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INTRODUCTION

|l. Introduction

I.1. The skin

As the largest organ of the human body, the skin has an essential role in health and well-
being. The skin lines all outer surfaces of the body, as well as the internal cavities and
passages as mucosal skin. As a result, it mainly serves as a barrier between the internal
environment of the body and external factors. In addition, it is also the body’s sensory
interface with these factors, while still preventing water loss and regulating excretion,
thus operating as the major temperature regulator for the body. Its function as the
critical physical barrier to harmful influences, such as mechanical injury or pathogens, is
not only enforced by physically preventing external factors from entering the body, but
also via chemical and biological barriers. The intrinsic acidic pH of the skin impedes
bacterial growth and Langerhans cells act as permanent sentinels towards pathogen

invasion.

1.1.1. Anatomy

The skin can be divided into three primary structures: the epidermis, the dermis and the
hypodermis, also known as the subcutaneous tissue. The hypodermis connects the
upper skin layers to structures like muscles and bones, and consists mostly of adipose
and connective tissue. This layer is mainly providing insulation, mechanical impact
mitigation by cushioning and energy storage capacity. Above the hypodermis lies the
dermis, which consists mostly of fibroblasts and is divided into a papillary and a reticular
layer. The reticular layer connects to the hypodermis and contains blood vessels, nerves,
lymphatic vessels, sweat glands and hair follicles. It is the thicker part of the two dermis
layers and is mostly comprised of type | and Ill collagen and elastic (elastin and fibrillin)
fibers. The upper part of the dermis is called papillary layer, due to its formation of
papillae into the epidermis. It is relatively thin compared to the reticulated dermis and

contains capillaries and sensory neurons. The epidermis makes up the upper portion of




the skin, predominantly made up of keratinocytes, which differentiate upwards until
they form a dense layer on the outermost surface. The keratinocytes originate from
highly proliferatively active stem cells in the basal layer, which are characterized by
keratin 14 (Krt14) and keratin 5 (Krt5). The basal layer makes up the deepest fraction of
the epidermis and is connected to the basement membrane, also called basal lamina, by
hemidesmosomes (Figure 1). Other cells that can be found in the basal layer are
melanocytes, dendritic cells and Merkel cells. As the keratinocytes start differentiating,
they begin expressing keratin 1 and 10 (Krtl and Krt10) as they move to the spinous
layer (stratum spinosum) (Coulombe et al., 1989). This gradual differentiation is
characterized by a downregulation of Krt5 and 14 expression and the upregulation Krtl
and 10. Accumulation of lamellar bodies and keratohyalin granules marks the transition
to the granular layer of the skin. Here the cells enter the final differentiation stage in
which they downregulate Krtl and 10 and start expressing involucrin, filaggrin and
loricrin. In this stage of differentiation, keratinocytes die and become flattened cornified
envelops (corneocytes) that form the stratum corneum (Figure 1). Cells in the spinous
and granular layers are interconnected with desmosomes, while in the upper granular
layer these are replaced by tight junctions and finally lipid bilayers that embed
corneocytes in a durable, waterproof matrix (Figure 1). A distinct difference in this
regard marks the mucosal epidermis, as it typically lacks the stratum corneum and is
thus characterized as non-keratinized epithelium. Mucosal skin layers line all internal
surfaces of the body, such as the gastrointestinal tract, the inner eyelids or the nose. In
these areas it is essential that while a barrier function remains, exchange of nutrients,
gases and waste is still possible. Thus, mucosal epidermis mostly consists of an epithelial
layer, the lamina propria and occasionally a thin smooth muscle layer (muscularis

mucosae).
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Figure 1: Human cutaneous stratified epidermis and desmosome composition [adapted from
(Perl et al., 2024)(Egu et al., 2022)]

