV p<0.05). Other related
cytokines like IL19 and IL24 were also found overexpressed in both PV and PF (p<0.05). IL12B
revealed no significantly altered expression and of all analyzed Th17-associated cytokines,
IL22 was the only one showing significantly decreased expression levels compared to healthy
skin (PF p<0.01). There was no significant difference in gene expression between PV and PF
lesional skin, although IL1A showed a trend towards increased expression in PV compared to

PF (Figure 15).

L4 IFNG IL1A IL1B iL10 IL19

-
o
-
o
]
-
o

(8]
o

°
o]
o 0o

mRNA fold change (log,)
o
O Qoo
O
[o] ; o
48 o
(6]
O Q
[s]s]
Q o]
[ ]
L]
: oS
:
k iog
o ° o
L] o [}
[9;]
1
H
M -
®
e
oioF Q0
o o s] O‘ !
é e
ci—+—+

5l ° 04 o .' (U - U R O g o -5
. i -10-
-10 5 5 5 5 -15
IL17A iL21 IL12B IL23A iL22 IL24
= 10 15 10 10- 10+ 15-
8’ # Hi #H HHH H#H e #
=~ 54823 10+ 104 oo
S G 5] &g 5] 5 0B e ° e
: ok T . 8 2
5 : 04T e %8 %? S 2 ol
3 57 -5 o% 043 -I—- -10- °"'""o;o' """ Gl
E -15 -15 5 -5 -20 -10
& Q& QK S & & & QK

Figure 15: Increased expression of Thl7 associated cytokines in pemphigus lesions
compared to healthy skin. Relative cytokine expression in lesional skin from patients with
pemphigus vulgaris (PV, n=18) and pemphigus foliaceus (PF, n=11) was determined by qPCR
and compared to healthy skin (pool of n=10, set to 1). Single patients and median with IQR are
shown. Data were normalized to ACTB and POLR2A. One-sample Wilcoxon test (# p<0.05,
## p<0.01, ##t# p<0.001) for comparison to healthy skin; Mann-Whitney test for comparison
between PV and PF (p<0.2 as indicated). Data were published in [176].

The pemphigus patients were stratified according to their clinical disease stage [145] in active
(acute: onset with < 3 month duration, n=8 and chronic: active disease with a duration of >3

months, n=15) and remittent group (no appearance of new clinical lesions for > 1 month, n=6).
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While /L4 was only slightly enhanced (p<0.05), levels of IFNG, IL21, IL23A, IL1A, IL1B, IL10, IL19
and /.24 were strongly expressed (p<0.001) in the active group. IL17A was exclusively
increased in the active group (p<0.01) compared to healthy skin. In remittent patients only
levels of IFNG, IL23A and IL10 were elevated (p<0.05). Again, IL12B showed no statistically
significant differences, and levels of /.22 mRNA were suppressed in both the active and
remittent group (p<0.05). There was no altered mRNA expression between the active and
remittent group, but there was a trend towards higher IFNG expression in affected skin of
patients in remission. In contrast, /L19 expression was elevated in active disease compared to

remittent group (Figure 16).
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Figure 16: Upregulation of IL17A and IL21 as well as suppressed expression of IL22 in lesional
skin of patients with active pemphigus disease. Patients were clinically classified according
to their disease activity. The stages were defined as active (acute and chronic, n=23) and
patients in remission (n=6). Single patients and median with IQR are shown. One-sample
Wilcoxon test (# p<0.05, ## p<0.01, ### p<0.001) for pemphigus vs. healthy skin; Mann-
Whitney test for comparison between active and remittent group (p-values <0.2 are
indicated). Data were published in [176].

In addition, the mRNA levels of the selected cytokines in lesional and perilesional skin of six
pemphigus patients were compared, whereas the perilesional biopsy of the respective patient

was obtained from unaffected skin distant from the lesion. Despite the small sample size, /IL10
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and /L21 were significantly increased in perilesional skin compared to normal skin (p<0.05). In
contrast, IL19, IL22 and /IL24 mRNA levels were suppressed in unaffected skin of pemphigus
patients when comparing it with unaffected healthy skin. A marked, but not statistically
significant increase of /IL17A mRNA was found in lesional tissue (p=0.16) and significantly
higher levels of IFNG, IL21, IL19 and IL24 (p<0.05) were detected compared to perilesional skin
(Figure 17).
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Figure 17: Overexpressed cytokines mainly accumulate in lesional skin rather than in
perilesional tissue of pemphigus patients. Lesional and perilesional skin biopsies were taken
at the same time point from six patients and mRNA expression was analyzed by gPCR
compared to healthy skin (set to 1). Single patients and median with IQR are shown. Data were
normalized to ACTB and POLR2A. One-sample Wilcoxon test (# p<0.05) for comparison to
healthy skin; Wilcoxon matched-pairs signed rank test (* p<0.05, p<0.2 as indicated) for
lesional vs. perilesional skin. Data were published in [176].

4.4. Higher frequencies of circulating IL-17-producing T cell subsets in active disease

After characterization of the local cytokine signature in the skin, the systemic immune
response in pemphigus disease was investigated by performing flow cytometric analysis of T
cell subsets in the peripheral blood from 79 pemphigus patients (PV n=68 and PF n=11) and
28 control individuals. The amounts of CD3* T cells, CD45RA" CD4* memory T helper (Th) cells,

CXCR5" Th cells and CXCR5* follicular T helper (Tfh) cells were similar in pemphigus and control
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group. Further, frequencies of Th and Tfh cell subsets type 1 (CXCR3* CCR6), type 2
(CXCR3" CCR6), type 17 (CXCR3" CCR6*) and type 17.1 (CXCR3* CCR6*) were investigated. In
peripheral blood mononuclear cells (PBMCs) of pemphigus patients, significantly lower levels
of Th17.1 cells (p<0.05) were found than in control blood, but no other Th populations.
Compared to the distribution of Tfh cell subsets in control individuals, pemphigus patients

showed similar amounts of circulating Tfh cells (Figure 18).

T cells Memory Th cells Th cells Tfh cells
100+ 60- + 1007 50+
] a 2
8 0 . o
) = - g
2 609 & S =
Q :' - E
£ 40 ¢ 5 8 40
5 o & 5
- 20+ s 201
0- 0 0
Th17 Th1

504 804
=) 404 °
O 807 o
<
o
w
=
[a)
O
©
®

0- 0-

Th17 TFh17.1 T2 Tir
20, 12- 30- 8-
o+
g &
: 8{ ° 20{ o
P :
2 2 g Q
S 4 ¢ 10{ §
2 L.
= : 7,
: > B ) °\
Q'
(\\go o(“\K *{\\& o“‘éo
& S
& &
vad Q?

Figure 18: Lower proportions of Th17.1 cells in peripheral blood of pemphigus patients.
Comparison of circulating levels of T cell populations in peripheral blood mononuclear cells of
patients with pemphigus (clear dots: PV n=68, full dots: PF n=11; Treg/Tfr PV n=61, PF n=8)
and control individuals (n=28; Treg/Tfr n=19). Single patients and median with IQR are shown.
Mann-Whitney test (* p<0.05). Part of the data was published by Holstein et al. [176].

To determine if the distribution of T cell subtypes within the cohort of pemphigus patients
depended on disease activity, the patients were divided into active (acute n=9; Treg/Tfr n=7

and chronic n=32; Treg/Tfr n=26) and remittent group (n=38; Treg/Tfr n=36) as described
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before. Again, percentages of T cells, memory Th cells, CXCR5™ Th cells and CXCR5* Tfh cells
were similar in active and remittent disease stage. In contrast, pemphigus patients with active
disease activity displayed higher frequencies of circulating Th17 and Th17.1 cells compared to
patients in remission (p<0.05). Remittent patients showed higher numbers of Th2 and Th1l
cells than patients in the active group (p<0.05), while Treg subsets were comparable in both
groups. Furthermore, patients with active disease had significantly higher amounts of Tfh17
(p<0.01) and Tfh17.1 (p<0.05) cells than patients in remission, whereas frequencies of Tfh2,

Tfh1 and Tfr cells were similar (Figure 19).
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Figure 19: Circulating T cell subsets in patients with active disease are dominated by IL-17-
producing Th and Tfh cells. Levels of Th and Tfh cell populations in peripheral blood
mononuclear cells of patients with pemphigus vulgaris (clear dots, n=68; Treg/Tfr n=63) and
pemphigus foliaceus (full dots, n=11; Treg/Tfr n=8) divided by their clinical disease stage:
patients with either active disease (n=41; Treg/Tfr n=33) or patients in remission (n=38;
Treg/Tfr n=36). Single patients and median with IQR are shown. Mann-Whitney test (* p<0.05,
** p<0.01). Part of the data was published by Holstein et al. [176].
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Due to the increasing evidence for the involvement of Tfh cells in pemphigus pathogenesis,
the mRNA expression of the Tfh marker CXCR5 in pemphigus skin was assessed. No significant
differences between PV and PF were detected by qPCR (Figure 20). However, biopsies of
patients in remission showed slightly elevated CXCR5 mRNA expression compared to patients
with active disease stage (p<0.05). There also was a trend towards increased CXCR5 expression
in perilesional skin compared to lesional skin. Nevertheless, the expression levels compared

to healthy skin were not meaningful.
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Figure 20: Expression of CXCR5 mRNA in skin of pemphigus patients is not altered compared
to healthy skin. Skin biopsies from pemphigus patients (clear dots: PV n=17, full dots: PF n=11)
and control individuals (pool of n=10, set to 1) were analyzed by qPCR. Expression data were
normalized to ACTB and POLR2A. Single patients and median with IQR are shown. Mann-
Whitney test for comparison of PV with PF and for active (n=23) vs. remittent (n=5) group
(* p<0.05). Wilcoxon matched-pairs signed rank test (p<0.2 as indicated) for comparison
between lesional and perilesional skin (both n=6). Data were published in [176].

4.5. \Verification of the gating strategy

Circulating T cell subsets in peripheral blood of pemphigus patients were identified by their
expression patterns of chemokine receptors. Although the link between cytokine and
chemokine receptor expression in human CD4* cells was reported before, it was unclear if this
link was also valid for pemphigus patients’ cells [41]. To connect the cytokine expression to
the chemokine receptor pattern of the defined Th and Tfh subsets, the distinct populations
were purified by flow cytometry-based cell sorting according to the indicated gating strategy
and the mRNA expression levels of the lineage-associated cytokines IL17A (Th17 and Tfh17),
IL4 (Th2 and Tfh2), IFNG (Th1 and Tfh1) and /L21 (Tfh) were determined in each individual

subtype in PV patients (n=6) and control individuals (Co, n=5). IL17A expression was almost
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exclusively found in Th17, Th17.1, Tfh17 and Tfh17.1 cell subsets in pemphigus and control
group with significantly elevated levels in Th17 cells compared to Th1 cells for both groups
(p<0.01) and to Th2 cells for PV (p<0.05). Further, IL17A was increased in Tth17 cells compared
to Tfh1 cells in control individuals (p<0.01). A predominant expression of /L4 was detected in
type 2 cells with significantly higher levels in Th2 compared to Th17 for PV (p<0.01) and Co
(p<0.05). However, some /L4 was also detected in type 1 cells. Thl subsets from PV patients
showed significantly higher IL4 expression than Th17 cells (p<0.01). A similar phenomenon
was described for chronic asthma or during helminth infection, where Th subsets different
than classical type 2 cells were capable of producing IL-4 [180, 181]. The Th1l cytokine IFNG
was mainly expressed by Th1 as well as Tfh1 cells and to a lower extent by Th17.1 and Tfh17.1
cell subsets. IFNG mRNA was significantly enhanced in Th1 cells compared to Th17 cells in both
PV (p<0.001) and Co (p<0.01), in Tfhl cells compared to Tfh17 in PV (p<0.05) and in Tfhl
(p<0.01) and Tfh17.1 (p<0.05) subsets compared to Tfh17 in the control group. The Tfh
associated cytokine /IL21 was mainly present in all Tfh subsets in both groups, but also in Th1
subsets. In PV, the /L21 mRNA level in Th1 cells was significantly higher than in Th17.1 (p<0.05)
and in Th2 (p<0.05) cell subsets (Figure 21). These mRNA expression data confirmed the
relationship between chemokine receptor and cytokine expression in each T helper cell

subpopulation.
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Figure 21: IL17A mRNA is expressed by CCR6* CXCR3™ and CCR6* CXCR3* T cell subsets. Gene
expression analysis of Th subset related cytokines was performed in sorted T cells from (A)
pemphigus vulgaris patients (n=6) and (B) control individuals (n=5). Single patients and median
with IQR are shown. Data were normalized to POLR2A. Dunn’s multiple comparison test after
Friedman test (* p<0.05, ** p<0.01, *** p<0.001). Data were published in [176].

In addition to the mRNA validation, the Th and Tfh subtypes in peripheral blood of pemphigus
patients (PV n=8 and PF n=1) and control individuals (Co, n=11) were also analyzed for the
expression of their associated cytokines at protein levels by intracellular cytokine staining of
stimulated cells and flow cytometry. Again, IL-17A production was limited to Th17, Th17.1,
Tfh17 and Tfh17.1 cells. In pemphigus patients, Th17 and Tfh17 cells produced significantly
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higher amounts of IL-17A than Th2 and Tfh2 (p<0.05) as well as Th1 and Tfh1 (p<0.01) cells. In
control individuals, IL-17A was significantly elevated in Th17 and Tfh17 cell subsets compared
to Th2 and Tfh2 (p<0.01) or Thl and Tfhl (p<0.001). Further, Th17.1 and Tfh17.1 subsets
showed higher IL-17A levels than Th1l and Tfh1 cells (p<0.01). The type 2 cytokine IL-4 was
mainly produced by Th2 and Tfh2 cells and to a lesser extent by Th1 in both pemphigus and
Co. Percentages of IL-4 positive cells were significantly increased in Th2 and Tfh2 cells
compared to Thl7 and Tfh17 (p<0.01) as well as to Th17.1 and Tfh17.1 (p<0.05) for pemphigus
and control group. In addition, Tfh2 cells from control individuals showed more IL-4 than Tfh1
(p<0.05). Similar to the mRNA expression data of /L4 in distinct T cell subsets, protein levels of
IL-4-producing Th1l cells were elevated in Co compared to Th17.1 (p<0.05) and also in
pemphigus, although to a lesser extent. IFN-y was exclusively detected in Th1 and Tfh1 as well
asin Th17.1 and Tfh17.1 populations in both groups, whereas the difference between type 1
and type 17 cells was statistically significant (p<0.01). Th1 and Tfh1 cell subsets also produced
more IFN-y than Th2 and Tfh2 cells (p<0.01). Th17.1 and Tfh17.1 cells showed higher IFN-y
levels than Th17 and Tfh17 (p<0.05) as well as Th2 and Tfh2 cells (p<0.05) in both pemphigus
and Co. IL-21 positive T cells were found throughout all populations, although cells from
pemphigus patients showed higher levels of IL-21 in CXCR5* Tfh cells than in CXCR5™ Th cells.
Significantly higher IL-21 amounts were detected in Th17 subsets than in type 2 cells for
pemphigus and Co (both p<0.05). Further, more IL-21-producing cells were identified in the
Tfh17.1 subset than in Tfh2 for both groups (p<0.05). Moreover, T cells from control
individuals expressed significantly higher levels of IL.-21 in Tfh1l subsets compared to Tfh2
(p<0.05) and in Th17 subgroups compared to Th17.1 (p<0.01). Altogether, lower cytokine
production was detected in peripheral blood lymphocytes of pemphigus patients than in the
cells of control individuals (Figure 22). Due to the systemic immunosuppressive therapies of
the pemphigus patients, the cells were presumably less responsive to stimulation.
Nevertheless, cytokine analysis at protein levels by intracellular flow cytometry confirmed
MRNA expression data on cytokine patterns of distinct T cells subsets. Taken together, these
data clarified the connection between chemokine receptor expression and cytokine profile in
each CD4* subpopulation and verified the reliability of the applied gating strategy for T helper

cell types.
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Figure 22: Production of IL-17A protein by CCR6* CXCR3" and CCR6* CXCR3* T cell subsets.
Intracellular flow cytometric analysis of cytokines produced by distinct T cell subsets was
performed in peripheral blood mononuclear cells activated by PMA/lonomycin from (A)
pemphigus patients (clear dots: PV n=8, full dots: PF n=1) and (B) control individuals (n=11).
Single patients and median with IQR are shown. Friedman test and Dunn’s multiple
comparison post-hoc test (* p<0.05, ** p<0.01, *** p<0.001). Data were published in [176].

4.6. Th17 and Tfh17 cell frequencies correlate with levels of Dsg3-specific memory B cells

To address the relevance of elevated Th17 and Tfh17 cell subsets in pemphigus pathogenesis,
the frequencies of circulating Dsg3-specific B cells in pemphigus patients were determined

and correlation analysis with distinct T cell subsets was performed. Autoreactive Dsg3* B cells
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and Dsg3* memory B cells were identified by flow cytometric analysis of peripheral blood from
PV patients in active (acute n=2 and chronic n=17) and remittent (n=20) disease stage and
from control group (n=23). Elevated levels of Dsg3-specific CD19* B cells were found in PBMCs
from patients with active disease compared to patients in remission (p<0.01) and control
individuals (p<0.05). Additionally, frequencies of Dsg3-specific CD19* CD27* memory B cells
were increased in active PV patients compared to both remittent (p<0.001) and control

(p<0.01) group (Figure 23).
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Figure 23: Circulating autoreactive Dsg3* B cells in blood of pemphigus patients with active
disease. Flow cytometric analysis of Dsg3-specific B cells and Dsg3-specific memory B cells was
performed in peripheral blood mononuclear cells of patients with pemphigus vulgaris in active
(n=19) and remittent (n=20) disease stage and in control group (n=23). Single patients and
median with IQR are shown. Dunn’s multiple comparison test after Kruskal-Wallis test
(* p<0.05, ** p<0.01, *** p<0.001).

Correlation analysis was performed and is summarized in Table 11 for memory B cells and in
Table A5 in the appendix for total B cells. A positive correlation of total Dsg3-specific B cells
with Tfh17 cell amounts was found in active PV disease (r=0.6523, p=0.0025). In the remittent
and control group, no connection was determined between autoreactive Dsg3* B cellsand T
cell subsets. Correlation analysis of Dsg3-specific memory B cells with distinct T cell subsets in
active PV revealed direct correlation for Th17 (r=0.4750, p=0.0399, Figure 24), Tfh17.1
(r=0.5538, p=0.0139) and Tfr (r=0.6744, p=0.0038) cell subsets. Furthermore, a strong positive
relation between autoreactive Dsg3* memory B cells and Tfh17 cell numbers in active disease
was found (r=0.8047, p<0.0001, Figure 24). Th1 cell frequencies negatively correlated with
Dsg3-specific memory B cells in active patients (r=-0.6371, p=0.0033) and, as for total B cells,

no correlation in remittent or control group was shown.
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Table 11: Correlation analysis between Dsg3-specific memory B cells and distinct T cell
subsets. Spearman’s correlation coefficient r and p-values are indicated (ns not significant,
* p<0.05, ** p<0.01, *** p<0.001).

Thi7 Th17.1 Th2 Thl Treg Tfth17 Tfh17.1 Tfh2 Tfhl Tfr
Dsg3-specific memory B cells
Active
r 0.4750 0.0728 -0.2290 -0.6371 0.1754 0.8047 0.5538 0.1334 -0.0430 0.6744
p 0.0399 0.7670 0.3456 0.0033 0.4981 <0.0001 0.0139 0.5862 0.8612 0.0038
* ns ns > ns i * ns ns >
Remittent
r -0.3489 -0.0165 -0.1173 0.3008 -0.2144 -0.0962 0.0421 -0.1527 0.1369 -0.0459
p 0.1317 0.9448 0.6224 0.1976 0.3641 0.6865 0.8601 0.5204 0.5649 0.8476
ns ns ns ns ns ns ns ns ns ns
Control
r 0.0969 0.1918 -0.2932 -0.0484 0.1975 -0.0371 -0.1513 -0.1985 -0.3436 -0.1469
p 0.6601 0.3807 0.1745 0.8263 0.4321 0.8666 0.4907 0.3640 0.1084 0.5607
ns ns ns ns ns ns ns ns ns ns

Spearman r = 0.4750

Spearman r = 0.8047

p = 0.0399 p < 0.0001
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Figure 24: Positive correlation of Dsg3-specific memory B cells with Th17 and Tfh17 cell
subsets in active pemphigus patients. Levels of autoreactive Dsg3* memory B cells were
analyzed for correlation with Th17 and Tfh17 cell amounts. Spearman’s correlation coefficient,
p-values indicated.