1.1.2. Desmosomes

Strong intra-epithelial cell connections are indispensable for an intact skin barrier
function. In the epidermis, several individually unique junctional complexes exist. They
are located in different layers and exhibit distinct structural and mechanistic
characteristics. These cell-cell junctions provide integrity and stability to the cell layers

and are called tight junctions, adherens junctions, gap junctions, hemidesmosomes and




desmosomes. Desmosomes and hemidesmosomes appear as round structures on
electron microscopes, which distinguishes them from the belt-like structure of adherens
junctions. While hemidesmosomes are exclusively found on the basal membrane and
serve as anchors to the bottom layer of keratinocytes, desmosomes are interconnecting
keratinocytes laterally as well and provide resistance to mechanical stress upon the skin.
Desmosomes are involved in a multitude of mechanisms like cellular signaling, tissue
homeostasis and repair, and barrier functions while the skin stretches and moves.
Structurally, desmosomal complexes consist of multiple proteins that can be organized
into three domains: transmembrane cadherins, plagque proteins and cytoskeletal
linkage. The transmembrane cadherins are desmogleins (Dsgl-4) and desmocollins
(Dsc1-3) which form adherence points with each other via hetero- and homophilic
interactions outside of the cell. The cadherins are connected to dense plague proteins,
formed by plakoglobin (PG), plakophilin (Pkp1-3) and desmoplakin (DP), in the
cytoplasm, which in turn anchor on the cytoskeleton (Udey, Stanley, 1999). Plakoglobin
is also known as y-catenin, which is structurally similar to B-catenin, and is also found in
adherens junctions. It directly binds to Dsg and Dsc cytoplasmic domains and forms a
complex with Pkp and DP (Figure 1). The three isoforms of Pkp have the dual function of
interacting with the transmembrane cadherins and enforcing recruitment and
organization of other desmosomal components. Desmoplakin establishes the
connection between the plaque proteins and the intermediate filaments (Figure 1). It
binds to both Pkp and PG with its N-terminal domain, while the C-terminal domain binds

to keratin, that makes up the cytoskeletal linkage in epithelial cells (Figure 1).

Desmosomes have the unique property to occur in two different adhesive states
(Garrod, Chidgey, 2008). In healthy epithelium, desmosomes are calcium-independent
and adopt a hyperadhesive state that provides high resistance to mechanical stress
(Hatzfeld et al., 2017). If the epithelium is injured, the desmosome becomes calcium-
dependent and weakens the intracellular adhesiveness. While the precise mechanisms
leading to this change in adhesion are not fully understood, it has become clear that the
desmosomal composition and keratin organization plays a major role in

hyperadhesiveness (Biichau et al., 2022). Experiments have shown that an increase of




Pkp1 led to a cluster formation with Dsg3, which increased the size of desmosomes
significantly, while an overexpression of Pkp3 had a negative impact on hyperadhesion
(Fuchs et al., 2020). Furthermore, the disassembly of desmosomal complexes is involved
in multiple autoimmune skin diseases, such as pemphigus diseases, underlining its

essential nature in healthy skin organization and barrier function.

1.2. Autoimmunity

The immune system is an integral part of the body’s defense against pathogens. It can
be divided into two main responses: the innate and the adaptive immune response. The
innate immune system is a first-line defense mechanism that provides fast, less specific
reactions to invading pathogens. The adaptive immune system on the other hand is able
to build prolonged immune responses and memory functions to previously encountered
antigens. This highly specific response relies on B- and T-lymphocytes and their
interactions with antigen-presenting cells to distinguish between harmless and harmful
antigens, by reacting with either immunity or tolerance mechanisms. In a healthy state,
the immune system is able to correctly recognize self-antigens regularly found in the
body and prevent the induction of an immune response. A dysfunction of such self-
tolerance processes results in autoimmunity, in which the immune system produces
antibodies (immunoglobulins) against self-antigens, resulting in the manifestation of

tissue damage and inflammation (Abbas, 2020).

High-affinity immunoglobulin (Ig) production is entirely dependent on the formation of
germinal centers (GCs). These GCs are formed by proliferating B cells and are found in
peripheral lymphoid organs such as lymph nodes, Peyer’s patches or the spleen. The
process of B cell differentiation starts with immature B cells encountering antigens and
binding to their B-cell-receptors (BCR). This activates BCR signaling pathways,
internalization and subsequent processing of the antigen until it is presented on the
major histocompatibility complex Il (MHCII) on the B cell surface. The now activated B
cells will start to express the chemokine receptor CCR7 and start migrating to the T cell

border of the interfollicular region. An interaction of CD40 on the B cell with the




respective ligand (CD154 or CD40L) on a T-follicular-helper cell (TfH), is necessary to fully
activate the B cell and initiate GC formation. TfH cells are a specialized CD4+ T helper
cell subset that are characterized by CXCR5 and PD-1 expression on the cell surface, as
well as their IL-21 production (Song, Craft, 2019). The now fully activated B cell has the
potential to undergo one of three differentiation routes (Figure 2). Cells with an already
relatively high affinity for the antigen tend to develop into GC-independent short-lived
antigen secreting plasma cells (SLPC) (Paus et al., 2006). These SLPCs generate the first
antibody response, as their antibodies can recognize the antigen well enough to initiate
opsonization and consequent clearance of the pathogen or the presentation of the
antigen on antigen presenting cells such as the follicular dendritic cells (FDCs), who in
turn are important for prolonged antigen exposure in the GC reaction (Mesin et al.,
2016). The second route that an activated B cell can take is the immediate development
into GC-independent memory cells. These are mostly B cells with lower affinity
antibodies that do not undergo class switching and retain their IgM on the cell surface.
These memory cells are believed to be important to retain a pool of adaptable B cells
that can be recruited into GC reactions later on (Suan et al., 2017). The third and final
route activated B cells can take, depends on the upregulation of the GC marker gene Bcl-
6. Cells that have successfully expressed this marker in high levels will start proliferating
and eventually form the GC to become either long-lived plasma cells (LLPC) or GC-
dependent B-memory-cells (Bmem cell) (Figure 2). The fully formed GC can be divided into
two zones: the dark zone containing clonally expanding B cells called centroblasts and
the light zone, that is made up of centerocytes that are not actively proliferating, as well
as FDCs, TfHs and macrophages. Within these zones, B cells increase their Ig-affinity via
somatic hypermutation (SMH) and affinity maturation. Fully activated B cells that have
interacted with TfHs start expressing an enzyme called activation-induced cytidine
deaminase (AID), which will deaminate cytosines in the DNA directly, introducing DNA
breaks in the variable (V) region of the VDJ-gene responsible for Ig recombination. The
imprecise nature of the DNA repair mechanism then leads to the introduction of point
mutations in this region. Rapid proliferation in combination with these mutations

ultimately leads to the production of many mutant immunoglobulins on the B cell




surfaces that have the potential to recognize the target antigen differently (Chaudhuri
et al.,, 2003). The resulting B cells consequently undergo a process called antigen
maturation, in which they compete for access to the TfH co-stimulation needed for
survival. B cells carrying higher affinity Ig are able to bind and thus also present more

peptides on their MHCII molecules.
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Figure 2: Schematic representation of B cell maturation [adapted from (Milardi, Lleo, 2023,
Pillai, Cariappa, 2009)]




The process of SHM and affinity maturation takes place in a cycling manner. Centroblasts
express CXCR4, which enables them to migrate along the CXCR12 gradient towards the
light zone, where they interface with TfH cells and eventually downregulate CXCR4 in
favor of CXCR5 to move back towards the CXCR13 in the dark zone. There they will
continue to proliferate and undergo SMH again (Allen et al., 2004). This alternation in
cytokine expression and location has made the classic use of terms such as centroblasts
and centrocytes, which are mainly based on the location of the B cells, slightly obsolete.
Alike, the final crossroads of exiting the cycle of the GC to become either a LLPC or a
Bmem cell is likely caused by repeated exposure to the CD4/CD40L interaction, causing a
downregulation of Bcl-6 and an upregulation of IFR4 (Ise et al., 2018). These changes
enable the plasma cells precursor differentiation into Bcl-6'°/CD69" cells, that can
further downregulate their Pax5 to finally become LLPC secreting high-affinity
antibodies (Nera et al., 2006). Alternatively, it has been found that Bach2 plays an
essential role for a GC-B-cell to differentiate into a Bmem cell, which occurs relatively early
in the GC process. CD40 interaction with its ligand evidently suppresses Bach2
expression and thus decreases the chance for Bmem cell development. Thus, B cells with
relatively lower affinity BCRs retain higher levels of Bach2 due to their less frequent TfH
interaction and are able to exit the GC to become Bmem cells. By forming Bmem cells from
B cells that have lower affinity antibodies, the immune system retains the capability to
respond with a higher degree of flexibility to changing antigens with its Bmem cells, while
still guaranteeing extremely high affinity antibody selection in the LLPCs for a strong
immune response. These complex and still not fully understood mechanisms emphasize

why it is increasingly difficult to treat autoimmune diseases.