4.7. Selective targeting of JAK3 with new small molecular compounds

KEGG pathway analyses suggested an involvement of the JAK/STAT signaling cascade in

disease manifestation, as this pathway was overrepresented in lesional skin of pemphigus
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patients. In addition, considering that the initiation and manifestation of various autoimmune
disorders, including pemphigus, seem to be triggered by T lymphocytes and due to the largely
restricted JAK3 expression to hematopoietic cells, a selective JAK3 inhibitor could provide
benefits in the treatment of inflammatory autoimmune diseases without greatly affecting
other types than immune cells. Moreover, a selective JAK3 inhibitor would presumably affect
autoantibody production by B cells. For this purpose, novel JAK3 selective compounds were
identified by the group of Stefan Laufer from the Pharmaceutical Chemistry Department of
the Tibingen University and their functional selectivity was evaluated in a CD4* T cell cytokine
stimulation assay. To study the effects of selective JAK inhibitors on cytokine signaling, the
dose-dependent inhibition of STAT phosphorylation in human CD4* T cells was determined
and inhibitory efficiency of new compounds was compared with the clinically established pan-

JAK inhibitor Tofacitinib (Tofa) and the JAK3 selective NIBR3049 (NIBR).
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Figure 25: Inhibition of cytokine-induced STAT phosphorylation by JAK3-selective

compounds. Human CD4* T cells were incubated with the indicated concentrations of
Tofacitinib (Tofa), NIBR3049 (NIBR) or new JAK3-selective compounds (indicated) for 1 h
followed by 30 min stimulation with respective cytokines. Levels of pSTAT5 and pSTAT6 were
determined by phospho-specific antibodies and immunoblotting. (A) IL-2 activates JAK1/3
dependent STAT5 phosphorylation. (B) IL-4 initiates JAK1/3-mediated STAT6 activation.
Western blot images were published in [177, 178].
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Different cytokines using either combinations of JAK1 and JAK3 or combinations of JAK1, JAK2
and/or TYK2 were applied to stimulate CD4* T cells and activate the JAK/STAT signaling
pathway. New compounds demonstrated JAK3 selectivity by inhibiting IL-2 as well as IL-4
receptor signaling cascades and blocking downstream STAT activation in a dose-dependent
manner. Compared to treatment with Tofa or NIBR, some of the new compounds achieved
JAK3 inhibition even at lower doses upon stimulation of T cells with these yc receptor using
cytokines (Figure 25). The compounds FM-409, FM-381 and FM-492 blocked IL-2-mediated
JAK1/JAK3 dependent STATS activation at lower concentrations, while FM-481 and FM-392
showed similar inhibitory potency like Tofa and NIBR. Inhibition of STAT6 phosphorylation via
IL-4 signaling through JAK1/JAK3 was demonstrated for FM-409, FM-381, FM-492 and FM-481
comparable to Tofa, whereas compounds NIBR and FM-392 were not effective in blocking IL-4

induced STAT6 phosphorylation at the applied concentrations up to 300 nM.
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Figure 26: Cytokine-induced activation of STAT3 and STAT1 is not affected by JAK3 selective
compounds. T cells were pre-incubated for 1 h with the indicated concentrations of Tofacitinib
(Tofa), NIBR3049 (NIBR) or new compounds (as indicated) selective for JAK3 followed by
30 min stimulation with respective cytokines inducing phosphorylation of STAT3 and STAT1.
(A) IL-6 induces JAK1/JAK2/TYK2 dependent STAT3 phosphorylation. (B) IFN-a promotes
JAK1/TYK2-dependent STAT1 activation. Part of the images was published in [177, 178].
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Since Tofa has been shown previously to inhibit not only JAK3 but also JAK1 and JAK2
activation [56], the impact of the new compounds on JAK3 independent JAK/STAT signal
transduction, activated by cytokines like IL-6 or IFN-a, was investigated. As reported, Tofa
inhibited IL-6 and IFN-a signaling in a dose-dependent manner as demonstrated by the
activation of STAT3 through JAK1/JAK2/TYK2 and STAT1 through JAK1/TYK2 (Figure 26). In
sharp contrast, NIBR and also the new compounds tested neither affected IL-6 nor IFN-a
signaling cascade in T cells. However, a weak inhibition was demonstrated by FM-392 at

1,000 nM towards IL-6 induced, JAK1/JAK2/TYK2-mediated STAT3 phosphorylation.

4.8. Blockade of the IL-21 signaling cascade in CD4" T cells by JAK inhibition

IL-21 induced signal transduction and activation of STAT3 via JAK1 and JAK3 play a crucial role
in the differentiation of Tfh cells and thus also in the formation of autoantibodies [47, 50].
Therefore, the blockade of the IL-21 signaling pathway in CD4* cells using JAK inhibitors was
assessed. For this purpose, the pan-JAK inhibitor Tofa, the JAK1 selective inhibitor
PF-04965842 (PF-049) and the two JAK3 targeted compounds FM-481 and FM-381 were
selected and investigated for their ability to abrogate the IL-21 signaling cascade. CD4* T cells
were simulated with IL-21 in the presence or absence of inhibitors and subsequent
phosphorylation of STAT3 (n=3) as well as induction of /L21 mRNA expression (n=4) was
measured. IL-21 strongly induced phosphorylation of STAT3 (p<0.01), which was blocked by
all applied inhibitors in a dose dependent manner (Figure 27A and B). Tofa and the JAK3
selective compound FM-381 showed highly effective blockade of IL-21-mediated STAT3
activation, especially at 1 uM the activation was nearly completely abolished (both p<0.05).
The JAK3 selective compounds showed more potent efficacy than the JAK1 targeted PF-049.
Expression analysis revealed induction of IL21 mRNA by IL-21 stimulation and, also suppressed
IL21 expression through JAK1 and JAK3 inhibition in a dose-dependent way (Figure 27C).
Simultaneous blockade of both JAK1 and JAK3 signal transduction by Tofa was most effective
(p<0.01 for 0.3 uM and p<0.001 for 1 uM) in suppressing IL21 mRNA expression. Each of the
selective compounds blocked the expression of /L21 from 0.1 uM almost to the control level
and fell below control expression at 0.3 uM. FM-481 and FM-381 showed significantly
suppressed /L21 mRNA levels at a concentration of 1 uM (both p<0.01).
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Figure 27: IL-21 signaling cascade is abrogated by JAK inhibitors in CD4* T cells. CD4+ T cells
were pre-incubated for 1 h with the indicated JAKi followed by stimulation with 50 ng/ml IL-21.
STAT3 activation and /L21 mRNA expression were determined by Western blot and gPCR,
respectively. (A) Representative immunoblots for pSTAT3 and STAT3 after IL-21 stimulation of
Th cells for 30 min. (B) Semi-quantitative analysis of specific bands relative to Actin (n=3).
Single donors and mean with SEM are shown, control condition was set to 1. Friedman test
and Dunn’s multiple comparison post-hoc test (* p<0.05, ** p<0.01). (C) Relative /.21 mRNA
expression of CD4* T cells pre-incubated with JAKi and stimulated with 50 ng/ml IL-21 in the
presence of CD3/CD28 for 24 h (n=4). Data were normalized to ACTB and POLR2A and
untreated control (DMSO only) was set to 1. Single donors and mean with SEM are shown.
Dunn’s multiple comparison test after Friedman test (** p<0.01, *** p<0.001).
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4.9. Activation of STAT1 signaling pathway by monoclonal anti-Dsg3 IgG in keratinocytes

Besides immune cells, keratinocytes are also involved in the pathogenesis of pemphigus as
they are the primary target cells of autoantibodies directed against desmosomal proteins.
Binding of autoantibodies leads to the activation of several signaling pathways. Due to the
finding of overrepresented JAK/STAT signaling pathway in lesions of pemphigus patients, the

activation of STAT molecules by the monoclonal anti-Dsg3 1gG AK23 was investigated.
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Figure 28: Activation of STAT1 by anti-Dsg3 antibody AK23 in human keratinocytes. Normal
human epidermal keratinocytes (NHEK) were incubated with 20 pg/ml AK23 for 0 to 240 min
(as indicated) and phosphorylation of STAT proteins was analyzed by immunoblotting.
(A) Representative blots from one donor are shown for pSTAT1, STAT1, pSTAT3, STAT3,
pSTAT5 and STAT5. (B) Semi-quantitative analysis of signal intensity was performed for
specific bands (n=3 for each condition), data were normalized to actin and control was set to 1
(0 min, neutralization/elution buffer mix only). Single donors and mean with SEM are shown.
Dunn’s multiple comparison test after Friedman test (* p<0.05).

75



RESULTS

In order to analyze the phosphorylation of STAT1, STAT3, STAT4, STAT5 and STAT6 by
immunoblot, primary normal human epidermal keratinocytes (NHEK) were treated with
20 pg/ml AK23 for 15, 30, 60, 120 and 240 min (n=3). STAT1 phosphorylation was detected
from 15 min incubation on until the last time point of 240 min, whereas signal intensity first
increased and then decreased over time. After 30 and 60 min of incubation with AK23, the
relative pSTAT1 signal was significantly increased compared to untreated cells (p<0.05). There
was also weak activation of STAT3 and STAT5 measured, but to a much lesser extent than
STAT1 (Figure 28). However, no detectable signal for pSTAT4 and pSTAT6 was observed (n=2;

representative immunoblot in Figure A6 in the appendix).

Next, immunoblots were performed to study the potential of JAK inhibitors to block AK23
induced STAT1 phosphorylation (n=5). The pan-JAK inhibitor Tofa, the JAK1 selective PF-049
and the JAK3 selective inhibitors FM-381 and FM-481 were tested. NHEK were pre-incubated
with inhibitors for 1 h and treated afterwards with 20 pg/ml of anti-Dsg3 1gG for 4 h. Since
AK23 has been reported to initiate p38 mitogen-activated protein kinase (MAPK) activation in
the keratinocyte cell line HaCaT [182, 183], this protein was also assessed as a control
downstream target (n=4). For this setting, the p38 MAPK inhibitor Skepinone-L [184] served
as control compound. In agreement with the reports, p38 MAPK was phosphorylated upon
AK23 incubation (p=0.09). This phosphorylation was completely abolished by Skepi-L (p<0.01),
whereas JAK inhibitors had only slight effects on p38 MAPK activation. As expected due to the
kinetics experiment, AK23 was able to induce the phosphorylation of STAT1 (p<0.05). The pan-
JAK inhibitor Tofa blocked activation of STAT1 most successfully (p<0.01), while selective JAK1
as well as JAK3 compounds showed less effective inhibition. Skepi-L demonstrated only a

minor inhibitory impact on STAT1 activation (Figure 29).
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Figure 29: AK23 induced phosphorylation of STAT1 is inhibited by the pan-JAK inhibitor
Tofacitinib. Keratinocytes were pre-incubated for 1 h with inhibitors (1 uM) and subsequently
treated with 20 pg/ml of AK23 for 4 h. (A) Representative images of pp38 MAPK/p38 MAPK
and pSTAT1/STAT1 detection are shown for one donor. (B) Quantification of detected signal
intensity relative to actin (n=5 for pSTAT1/STAT1, n=4 for pp38 MAPK/p38 MAPK). Signals of
keratinocytes treated with DMSO only (Co) were set to 1. Single donors and mean with SEM
are shown. Dunn’s multiple comparison test after Friedman test (* p<0.05, ** p<0.01, p<0.2 as
indicated).
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4.10. pSTATI1 and pSTAT3 expression in pemphigus skin