1.2.1. Autoimmune blistering skin diseases

The most common autoimmune blistering diseases (AIBD) in the skin are Bullous
pemphigoid, dermatitis herpetiformis and pemphigus. Even though some of the AIBDs
are relatively rare, 2.5% of the general population is burdened by autoimmune diseases
related to autoantibody production (Ludwig et al., 2017). These types of diseases are

known for their immune reactions against parts of the intracellular or cell-matrix




adhesion proteins within the epidermis, that interfere with the skin barrier and cause
itchiness, blistering and erosions (Udey, Stanley, 1999). Multiple different mechanisms
of action have been identified for the interference of autoantibodies, including steric
hindrance and cell signaling, that lead to desmosomal instability as well as complement
and inflammatory processes, which all ultimately lead to the keratinocyte death and loss
of adhesion characterizing these diseases (Kamaguchi, Iwata, 2019, Ludwig, 2015,
Ludwig et al., 2017). Even though the precise processes of disease onset have not yet
been discovered, it has been proposed that cell damage could be the “triggering factor”
that initiates the autoimmune reaction. This damage can come from varying sources like
trauma, UV radiation, pre-existing conditions, viral infections or radiotherapy (Baroero
et al., 2017, Bastuji-Garin et al., 2011, Bech et al., 2018, Fernandes et al., 2017, Furukawa
et al., 1981, Gambichler et al., 2015, Gee et al., 2012, Jang et al., 2018, Khosravani et al.,
2017, Melani et al., 2005, Nguyen et al., 2014, Sanchez-Palacios, Chan, 2004, Sen et al.,
2013, Varpuluoma et al., 2019). The current therapeutic options all rely on largely
unspecific immunosuppression that come with severe side effects and underline the

need for more targeted approaches.

1.2.2. Pemphigus diseases

Pemphigus refers to a family of rare but severe AIBDs that includes many different sub-
forms. The two major forms of pemphigus are p. vulgaris (PV) and p. foliaceus (PF), with
PV being the most prevalent, accounting for 70% of total diagnosed patients (Kridin et
al., 2017). PV can manifest either in a mucosal-dominant or mucocutaneus-dominant
way, whereas PF only affects the cutaneous skin in the superficial epidermis. Pemphigus
vulgaris is found worldwide in all different ethnic and racial groups with an incidence of
0.75 to 5 cases per million each year (Zhao et al., 2023). This incidence varies greatly
based on location, Switzerland having the lowest yearly incidence rate of 0.6 cases per
million and Jerusalem having the highest with 16.1 (Marazza et al., 2009). Meanwhile,
PF has a much lower incidence of less than 1 case per million annually and no noticeable
ethnic proclivity. It has been observed that an ethnic susceptibility is present in PV, as a

study in northern Israel found a three-fold higher incidence in people with Jewish roots,




compared to those of Arabic descent (Kridin et al., 2016, Kridin et al., 2018).
Furthermore, a genetic susceptibility to PV was found in people carrying a number of
specific HLA type Il genes, such as HLA-DRB1*04 and HLA-A*10 (Mobini et al., 1997).
Another genetic predisposition to PV has been associated with the gene ST18 C2H2C-
Type Zinc Finger Transcription Factor, which is known to regulate cell proliferation in a
negative way (Vodo et al., 2018). Even though PV remains a disease with life-threatening
potential, mortality rates have improved ever since the establishment of corticosteroids
as first line therapy. Before this treatment option became available, up to 75% of
patients died within the year after diagnosis due to severe infections (Kridin et al., 2016,
Kridin et al.,, 2018). Even nowadays, patients with PV have a 1.7-3.6 times higher

mortality compared to the general population average (Kridin et al., 2018).

1.2.3. Cellular and molecular mechanisms in pemphigus vulgaris

There is a common consensus that self-generated IgG antibodies play a major role in PV
and PF, especially regarding active blister formation and acantholysis. In PF, the loss of
adhesion is limited to the upper epidermis, specifically in the granular layers,
accompanied by anti-Dsgl autoantibodies found in the blood. These autoantibodies are
also found in PV, but as this subtype shows deeper blistering within the basal layer, most
patients also present with anti-Dsg3 IgG. These antibodies primarily belong to the
subtypes IgG4 and IgG1. Sera from these patients have been shown to be able to induce
blistering in ex-vivo and in-vitro models (Anhalt et al., 1982, Spaeth et al., 2001). The
precise mechanism of action by which the IgGs interfere with the transinteraction of
Dsg1/3 is not entirely uncovered. One option would be classical steric hindrance of the
IgG with the ectodomain (EC) 1 of the Dsgs (Miiller et al., 2008). It has been proven that
anti-Dsg3 interacts with the N-terminal part of the respective Dsg3 ectodomain, which
has been shown to correlate with disease activity. Additionally, studies with the EC1-
targeting monoclonal antibody AK23 supported the interaction with functional data
(Tsunoda et al., 2003). The alternative to steric hindrance would be conformational

changes due to auto-allosteric effects, but no evidence has yet been presented.
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Nevertheless, it has to be mentioned that in a number of patients there was no
correlation between IgG levels and clinical display of the disease, and some patients
have been found to have no Dsg3/Dsgl antibodies (Jamora et al., 2003). Further analysis
of pemphigus patient sera showed that there are several other autoantibodies that
target different adhesive junction structure proteins, such as Dsg4, Dscl-3, or E-
cadherin. While some of these antibodies have been shown to not be sufficient to cause
pathogenic reactions by themselves (e.g. Dsg4 antibodies), others fit very well into the
context of cell-cell adhesion loss (Nagasaka et al., 2004). It is known that desmogleins
do not only interact in a homophilic way, but also enter into heterophilic interactions
with Dscl and 3. Consequently, it is possible that an interference with, for example Dsc3,
could also cause acantholysis akin to the effect of Dsgl or Dsg3. Especially Dsc3 has been
revealed to elicit a PV-like phenotype in a genetic deficiency mouse model, which is
presenting with a distinct loss of adhesion in the epidermal basal layer (Chen et al.,
2008). At the same time, it has to be kept in mind that these cases of patients without
antibodies against Dsgl or 3 only account for about 15% of all patients with acute
disease activity (Ahmed et al., 2016). Hence, antibodies aimed against Dsg isoforms are
still considered to be the primary disease driver. Simultaneously, Veldman et. al.
uncovered that PV patients exhibit a T helper cell type 2 (Th2) activation that replaced
the dominant regulatory T helper cell mechanisms in healthy individuals and contributes

to the pathogenic development (Veldman et al., 2004).

On molecular level, pathways involving p38 mitogen-activated protein kinases
(p38MAPK), epidermal growth factor receptor (EFGR) and the tyrosin kinase Src seem
to play a role in the pathogenesis of PV, as their presence increased within 30 to 240
minutes of PV-IgG stimulation in-vitro. Src was found to be activated the first within 30
minutes, closely followed by EFGR which peaked at 60 minutes exposure and finally
p38MAPK was upregulated after 120 minutes, peaking at 240 minutes. Considering that
blister formation only starts four to six hours after PV-IgG treatment, these mechanisms
must activate downstream targets that contribute to acantholysis later on. Further
experiments demonstrated that EFGR activates ERK1/2 signaling downstream and

results in apoptosis of keratinocytes over c-Jun phosphorylation. Interestingly, inhibition
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of p38MAPK, EFGR or Src has been demonstrated to prevent blister formation in-vitro
and in case of p38MAPK and Src also in-vivo (Berkowitz et al., 2006, Chernyavsky et al.,
2007, Frusié-Zlotkin et al., 2006).