Since KEGG pathway analysis revealed a significant upregulation of the JAK/STAT signaling
pathway in lesional skin of pemphigus patients and also STAT molecules were activated by
AK23 in keratinocytes, IHC stains for pSTAT1 and pSTAT3 were performed in pemphigus skin
(PV n=5, PF n=5). Healthy skin (Co, n=5) and lesional skin from patients with psoriasis vulgaris
(Pso, n=7) served as control tissues, as it was demonstrated before, that STAT1 as well as
STAT3 are activated in psoriatic skin [185, 186]. In both dermal infiltrate and epidermal
keratinocytes, STAT1 was found phosphorylated in PV and in PF. As expected, psoriasis skin
also presented a strong signal, whereas healthy skin showed no or very low protein expression
of pSTAT1 (Figure 30A). Quantification of the specific signal in the epidermis revealed
significant activation and overexpression of pSTAT1 in keratinocytes of diseased skin. Even
though some patients had lower expression levels, it was still clearly increased compared to
healthy skin, at least 10-fold in PV (p<0.05). The mean signals of PF and Pso were lower than
those in PV, yet still significantly elevated compared to normal skin (PF p=0.12, Pso p<0.05).
Similar to pSTAT]1, activation of STAT3 was found in both epidermis and dermis, though there
was a basal pSTAT3 expression in Co samples (Figure 30B). Overall, the level of pSTAT3 protein
expression was lower than the pSTAT1 level in the epidermis. However, keratinocytes of PV
patients showed significantly increased STAT3 activation compared to healthy skin (p<0.01).
Furthermore, the expression of pSTAT3 in the epidermis of PF and Pso patients was also
markedly elevated, though to a lesser extent than in PV. Nevertheless, the phosphorylated
STAT3 protein levels in PF and Pso tended to be significantly higher than in Co (p=0.07 for PF
and p=0.09 in Pso).
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Figure 30: STAT1 and STAT3 are both activated in the skin of pemphigus patients. Formalin-
fixed paraffin embedded tissue from normal skin (n=5), perilesional skin of pemphigus
patients (PV and PF, both n=5) and lesional psoriatic skin (Pso, n=7) was stained using anti-
pSTAT1 (Y701) and anti-pSTAT3 (Y705) antibodies. (A) Representative microscopic images of
pSTAT1 stains are shown for Co, patient biopsies with high signal (upper row) as well as patient
skin presenting low signal (lower images, original magnification 100x). Protein expression was
determined by semi-quantitative analysis of the specific pSTAT signal in the epidermis. Single
patients and mean with SEM are plotted. Dunn’s multiple comparison test after Kruskal-Wallis
test (* p<0.05, ** p<0.01, p<0.2 as indicated). (B) Representative images and analysis for
pPSTAT3 with the same setup as in (A).
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4.11. JAK inhibitors protect keratinocyte monolayer from acantholysis in dispase-based

dissociation assay

The JAK/STAT signaling pathway was found significantly overrepresented in pemphigus lesions
by RNA-seq analyses, STAT molecules were activated in keratinocytes by the monoclonal anti-
Dsg3 antibody AK23 and finally, phosphorylated STAT1 and STAT3 proteins were detected in
perilesional skin of pemphigus patients as determined by IHC staining. For these reasons, JAK
inhibitors were investigated for their ability to protect keratinocyte monolayers from anti-
Dsg3 antibody induced fragmentation in a dispase-based dissociation assay. Four different JAK
inhibitors were tested: the pan-JAK inhibitor Tofa, the JAK1 selective PF-049 and the JAK3
selective inhibitors FM-381 and FM-481. The p38 MAPK inhibitor Skepi-L served as control
substance since modulation of p38 MAPK signaling prevents pemphigus skin blistering and
abolishes loss of keratinocyte cohesion induced by AK23 [107, 182]. Therefore, monolayers of
NHEK were pre-incubated with distinct inhibitors and acantholysis was induced with 20 pg/ml
monoclonal anti-Dsg3 1gG and mechanical stress. Significantly increased loss of adhesion
measured by the number of fragments was obtained in absence of any inhibitors (p<0.05). As
expected, the fragmentation was reduced by the addition of the p38 MAPK inhibitor Skepi-L
in a dose-dependent manner (p<0.05 for 0.1 uM and p<0.01 for 1 uM; Figure 31A and B).
Interestingly, all four applied JAK inhibitors also significantly diminished AK23 induced
acantholysis of the keratinocyte monolayers. While Tofa and PF-049 seemed to be most
effective at 0.3 uM (both p<0.01), the JAK3 selective compounds FM-381 and FM-481 showed
a dose-dependent effect with the highest efficacy at 1 uM (p<0.001 for FM-381 and p<0.01
for FM-481; Figure 31C and D).
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Figure 31: JAK inhibitors protect keratinocyte monolayer from acantholysis in dispase-based
dissociation assay. Acantholysis was induced in primary human keratinocytes with 20 pg/ml
AK23 for 4 h in the presence of indicated inhibitors in DMSO or DMSO alone (control).
Quantification was achieved by counting the number of fragments obtained after application
of mechanical stress to the monolayers (n=7). (A) Representative images showing AK23
induced monolayer fragmentation of one donor and the protective effect of Skepi-L.
(B) Quantification of cell sheets after acantholysis as shown in (A). Fragment numbers of each
experiment and mean with SEM are shown. Wilcoxon matched-pairs signed rank test
(* p<0.05) for comparing control condition without AK23 and AK23 treatment. Friedman test
and Dunn’s multiple comparison test (* p<0.05, ** p<0.01) for comparison of Skepi-L with
AK23 alone. (C) Representative results of JAK inhibitors Tofa, PF-049, FM-381 and FM-481
preventing loss of keratinocyte cohesion initiated by AK23. (D) Quantification of monolayer
fragments after dissociation assay according to (C). Numbers of cell sheets counted in
individual experiments and mean with SEM are shown. Friedman test and Dunn’s multiple
comparison test (* p<0.05, ** p<0.01, ***
alone.

p<0.001) for comparison of each condition with AK23

81



DISCUSSION

5.  DISCUSSION

In the present study, we aimed to analyze the immune signature in skin and peripheral blood
of patients suffering from pemphigus. Especially, we were interested in identifying the
cytokine targets implicated in pemphigus pathogenesis studying a large patient cohort from
two clinical centers. Notably, the results revealed an IL-17A dominant signature in both skin
lesions and peripheral blood of PV and PF patients. We found four distinct IL-17A-producing
CDA4* cell subsets circulating in active disease stage. Together with our collaborating group of
Christian Mo6bs in Marburg we further demonstrated that of these subsets, only Tfh17 and to
a lower level Tfh2 were able to induce the production of Dsg3-reactive autoantibodies by
memory B cells of PV patients and Dsgl-reactive autoantibodies of PF patients, respectively
[176]. These findings suggest that the hypothesis of pemphigus being a classical Th2-mediated
disease should be reconsidered [92, 187]. Rather, our results indicate that IL-17A-producing

Th/Tfh cells play a crucial role in pemphigus pathogenesis.

Immune reactions triggering disease manifestation are believed to initiate at distant sites of
the body and as a consequence immune cells migrate to the skin, where autoantibodies bind
to the desmosomes of epidermal keratinocytes [121]. This assumption is supported by the
presence of autoantibodies circulating in peripheral blood of pemphigus patients [92]. In
addition, overall systemic immunosuppression is more effective in improving disease activity
than topical treatment of the lesions, for instance with rituximab, an anti-CD20 monoclonal
antibody depleting B cells [188]. Furthermore, injection of Dsg3-reactive autoantibodies as
well as the adoptive transfer of naive splenocytes from Dsg37" mice in Rag2”/- immunodeficient
mice resulted in a murine PV phenotype, which included weight loss, patchy hair loss and
suprabasal acantholysis of the oral mucosa [96, 189]. Hence, the immunologic pattern in
circulating CD4* T cells distant from the skin as well as at the site of disease manifestation and

inflammation, the skin itself, was investigated.

Previous studies on skin of pemphigus patients reported the presence of Thl and Th2
cytokines like IFN-y and IL-4 [118]. These cytokines were also increased in our present study
to some extent, but surprisingly, the transcriptome analysis revealed that Th17-associated

cytokines were predominantly expressed in lesional pemphigus skin compared to healthy
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control skin. The cytokines IL-17A, 1L-21 and IL-23 have recently been reported in first
small-sized cohorts to be elevated in pemphigus skin [120, 121]. In line with these studies, the
data presented here confirm the overexpression of IL17A, IL21 and IL23A in pemphigus skin,
particularly in PV patients and in active disease stage. IL-21 may represent a key cytokine in
pemphigus pathogenesis. Together with other cytokines, IL-21 promotes Th17 differentiation
from naive CD4* T cells and, in combination with IL-6, can trigger the development of Tfh17
cells. Both T cell subsets are capable of producing IL-21 themselves, resulting in a positive
feedback mechanism and driving IL-17 production and Tfh induction [29, 47, 190]. In addition,

IL-21 activates B cell responses to support the release of autoantibodies [191].

Moreover, numerous other factors were upregulated in lesional pemphigus skin compared to
healthy skin samples. Amongst them was /IL1B, a member of the IL-1 family, representing a
group of cytokines primarily associated to innate immunity. IL-1B is essential to induce,
together with IL-6 and IL-23, the differentiation of pathogenic Th17 cells and the production
of IL-17A in mice [37]. Furthermore, IL-1B promotes the differentiation of CCR6* CXCR3*
Th17.1 cells and, like IL-17, provokes the production of antimicrobial peptides by epithelial
cells [42, 192, 193]. The major source of IL-1B are cells of the innate immune system, but
epidermal keratinocytes are also capable of producing this protein upon IL-17A stimulation,
thereby allowing the regulation of Th17 responses via a positive feedback mechanism. In
addition, IL-17A as well as IL-1B both are similarly able to induce the expression of chemokines
like CXCL1, CXCL5 or CXCL8 and also antimicrobial peptides such as S100A8 or S100A9 in
keratinocytes [194]. These mediators were also found to be differentially expressed in
pemphigus lesions compared to healthy skin by RNA-seq analysis in the present study. These

findings further support the eminent role of IL-17 in disease initiation and maintenance.