1.2.4. Therapy

General first line treatments of PV are usually corticosteroids, which are given either
orally, topically or intravenously (AQUILINA et al., 1953, Polson et al., 1951). It is known
that corticosteroids, such as prednisone, have strong side effects that add to the burden
of a patient dealing with an already severe disease. Furthermore, unresponsiveness or
eventual resistance to corticosteroids may be acquired. Alternative treatments in case
of first line therapy failure include corticosteroid-sparing drugs such as azathioprine,
mycophenolate mofetil, or rituximab (Arin et al., 2005, Salopek et al.,, 2002, Wolff,
Schreiner, 1969). These treatments may be combined with oral corticosteroids or
intravenous application of I1gG therapy (Harman et al., 2017). There are additional
treatment options that are largely still in phases of clinical trials or await approval by the
FDA. These third line options include for example cyclophosphamide,
immunoadsorption, methotrexate, or plasma exchange therapy (Harman et al., 2017).
As pemphigus varies a lot from patient to patient, many of the treatment combinations
need to be adapted to the individual’s situation and often need to be modified

depending on the activity state of the disease or the response to a certain treatment.

1.3. Pemphigus vulgaris mouse models

As PV is a rare disease and patient materials tend to be hard to come by in larger
guantities. As disease mechanisms are too involved to be properly reflected with in-vitro
models, animal models are vital for the progression of research on this illness.
Unfortunately, there are currently no options available that manage to mirror PV in its
entire process successfully. The mouse models that have been established can be
categorized into three groups: passive transfer, adoptive transfer and humanized

models. Passive transfer models are based on the transfer of patient-derived antibodies
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into mice that induce a temporary PV-like phenotype. Adoptive transfer models refer to
the transfer of lymphocytes from one mouse model to another and induce a complex
antibody-driven PV-phenotype. Lastly, humanized models describe mouse models that
are transgenic for one or more human genes and in which immunization with human

Dsg3 protein leads to the production of autoantibodies.

1.3.1. Passive transfer models

The passive transfer models were historically the first animal models to be established
to study PV (Anhalt et al., 1982). The principle relies on the skin of BALB/c neonate mice,
showing visible blistering after being injected with patient serum intraperitoneally (i.p.).
The doses used, range from 1.5-16 mg/g BW/day and are able to induce acantholysis in
the basal epidermal layers in a timeframe of six hours post injection. This loss of
adhesion could be observed with a splitting of the desmosomes involved, as well as
erosions in other ultrastructural features. However, this effect only persisted if
injections continued, as the lesions were able to heal if no more PV-IgG had been
administered. The use of this animal model enabled researchers to reveal mechanistic
relationships of PV-IgG-induced loss of adhesion. For example, Gil et. al. was able to
demonstrate that suppression of tyrosine kinase family FAK was able to prevent PV-IgG-
induced blister formation and keratinocyte apoptosis (Gil et al., 2012). Some progress
with passive transfer models was achieved when a murine monoclonal antibody AK23,
which targets Dsg3, was shown to be able to produce blister formation in adult mice of
C57BL/6J and Rag2-/- lines (Schulze et al., 2012). A second approach to being able to
study PV mechanisms in adult mice was attempted by grafting human mucosal skin onto
the backs of immunodeficient nude mice (SCID) and consequently injecting these mice
with patient sera. Even though the 1gG could be detected in the skin, only a slight loss of
adhesion could be observed in 33% of the animals carrying these grafts (Zillikens et al.,
2001). Considering the complexity of this xenograft model, it did yield enough
advantages to be viable. Generally, passive transfer models suffer a number of severe
limitations, including the short window of operation, the lack of involvement of the

immune system in generating autoantibodies, the limited availability of sufficient
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patient material for bigger studies and finally the translational limitations of neonate

mice themselves.