Of note, the IL-20 subfamily members /IL19 and /L24 within the IL-10 family of cytokines were
also strongly induced in pemphigus lesional skin. These cytokines are typically
overrepresented in inflammatory skin diseases dominated by IL-17, especially in psoriasis
[195, 196]. However, neither IL-19 nor IL-24 have been associated with pemphigus diseases
to date. Keratinocytes are able to express I1L-19 upon IL-17A stimulation and the resulting
amount of IL-19 can be further enhanced by the addition of 1L-22 and TNF to IL-17A [195].

Besides keratinocytes, monocytes are capable of producing IL-19 upon treatment with
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granulocyte macrophage colony-stimulating factor (GM-CSF), a cytokine also secreted by
Th17.1 cells [40, 197]. Further, IL-19 has been reported to be expressed by B lymphocytes,
which are also present in lesional pemphigus skin [121, 198]. Like IL-19, IL-24 is highly
expressed in psoriatic lesions compared to normal skin [179]. The cellular sources of IL-24 are
monocytes as well as T cells, predominantly Th2 cells [199]. Epidermal keratinocytes are also
able to produce IL-24 upon stimulation with IL-17A or IL-1B, resulting in a positive feedback
regulation of inflammation by expressing CXCL8 and MMP-1, mediators found to be
upregulated in pemphigus skin by RNA-seq in this study [200]. All of these pro-inflammatory
factors together form a network of highly cross-linked cytokines that display a robust IL-17

signature in pemphigus disease.

Considering this immunological profile of lesional pemphigus skin, there are similarities to
psoriasis vulgaris, a chronic inflammatory autoimmune skin disorder driven by IL-17A-
producing Th17 cells, although without an involvement of autoantibodies. In both diseases,
IL-17-producing Th cells seem to play a pivotal role in disease pathogenesis and manifestation.
Despite the similar cytokine signature, there are nonetheless important differences regarding
morphological and molecular characteristics. Besides the clinical presentation and the
absence of autoantibodies, high levels of IL-22 are detected in psoriasis patients [195]. This
cytokine is essential for acanthosis, the epidermal thickening due to hyperproliferation of
keratinocytes, characteristic for psoriasis [201]. In contrast, IL22 was suppressed in pemphigus
skin compared to healthy control and, consistent with this finding, decreased IL-22 serum
levels were reported in blood of pemphigus patients [117, 202]. Further, IL-4, one
characteristic Th2 defining cytokine of pemphigus diseases, is not detected in psoriasis
patients. On the contrary, IL-4 therapy of psoriasis improves disease severity by inducing a Th2
response [203]. Although both psoriasis and pemphigus demonstrate a strong predominance
of IL-17A, the cytokine profile in pemphigus presents more heterogeneic than that of psoriasis.
Hence, selective inhibition of IL-17A and associated factors such as IL-21 or IL-23A might also
be effective in treating blistering skin diseases like pemphigus. A recent case report
demonstrates the successful therapy of a patient suffering from neutrophil-dominated PF with
the anti-IL-17 antibody secukinumab. Neutralization of IL-17 led to a significant improvement
of the clinical skin appearance and a marked decrease in anti-Dsgl autoantibody amounts

[204]. This first report supports the results described in the present study regarding the
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pathogenic role of IL-17 secreting Th/Tfh cells in the production of anti-Dsg autoantibodies by

autoreactive B cells in pemphigus diseases.

The multi-color flow cytometric analyses of T cell subsets circulating in the blood of pemphigus
patients revealed higher numbers of IL-17-producing T cells in active stage of the disease
compared to patients in remission. These cells were assigned to the CXCR5  Th17, CXCR5"
Th17.1, CXCR5* Tfh17 and the CXCR5* Tfh17.1 subsets. However, no increased expression of
CXCR5 mRNA was detected in pemphigus skin when compared to normal control skin. Patients
in remission even showed higher levels of CXCR5 than those with active disease. Although the
presence of CD4* cells capable of producing IL-17A and IL-21 was reported in lesions of active
PV patients, these cells did not express CXCR5 or BCL6 [121]. This is consistent with the CXCR5
MRNA expression data presented here. Nevertheless, Tfh cells are of crucial relevance for the
secretion of pathogenic autoantibodies and the cytokines IL-6 and IL-21 are essential for the
differentiation of Tfh cells [45, 47, 205]. In particular, IL-21 is crucial for the development of
the Tfh lineage as well as the formation of GCs and is highly elevated in plasma of pemphigus
patients [116]. It seems that IL-17-producing Th17 and Th17.1 as well as Tfh17 and Tfh17.1
cells are implicated in the pathogenesis of pemphigus diseases in different ways. While Th17
and Th17.1 cells are assumed to act as peripheral effector cells, Tth17 and Tfh17.1 cells

primarily maintain the autoantibody production through B cells in GCs [206].

The identification of CXR3* CCR6* Th17.1 and Tfh17.1 cells has improved the understanding of
IL-17-producing Th cell populations [41]. These populations apparently play an important role
within sustaining of inflammation in classical Th17-mediated autoimmune diseases like
rheumatoid arthritis, multiple sclerosis or Sjogren’s syndrome [40, 207, 208]. In active
pemphigus patients who displayed high inflammatory parameters, also increased levels of
these cell populations were observed compared to patients in remission showing diminished
inflammation. Those CXCR3* CCR6* cells are able to secrete IFN-y as well as IL-17A and to a

certain extent GM-CSF [209].

Targeting autoreactive B cells with fluorescently labeled Dsg3 protein revealed significantly
elevated levels of Dsg3-specific CD19* B cells and CD19* CD27* memory B cells from

pemphigus patients with active disease compared to patients in remission as well as control
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individuals. The detection of increased numbers of circulating Dsg3-reactive total B cells and
memory B cells in PV patients compared to healthy individuals was reported before and is in
line with these results [143]. Furthermore, activated autoreactive memory B cells with the
ability to spontaneously produce anti-Dsg3 antibodies were exclusively found in patients with
highly active disease, but not in remittent stage or in healthy donors. Moreover, increased
numbers of total circulating Dsg3-reactive memory B cells was associated with enhanced
disease activity [210]. Unexpectedly, a not negligible number of Dsg3-specific cells was also
observed in the control group. In general, there is also a low prevalence of Dsg-reactive
antibodies in healthy individuals. However, in contrast to autoantibodies from PV patients,
the Dsg3-specific antibodies from healthy donors did not lead to internalization of Dsg3 in
vitro [211]. The presence of Dsg3-specific B cells in blood of control individuals may indicate
that IgM* B cells secrete potentially cross-reactive, non-pathogenic natural IgM
autoantibodies [212]. Besides, the detected signal might also result from an unspecific binding

of the fluorochrome-labeled Dsg3 to B cells.

Numbers of Th2 and Th1l cells were suppressed in active pemphigus disease compared to
patients in remission. Moreover, correlation analysis revealed a negative correlation between
Th1 cells and Dsg3-reactive memory B cells in active disease, suggesting that when Th1 cells
increase, Dsg3-specific memory B cells decrease and vice versa. These findings are consistent
with reports of suppressed IFN-y levels and decreased numbers of IFN-y-producing CD4* cells
in the blood of active PV patients compared to patients in remission as well as healthy
individuals [110, 114]. The decreased Thl differentiation may result as a consequence of
alterations in NK cells found in pemphigus patients, which led to impaired IL-12 signaling and
subsequently abrogated Th1 cell activation [213]. NK cells are capable of instructing dendritic

cells and thereby promoting the generation of Th1 cells [214, 215].

Remarkably, the numbers of Tfh17 cells from active PV patients correlated with total Dsg3-
reactive B cells. Moreover, both Th17 and especially Tfh17 subsets demonstrated a strong
positive relation to CD19* CD27* memory B cells in active stage of PV. These findings led to
the investigation on the ability of distinct Th/Tfh subgroups to trigger B cells into producing
autoantibodies. Our collaborators in Marburg finally demonstrated in co-culture experiments

of T cell subsets together with memory B cells that primarily Tfh17 cells are responsible for
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the formation of Dsg3- and Dsgl-reactive autoantibodies, respectively. Although all Th and
Tfh cell types were able to induce IgG antibody production by memory B cells, the strongest
induction of Dsg-specific autoantibody production was due to Tfh17 cells from patients with
acute disease compared to chronic stage. However, T cells from patients in remission failed to
elicit a specific autoantibody response. In addition, high levels of Dsg3-reactive Tfh17 cells
were detected in acute PV patients, whereas the number of these cells was significantly
decreased in chronic and remittent disease stages [176]. Very limited data is available
addressing the role of Tfh17 cells as pathogenic subset in diseases driven by autoantibodies.
However, these cells seem to be crucial for inducing T cell dependent IgA production in Peyer’s
patches [216]. Further, it has been reported that the IL-23-Th17 cell-dependent pathway
defines autoantibody activity and thus determines the onset of the autoimmune disease
rheumatoid arthritis [217]. Taken together, these outcomes underline a pivotal role of Th17
and more particularly Tfh17 cells in the development of autoantibody responses in patients

with acute autoimmune diseases.

Th17 cells are believed to possess a dichotomous nature due to their roles in pro-inflammatory
responses and also in barrier protection [218]. The findings presented in this study indicate
that IL-17 also acts dichotomously in pemphigus. KEGG analysis revealed an induction of genes
involved in tissue remodeling as well as in antimicrobial defense through the IL-17 signaling
pathway, representing an advantageous outcome. On the other hand, various
chemoattractants and cytokines are upregulated upon IL-17 stimulation, thereby promoting
pathogenic inflammatory processes. Such opposing effects, simultaneously connected, have
also been observed in atopic dermatitis, rheumatoid disorders and psoriasis, all diseases with
elevated levels of IL-17 and related cytokines [218-220]. Prior to the development of effective
medications for pemphigus diseases, infections, especially with Staphylococcus aureus,
represented a major cause of death [221]. Therefore, the IL-17 signature found in pemphigus
may be considered as a beneficial host defense mechanism against infections with bacteria,
viruses and fungi. Consequently, genes associated with the staphylococcal infection pathway

were overrepresented in RNA-seq analysis.

The investigation of gene expression by whole transcriptome sequencing in pemphigus reveals

the broad impact of this disease on protein regulation. In this respect, the gene expression for
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the oncogene suppressors ADAMTS9-AS2 and CADM?2 were downregulated in the skin of
pemphigus patients compared to control skin. These genes have been reported to inhibit
tumor growth and are suppressed in various cancers, including esophageal squamous cell
carcinoma [222-224]. This could explain the finding that pemphigus patients have a
significantly higher prevalence for esophageal cancers than individuals, who never were
diagnosed with pemphigus [225]. Furthermore, unraveling the contribution of the JAK/STAT
signaling pathway in combination with the overexpression of cytokines activating this
signaling cascade, including IL-4, IFN-y and IL-21, could provide guidance for the application of
novel therapeutic approaches by inhibiting JAK in pemphigus disease. Blockade of the
JAK/STAT signal transduction through JAK1/JAK3 inhibitors would enable the interference
with Th17, Th17.1, Tfh17, Tfh17.1 and also Th2 cells [56, 226].

In conclusion, the analyses of the skin cytokine signature and the immunophenotyping of
peripheral blood cells have demonstrated that IL-17 and IL-17-producing cells may play a
major role in pemphigus pathogenesis, manifestation and persistence. In particular, Tfh17
cells seem to act directly pathogenic during active disease stage, as their numbers significantly
correlate with levels of memory B cells and they are able to induce the formation of
autoreactive antibodies by memory B cells. These findings strongly suggest extending the
consideration of pemphigus from being a classical Th2-derived disease towards a more
complex condition dominated by Th17/Tfh17 cells. Taking this new insight into account,
numerous new therapeutic options for pemphigus patients are emerging that may replace
long-term treatment with corticosteroids. Specific biologics targeting, for instance, IL-21, IL-23
or IL-17A itself, thereby inactivating these cytokines, might be one therapy option. Another
strategy could include the inhibition of cytokine signaling pathways, and thus impair T cell
differentiation, GC formation, and production of autoantibodies by blocking molecules

essential for downstream signal transduction.

In recent years, JAKs became attractive targets in the research and development of new
therapeutic agents for the treatment of inflammatory responses. Aiming this family of
cytoplasmic tyrosine kinases is attractive due to their participation in cytokine signal
transduction. In particular, JAK3 seems to be critically involved in the development of immune

cells as loss of function mutations of its gene may cause the SCID syndrome, an immunological

88



DISCUSSION

disorder characterized by the lack of NK cells, T cells and functional B cells [54]. Therefore,
highly selective JAK3 inhibitors might be promising candidates for anti-inflammatory and
immunosuppressive therapies. In the present study, a novel class of five covalent reversible
JAK inhibitors was investigated for their ability to effectively and selectively block JAK3
signaling in primary human CD4* T cells by functional cytokine stimulation assays. All
compounds were capable of blocking IL-2 signaling, whereas two compounds (NIBR and
FM-392) failed to inhibit IL-4-mediated STAT6 activation at concentrations up to 300 nM. In
addition, while the pan-JAKi Tofacitinib (which inhibits JAK3 and JAK1 and to some extent
JAK2) clearly blocked JAK3 independent signaling cascades from 300 nM on, almost all
inhibitors showed no effect even at a higher concentration, thus confirming their selectivity
towards JAK3 in functional assays. However, the compound FM-392 weakly blocked IL-6
induced STAT3 activation at 1,000 nM. Determination of the cellular half maximal effective
concentration (ECso) revealed a similar potency of this substance for JAK2 (ECs0=630 nM) as

for JAK3 (ECs50=678 nM), explaining its inhibitory effect on STAT3 phosphorylation [178].

The identification of NIBR led to debates, if the selective inhibition of JAK3 alone, without
simultaneously blocking JAK1, is sufficient to suppress immune responses effectively, as JAK3
typically co-localizes with JAK1 for signaling through the yc receptor. There are studies
claiming a dominant role for JAK1 over JAK3 due to a lower efficiency of JAK3 selective
inhibitors [227, 228]. The rather low cellular activity of compounds NIBR and FM-392 are in
conclusion with these findings. In contrast, another study demonstrated that fully abrogated
downstream STAT5 phosphorylation was achieved by either JAK1 or JAK3 inhibition for the
signal transduction of IL-15, a cytokine using the yc receptor for signaling [229]. This, together
with the findings presented in this study, counters the assumption regarding the dominance
of JAK1 and demonstrates that a potent, selective JAK3 inhibitor may also be able to achieve
effective immunosuppression. Taken together, four of the five JAK inhibitors were identified
as highly selective towards JAK3 in a functional CD4"* cytokine stimulation assay. Furthermore,
selective inhibition of JAK3 seemed to be sufficient to abrogate JAK1/JAK3 dependent STAT-

phosphorylation without the need for concomitant JAK1 inhibition.

IL-21 contributes in the differentiation of Th17 as well as Tfh cells via activation of STAT3 and

it is also essential for B cell responses and the release of autoantibodies. Hence it is not
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surprising that this cytokine is overrepresented in blood and lesional skin of pemphigus
patients, as previously described at protein level and found in the present study at mRNA level
[116, 121]. Tofacitinib, but also JAK3 selective inhibitors were able to block IL-21-mediated
signal transduction in CD4* cells determined by measurement of downstream STAT3
phosphorylation. This blockade led to suppressed IL21 mRNA expression by these cells, which
in pemphigus could result in prevention of Th17/Tfh17 cell differentiation and also
autoantibody production by B cells. Depletion of IL-21 with neutralizing antibodies reduced
both IL-17 protein and mRNA expression as well as blocked the formation of Th17 cells in vitro
[190]. Experiments in mice have shown that Tofacitinib was very potent in blocking antigen
specific production of antibodies and also impaired GC formation [230]. Furthermore, an
essential role of STAT1 and STAT3 was revealed in the signal transduction of IL-6 and IL-21,
cytokines crucial for the formation of GC. In the absence of IL-6 and IL-21 signaling, the
generation of Tfh cells was impaired and thus levels of these cells were reduced.
Consequently, the formation of GC was impaired and, due to the indispensable function of Tth
cells helping B cells to produce antibodies, the secretion of antibodies was also inhibited [231,

232].

Following binding of autoantibodies to desmosomes, both signal dependent as well as signal
independent pathways seem to contribute to acantholysis and blister formation in pemphigus
[106]. In the present study, besides activation of p38 MAPK, also STAT1 signaling was triggered
upon stimulation of keratinocytes with the anti-Dsg3 1gG AK23. Further, this signaling cascade
was effectively abrogated by Tofacitinib and, to a lesser extent, by the selective JAK1 inhibitor
PF-049. Since the JAK/STAT pathway is typically used by various cytokines, it is reasonable to
speculate that AK23 stimulates keratinocytes to produce cytokines leading to the
phosphorylation of different JAKs and finally to the activation of primarily STAT1. These
cytokines may further promote acantholysis as the blockade of JAK phosphorylation had a
protective effect on cell fragmentation. The first cytokine group that comes to mind regarding
STAT1 activation would be the interferons signaling via JAK1 and JAK2 or TYK2, and
particularly, associated with inflammation, the type Il interferon IFN-y [233]. However, it is
debatable whether keratinocytes are able to produce this cytokine as its production is thought
to be mainly restricted to T cell and NK cell populations [234]. Moreover, a recent study

showed undetectable or unaltered IFN-y expression in HaCaT as well as NHEKs after
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stimulation with 1gG from PV patients or AK23 and subsequent cell sheet fragmentation.
Besides, no increased release of IL-6, TNF and IL-1a has been demonstrated either [235].
Type | and type lll interferons, on the other hand, are produced by almost all tissues, including
epithelial cells, and may contribute to anti-Dsg3 IgG-mediated STAT activation [233]. Certainly,
other cytokines might also be involved in AK23-induced acantholysis and further studies on
this issue are necessary, although the identification of these factors could become challenging.
First, the cytokine itself should be produced by keratinocytes, and second, the corresponding
receptors need to be expressed on the cell surface. IL-22, for instance, activates STAT1, STAT3

and STATS5 in keratinocytes but is not secreted by these cells [236].

Of note, the JAK3 inhibitors also slightly interrupted the STAT1 activation by AK23, which may
suggest less selectivity of these compounds in the keratinocyte setting. The active tyrosine
kinase domains of all four JAK family molecules exhibit a high degree of homology, making it
challenging to develop highly specific compounds and explaining why JAKi are selective but
not that specific [237]. There are some inhibitors that initially claimed high JAK3 selectivity,
yet later investigations revealed also inhibitory activity towards other JAK family proteins and
only poor selectivity over JAK1, JAK2 or TYK2. A prominent example would be Tofacitinib, but
also Decernotinib and Peficitinib only show a 4-fold and 5-fold potency, respectively, for JAK3
over other members of the JAK family [56, 238, 239]. Furthermore, selectivity and efficiency
may vary amongst different cell types and depend on the particular activating cytokine and

the applied inhibitor concentration.

Immunostainings of pemphigus patients’ skin revealed a strong overexpression of pSTAT1 and
pPSTAT3 in epidermal keratinocytes compared to healthy skin. There are only limited data
available on STAT molecules in blistering autoimmune diseases. JAK/STAT proteins were found
to be overexpressed in lesions of bullous pemphigoid patients compared to perilesional skin
as well as control skin [240]. A very recent report found increased levels of JAK3, STAT2 and
STATG6 in perilesional and lesional epidermis of pemphigus patients compared to healthy skin
[241]. Taking into account that numerous cytokines are overrepresented in the skin of
pemphigus patients, it is reasonable to assume that various STAT molecules will be activated
in keratinocytes. In particular, IFN-y usually activates STAT1, but STAT3 has also been

phosphorylated in primary human keratinocytes after IFN-y stimulation, though to a lesser
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extent [242]. In addition, anti-Dsg3 IgG, which is abundant in the lesions of pemphigus
patients, also seem to activate STAT1 and, to a lesser extent, STAT3. The latter is typically
activated by IL-6 or IL-23, both cytokines appearing among the overrepresented genes in
pemphigus skin. Moreover, the IL-20 cytokine family members IL-19, IL-20 and IL-24 have been
reported to induce phosphorylation of STAT3 in keratinocytes [196]. Interestingly, although
IL-17 is not signaling through JAK associated receptors, but via a unique receptor family
distinct from other known cytokine receptors, there are some reports indicating an
involvement of the JAK/STAT pathway in the signal transduction of this cytokine [243-245].
Shi et al. for instance demonstrated that IL-17A is able to activate STAT1 and STAT3 in
keratinocytes in vitro [246]. However, this can be an indirect effect. Moreover, JAK inhibition
reversed the enhancement of antimicrobial peptides and chemokines induced by IL-17A in
airway epithelia and airway smooth muscle cells, respectively [245, 247]. Again, other

JAK/STAT using cytokines may be involved.

To investigate the functional role of the JAK/STAT pathway in pemphigus pathogenesis,
acantholysis was induced in differentiated keratinocyte monolayers by the anti-Dsg3 IgG AK23
in the presence of JAKi. Interestingly, all applied inhibitors demonstrated a protective effect
on cell fragmentation, suggesting a potential involvement of JAK/STAT molecules during
blister formation in pemphigus disease. Data addressing the participation of JAK/STAT
signaling in autoantibody-induced acantholysis are very scarce. Mao et al. assigned a role for
STAT3 in the regulation of Dsg3 transcription and consequently the loss of keratinocyte
adhesion. Inhibition of STAT3 led to increased Dsg3 levels, both for mRNA as well as protein
expression. Furthermore, STAT3 inhibition prevented PV-IgG-mediated acantholysis in
keratinocytes in vitro and autoantibody-induced blistering in vivo by inducing Dsg3 expression,
while constitutive activation of STAT3 resulted in decreased Dsg3 levels and in enhanced cell
sheet fragmentation, even in the absence of pathogenic autoantibodies [248]. In contrast,
Dsg3 levels were not altered by JAKi in the present study (shown in Figure A7 in the appendix),
but STAT3 was not directly inhibited either. Instead, JAKi only blocked the activation of STAT
molecules without affecting total STAT protein levels. Nevertheless, a similar mechanism may
be operating in this case, by regulating certain cell adhesion molecules through the

modulation of JAK and thereby compensating for the impaired Dsg3-mediated cell adhesion.
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Unexpectedly, the JAK3 selective compounds FM-381 and FM-481 also prevented
keratinocyte monolayers from acantholysis in a dose-dependent manner. This might be
explained by poor selectivity of the inhibitors for JAK3 over other JAK family members in the
keratinocyte model, as mentioned above. On the other hand, although JAK3 is thought to be
predominantly expressed in leukocytes, there is data supporting the presence of JAK3 in
epithelial cells [51, 52]. Srivastava et al. investigated the expression of all four JAK family
molecules in keratinocytes and demonstrated that, while the mRNA expression of JAK1, JAK2
and Tyk2 was comparable to PBMCs, JAK3 showed lower expression in keratinocytes, but was
still expressed. Further, similar protein expression of all three JAKs was detected by Western
blot in cultured keratinocytes [249]. By performing IHC staining in skin, JAK3 was detected in
healthy epidermis as well as in keratinocytes of lesional and perilesional skin from pemphigus
patients, whereas the number of JAK3 positive cells was increased in diseased skin [241, 250].
Another study also reported the presence of both JAK3 and pJAK3 in keratinocytes of
cutaneous inflammatory diseases and healthy skin. Protein expression determined by IHC
staining was elevated in affected samples. In addition, JAK3 was activated in keratinocytes
in vitro upon stimulation with a mixture of proinflammatory cytokines and could subsequently
be inhibited by Tofacitinib treatment [186]. Thus, there is some evidence that JAK3 is
expressed in keratinocytes, both at mRNA and protein level and, that the protein is
overrepresented under inflammatory conditions, making keratinocytes, along with
lymphocytes, potential target cells for JAK3 inhibitors in the treatment of inflammatory skin

diseases.

There are many studies aiming to investigate the efficacy of JAK inhibitors in autoimmune
disorders of the skin, including atopic dermatitis, psoriasis or alopecia areata [251]. However,
patients suffering from blistering autoimmune diseases such as bullous pemphigoid or
pemphigus could also benefit from new therapeutic approaches regarding selective inhibition
of JAKs. Considering the broad cytokine profile in the skin and blood of pemphigus patients,
blocking JAKs as essential downstream cytokine signaling molecules could reduce
inflammatory responses and autoantibody production. Such blockade may decrease blister
formation, promote healing of blisters and erosions, as well as control the disease process.
Even for maintenance therapy, the administration of highly selective inhibitors might be safe

and effective. Furthermore, given that JAKi directly impact keratinocyte signaling, they could
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be applied not only systemically but also topically. In contrast to the conventional treatment
with topical steroids, which causes skin damage such as atrophy or telangiectasia upon long-
term application, a topical formulation containing JAKi may be beneficial to prevent such side
effects and further improve the safety profile of JAKi by avoiding the adverse reactions of a

systemic therapy [252].

In conclusion, the findings presented in this study support the theory that, in addition to IL-4-
producing Th2 cells and IFN-y-producing Th1 cells, the immunological activity in pemphigus
relies significantly on IL-17A-producing T cell subsets. Particularly, Tfh17 cells seem to act as
potent inducers of autoantibody production by memory B cells in acute disease stage. Based
on the profound immune activity, inhibition of JAKs might serve as a potential therapeutic

approach and could improve the treatment of pemphigus disease.
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7. APPENDIX

7.1. Additional information on bioinformatics

R sessioninfo()

R version 3.5.1 (2018-07-02)
Platform: x86 64-pc-linux-gnu (64-bit)
Running under: Debian GNU/Linux 9 (stretch)

Matrix products: default
BLAS: /usr/lib/openblas-base/libblas.so.3
LAPACK: /usr/lib/libopenblasp-r0.2.19.s0

locale:
[1] LC CTYPE=en US.UTF-8 LC_NUMERIC=C

LC TIME=en US.UTF-8 LC_COLLATE=en US.UTF-8
[5] LC MONETARY=en US.UTF-8 LC_MESSAGES=C

LC PAPER=en US.UTF-8 LC NAME=C
[9] LC_ADDRESS=C LC_TELEPHONE=C

LC MEASUREMENT=en US.UTF-8 LC IDENTIFICATION=C
attached base packages:
[1] stats4 parallel stats graphics grDevices utils datasets

methods base

other attached packages:

[1] ggpubr 0.2.1 magrittr 1.5 cowplot 1.0.0
GOplot 1.0.2
[5] RColorBrewer 1.1-2 gridExtra 2.3 ggdendro_ 0.1-
20 ggplot2 3.1.0
[9] pheatmap 1.0.12 pathview 1.22.3
org.Hs.eg.db 3.7.0 openxlsx 4.1.0.1
[13] goseg 1.34.1 geneLenDataBase 1.18.0 BiasedUrn 1.07
IHW 1.10.1
[17] DESeqg2 1.22.2 SummarizedExperiment 1.12.0
DelayedArray 0.8.0 BiocParallel 1.16.5
[21] matrixStats 0.54.0 biomaRt 2.38.0
GenomicFeatures 1.34.3 AnnotationDbi 1.44.0
[25] Biobase 2.42.0 GenomicRanges 1.34.0
GenomeInfoDb 1.18.1 IRanges 2.16.0
[29] S4Vectors 0.20.1 BiocGenerics 0.28.0

loaded via a namespace (and not attached):

[1] nlme 3.1-137 bitops 1.0-6 bite4 0.9-7
progress 1.2.0 httr 1.4.0

[6] Rgraphviz 2.26.0 tools 3.5.1 backports 1.1.3
R6_2.3.0 rpart 4.1-13
[11] Hmisc 4.2-0 DBI 1.0.0 lazyeval 0.2.1
mgcv_1.8-24 colorspace 1.4-0
[16] nnet 7.3-12 withr 2.1.2 tidyselect 0.2.5
prettyunits 1.0.2 bit 1.1-14
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[21] compiler 3.5.1 fdrtool 1.2.15 graph 1.60.0
htmlTable 1.13.1 rtracklayer 1.42.1

[26] slam 0.1-45 KEGGgraph 1.42.0 scales 1.0.0
checkmate 1.9.1 genefilter 1.64.0

[31] stringr 1.3.1 digest 0.6.18 Rsamtools 1.34.0
foreign 0.8-70 XVector 0.22.0

[36] baseb6denc 0.1-3 pkgconfig 2.0.2 htmltools 0.3.6
lpsymphony 1.10.0 htmlwidgets 1.3

[41] rlang 0.4.0 rstudiocapi 0.9.0 RSQLite 2.1.1
zip 2.0.3 acepack 1.4.1

[46] dplyr 0.8.3 RCurl 1.95-4.11 GO.db 3.7.0
GenomeInfoDbData 1.2.0 Formula 1.2-3

[51] Matrix 1.2-14 Rcpp 1.0.2 munsell 0.5.0
stringi 1.2.4 yaml 2.2.0

[56] MASS 7.3-50 zlibbioc 1.28.0 plyr 1.8.4

grid 3.5.1 blob 1.1.1

[61] crayon 1.3.4 lattice 0.20-35 Biostrings 2.50.2
splines 3.5.1 annotate 1.60.0

[66] KEGGREST 1.22.0 hms 0.4.2 locfit 1.5-9.1
knitr 1.21 pillar 1.3.1

[71] ggsignif 0.5.0 geneplotter 1.60.0 XML 3.98-1.16
glue 1.3.0 latticeExtra 0.6-28

[76] data.table 1.12.0 png 0.1-7 gtable 0.2.0
purrr 0.3.2 assertthat 0.2.0

[81] xfun 0.4 xtable 1.8-3 survival 2.42-3
tibble 2.0.1 GenomicAlignments 1.18.1

[86] memoise 1.1.0 cluster 2.0.7-1
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7.2. Characteristics on patients included in the study

Table A1l: Clinical characteristics of patients recruited for mRNA expression analysis

Patient Sex Age Pemphigus Conc. [U/ml] Disease stage  Lesional skin
type Dsgl Dsg3 biopsy location

1° M 71 PV >200 135 Acute Neck

2 M 75 PF >200 5 Acute Back

3@ M 36 PV >200 >200 Acute Back

4 F 43 PF >200 4 Acute Back

5 F 66  PF >200 <2 Acute Back

6 M 76  PF >200 32 Acute Chest

7 M 56 PV 121 86 Acute Abdomen

8b F 49 PV >200 177 Acute Back

9? F 52 PV 116 >200 Chronic Hand

10° M 56 PV 33 22 Chronic Chest

11 M 75 PF >200 <2 Chronic Back

12 M 88 PF 57 <2 Chronic Abdomen

132 M 49 PV 176 >200 Chronic Back

14 F 44  PF >200 4 Chronic Back

15 M 53 PF 85 28 Chronic Head

16 M 50 PV >200 4 Chronic Back

17° M 78 PV >200 28 Chronic Chest

18° M 39 PF >200 <2 Chronic Chest

19° M 61 PF >200 <2 Chronic Back

20° F 54 PV >200 >200 Chronic Back

21 F 45 PV 33 17 Chronic Abdomen

22 M 53 PV 28 >200 Chronic Scalp

23 M 58 PV 5 173 Chronic Back

242 F 59 PV 60 >200 Remission Back

25 F 31 PV 10 >200 Remission Head

26 M 41 PV 6 3 Remission Chest

27° F 59 PV 197 <2 Remission Back

28 M 65 PV 15 130 Remission Neck

29 M 51 PF <2 8 Remission Back

@ Sample also used for RNA-seq analyses

b Lesional and perilesional skin biopsies
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Table A2: Summary of patients involved in flow cytometric analysis of T cell subsets in
peripheral blood mononuclear cells

Patient Sex Age Pemphigus Conc.[U/ml] Disease stage
type Dsgl Dsg3

1 M 71 PV >200 135 Acute

2 F 41 PV 10 >200 Acute

3 F 62 PV <2 8 Acute
42 F 35 PV 3 4 Acute
5b F 33 PV 11 >200 Acute
62" F 50 PV 2 >200 Acute
7° F 43 PV 13 189 Acute
8 M 75 PF >200 5 Acute

9 F 67 PF >200 <2 Acute
10 F 53 PV 5 130 Chronic
11° M 53 PV 46 31 Chronic
12 M 58 PV 42 70 Chronic
13b M 50 PV >200 >200 Chronic
14 M 68 PV 9 182 Chronic
15 F 44 PV 151 >200 Chronic
16° F 55 PV 5 90 Chronic
17%° F 55 PV 26 >200 Chronic
18° F 52 PV 117 >200 Chronic
19° M 52 PV 26 2 Chronic
20° F 64 PV <2 6 Chronic
212 F 48 PV 45 >200 Chronic
22° F 57 PV 43 >200 Chronic
23 M 81 PV 27 40 Chronic
24 F 53 PV 3 22 Chronic
25P M 50 PV 6.1 72 Chronic
26° F 52 PV <2 >200 Chronic
27° F 54 PV >200 >200 Chronic
28 F 53 PV <2 51 Chronic
29 F 51 PV 5 >200 Chronic

2 Cell sorting and gPCR of T cell subsets

b Analyses of autoreactive Dsg3* B cells
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Table A2 (continued)

Patient Sex Age Pemphigus Conc.[U/ml] Disease stage
type Dsgl Dsg3

30 M 53 PV 5 173 Chronic
31 F 60 PV <2 155 Chronic
32° F 64 PV 9 160 Chronic
33b M 53 PV 109 >200 Chronic
34 F 33 PV <2 >200 Chronic
35 F 68 PV 15 113 Chronic
36° F 41 PV 13 45 Chronic
37 F 44  PF >200 4 Chronic
38 M 53 PF 86 29 Chronic
39 M 69 PF <2 <2 Chronic
40 F 83 PF >200 <2 Chronic
41 M 46  PF >200 4 Chronic
42 F 89 PV 3 <2 Remission
43 M 70 PV <2 >200 Remission
44> F 78 PV <2 <2 Remission
45> F 79 PV <2 >200 Remission
46 M 74 PV 2 117 Remission
47> F 76 PV 18 4 Remission
48° M 64 PV <2 32 Remission
49°b F 24 PV 3 <2 Remission
50 M 78 PV 4 149 Remission
51b F 68 PV 9 10 Remission
52 F 66 PV <2 136 Remission
53 M 78 PV 197 14 Remission
54b F 46 PV 17 >200 Remission
55 M 50 PV <2 6 Remission
56 M 55 PV 62 33 Remission
57° F 58 PV <2 197 Remission
58° M 62 PV 10 17 Remission
59 F 63 PV 7 <2 Remission

@ Cell sorting and gPCR of T cell subsets

b Analyses of autoreactive Dsg3* B cells
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Table A2 (continued)

Patient Sex Age Pemphigus Conc.[U/ml] Disease stage
type Dsgl Dsg3
60° M 27 PV <2 100 Remission
61° M 63 PV 3 >200 Remission
62° M 40 PV <2 <2 Remission
63° M 70 PV 7 153 Remission
64° M 56 PV 5 16 Remission
65 F 80 PV 3 5 Remission
66 F 62 PV 3 2 Remission
67 F 56 PV <2 4 Remission
68 M 80 PV 3 >200 Remission
69 M 55 PV 10 157 Remission
70° M 45 PV 5 2 Remission
71° M 66 PV 46 178 Remission
720 F 59 PV 10 >200 Remission
73 M 54 PV 6 72 Remission
74 F 62 PV <2 65 Remission
75 F 57 PV 5 >200 Remission
76 M 70 PF <2 <2 Remission
77 M 38 PF >200 <2 Remission
78 m 75 PF 73 35 Remission
79 F 59 PF <2 <2 Remission

@ Cell sorting and gPCR of T cell subsets

b Analyses of autoreactive Dsg3* B cells
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Table A3: Patients for intracellular flow cytometric analysis of cytokine-producing T cell

subsets in peripheral blood mononuclear cells

Patient Sex Age Pemphigus Conc.[U/ml] Disease Stage
type Dsgl Dsg3

1 F 37 PV <2 22 Acute

2 F 54 PV <2 80 Acute

3 M 78 PF 97 <2 Chronic

4 F 56 PV 12 >200 Chronic

5 F 44 PV 3 12 Remission

6 F 35 PV 11 >200 Remission

7 M 82 PV <2 165 Remission

8 M 49 PV 9 >200 Remission

9 M 57 PV 154 6 Remission

Table A4: Pemphigus patients for immunohistochemical staining

Patient Sex Age Pemphigus Conc. [U/ml] Disease Stage
type Dsgl Dsg3

12 F 43 PF >200 4 Acute

2 M 72 PV >200 135 Acute
3 M 75 PF >200 5 Acute
42 M 50 PV >200 180 Chronic
5 M 87 PF >200 <2 Chronic
6P M 66 PF >200 4 Chronic
7° F 60 PV 60 >200 Chronic
8¢ F 51 PV 116 >200 Chronic
9¢ F 66  PF >200 <2 Chronic
10 M 50 PV >200 >200 Chronic

@ Representative images showing high expression of pSTAT1 and pSTAT3
b Representative image showing low expression of pSTAT3

¢ Representative image showing low expression of pSTAT1
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7.3. Supplementary figures
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Figure Al: All 12 samples analyzed by RNA-seq display a high read quality. Quality control of

raw sequence data was performed using FastQC. The sequence quality

histogram shows high

mean quality scores across each base position in the reads. 94.7 % of the reads demonstrated

quality values higher than Q30. No adapter sequences or contaminations were detected.
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Figure A2: Guanine-cytosine distribution of all samples fits well

100

with the reference

transcriptome. Per sequence guanine-cytosine (GC)-content was determined by FastQC in the

process of quality control of raw sequence data. The GC-content of all reads formed a normal

distribution in all samples and fitted with the GC-content of the human reference

transcriptome v29 (black dashed line). Individual samples are represented as green lines,

except for one sample in orange (S02_Pemphigus), which showed a
content, but remained within an acceptable tolerance.

slightly elevated GC-
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Sample Name % Aligned M Aligned
S01_Pemphigus 90.5 % 232
S02_Pemphigus 89.0 % 26.7
S03_Pemphigus 87.8 % 23.6
S04_Pemphigus 92.3 % 23.9
S05_Pemphigus 93.6 % 22.3
S06_Pemphigus 88.7 % 204
S07_Control 87.2% 21.8
S08_Control 86.8 % 18.6
S09_Control 88.6 % 23.3
S10_Control 88.2 % 23.7
S11_Control 89.4 % 229
$12_Control 88.3 % 215

Figure A3: All samples demonstrate high mapping rates to the reference transcriptome.
Reads were aligned to the human reference transcriptome v29 using Salmon. Proportion of
uniquely mapped reads (% Aligned) and total uniquely mapped reads (millions, M Aligned) are
listed for each sample analyzed by RNA-seq. The mean mapping rate (SD) was 89.21 %
(1.98 %), indicating trouble free quantification.
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Figure A4: Multidimensional scaling analysis shows separation between pemphigus and
control group. Spatial distances between the individual samples correspond to differences in
sample properties and approximate the typical expression differences (log, fold change)
between samples. BCV: biological coefficient of variation.
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Figure A5: Most upregulated genes involved in biological process. Gene Ontology (GO)
enrichment analysis of differentially expressed genes (DEGs) was performed and GO-terms
were classified into biological process, cellular component and molecular function. Under-
represented GO-terms are marked in red. RNA-seq analysis of lesional skin biopsies from
pemphigus patients (n=6) was compared to healthy skin biopsies (n=6). Part of the data was
published in [176].

128



APPENDIX

A MW MW
kDal 3 o @ & & P °  Ak23[min] kDa] & o o o & 2 ° AK23[min]
250 = 250-

130- pSTAT4 130-
100-3 : (Y693) 100- s

704 81 kDa 70-

55- W 55-

—— —— — — o ACHIN
43 kDa

35- 35- .

25- : 25-

15- 154

B MW MW
kDal & o @ o & & °  AK23[min] kDa] & o @ o & & ° AK23[min]
250- 250-

130- = PSTAT6 130
100- s (Y641) 100- —
70- 110 kDa 70-

55- 55- 4

— — —— — — ACHN
43 kDa

35-° 354
25- 25-

15-ﬂ 15- 4

Figure A6: No activation of STAT4 and STAT6 by AK23 in human keratinocytes. Normal
human epidermal keratinocytes were incubated with 20 pg/ml AK23 for 0 to 240 min (as
indicated) and activation of STAT proteins was analyzed by immunoblotting (n=2). (A)
Representative blot from one donor is shown for pSTAT4. (B) Detection of pSTAT6 in AK23
treated NHEK from one donor. MW: Molecular weight, M: Marker.
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Figure A7: Desmoglein 3 is not altered by JAK inhibitors in human keratinocytes. Normal
human epidermal keratinocytes were treated with 1 uM of the indicated JAKi or DMSO only
(Co) for 5 h and protein levels of Dsg3 were determined by immunoblotting (n=4).
Representative images of one experiment and semi-quantitative analysis (single donors and
mean with SEM) of the specific Dsg3 signals relative to Actin are presented.
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7.4. Supplementary tables

Table A5: Correlation analysis between Dsg3-specific B cells and distinct T cell subsets.
Spearman’s correlation coefficient r and p-values are indicated (ns not significant, ** p<0.01).

Th17

Th17.1

Th2

Thl

Treg

Tfh17 Tfh17.1

Tfh2

Tfhl

Tfr

Dsg3-specific B cells

Active
r 0.0971
p 0.6926
ns
Remittent
r -0.1940
p 0.4125
ns
Control
r 0.1908
p 0.3833

ns

0.3363
0.1592

ns

0.0436
0.8551

ns

0.2580
0.2347

ns

-0.2748
0.2549

ns

0.1128
0.6359

ns

-0.2111
0.3337

ns

-0.3512
0.1404

ns

-0.1744
0.4620

ns

-0.2145
0.3257

ns

0.0822
0.7527

ns

0.2445
0.2989

ns

-0.1504
0.5514

ns

0.6523
0.0025

*%

0.0196
0.9348

ns

0.0262
0.9056

ns

0.3775
0.111

ns

0.1534
0.5185

ns

0.0017
0.9937

ns

-0.1624
0.5065

ns

-0.0888
0.7098

ns

0.0391
0.8594

ns

-0.4118
0.0798

ns

-0.0421
0.8600

ns

-0.1201
0.5851

ns

0.4172
0.0966

ns

0.3190
0.1704

ns

-0.1768
0.4827

ns
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