1.3.2. Adoptive transfer models

Adoptive transfer models make use of Dsg3 knockout mice, which show a phenotype
that resembles PV by displaying mucosal lesions orally. This ko-model itself cannot
entirely be considered a PV mouse model, as these mice have none of the immunological
hallmarks of PV (Koch et al., 1997). Naturally, immunization of these mice with murine
Dsg3 led to a severe phenotype displaying with eosinophilic spongiosis and large areas
of skin being affected (Ohyama et al.,, 2002). Nevertheless, it was shown that
splenocytes of immunized Dsg3-ko mice contained T- and B cells that were capable of
producing suprabasal blistering with the typical hallmarks of tombstone-like
keratinocytes and split desmosomes, when transferred intravenously into Rag2-/- mice
(Shimizu et al., 2002). This model was further investigated by the transfer of naive spleen
cells derived from Dsg3-ko mice into Rag2-/- recipient mice. These animals ultimately
showed pathogenic antibody production without immunization but did not seem to
display an apparent difference in severity of blistering over the immunized transfer
experiments (Aoki-Ota et al., 2004). Adoptive transfer models were certainly a step
forward to achieving a fully translational PV-mouse model but suffered from high
transfer failure rate, that is inherent to transfer models, while also not dealing the

process of overcoming immunological tolerance mechanisms that are central in PV.

1.3.3. Humanized mouse models

The first use of a humanized mouse model for PV were mice that are transgenic for
human Dsg3 (hDsg3) being utilized within passive transfer models. This mouse strain
had the mouse Dsg3 (mDsg3) fully knocked-out and replaced by hDsg3 and was thus
able to provide the target protein for PV-IgG. Upon administration of patient sera from
mucosal-dominant PV patients, these animals displayed the typical suprabasal lesions in
the oral mucosa and the PV-IgG was shown to be present at the lesional sites (Culton et

al., 2015).
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Another humanized approach was making use of the genetic predisposition in HLA genes
that was discussed earlier. A transgenic mouse line expressing both HLA-DQB1*04:02
and HLA-DQB1*03:02 was created that had additional human CD4 introduced, while the
murine major histocompatibility class Il molecule (I-AB) was knocked-out. These mice
had both the humanized antigen presenting and co-stimulatory molecules upon their
lymphocytes and did not inherently display any developmental or immunological
abnormalities. Immunization of these HLA-B6 mice with hDsg3 resulted in a robust anti-
Dsg3 antibody production that lasted weeks after the second immunization. This mouse
model was used to demonstrate the critical relationship of T-B-cell interaction in the
production of autoreactive antibodies against Dsg3, as inhibition of CD40L abolished the
IgG production completely (Eming et al., 2014). Furthermore, the importance of T
regulatory cells (Tregs) was highlighted when it was shown that superagonistic
stimulation of CD28 impaired the autoantibody production significantly (Schmidt et al.,
2016). Generally, the humanized HLA-B6 model makes immunological characterization
studies possible, but therapeutical investigations relatively difficult, as no phenotype
can be observed in these mice, neither with murine nor human Dsg3 immunizations

(Boch et al., 2021).
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1.4. Hypothesis and aim

Pemphigus vulgaris (PV) emerges from the convergence of autoreactive immunity that licenses
high-affinity anti-desmosomal IgG antibodies and keratinocyte vulnerabilities within the
desmosomal network that determine whether, where and when acantholysis occurs. Despite the
presence of anti-desmoglein antibodies, existing mouse models incompletely capture the
sequence from tolerance break to sustained tissue pathology and current therapies remain
largely broad and unspecific immunosuppression. Humanized models provide critical leverage
to interrogate human-restricted antigen presentation and to elicit anti-human Dsg3 responses,
but a causal link between Th2 programming and pathogenic anti-Dsg3 immunity and a fully
characterized active-immunization model that recapitulates adult PV features are still lacking.
Previous work indicates Th2 skewing in PV patients and highlights keratinocyte stress pathways
downstream of autoantibody binding. Therefore, the underlying hypothesis of this work consists
of 2 aspects: (i) GATA—3—driven Th2 differentiation is required to generate and maintain
pathogenic anti-Dsg3 responses, and (ii) active, adjuvant-supported hDsg3 immunization of
human Dsg3—expressing mice can overcome peripheral tolerance and subsequently reproduce
histological and molecular hallmarks of PV in adult mouse skin. To test these hypotheses, we
evaluate within this study whether targeted attenuation of Th2 programming diminishes
germinal-center output, antibody quality, and early epithelial injury, and whether a refined
active-immunization strategy in humanized Dsg3 mice yields a robust, analyzable disease

phenotype spanning features from pre-lesional signaling to overt suprabasal blistering.

In more detail, the aim of this study is (1) to define the necessity of Th2/GATA-3 for anti-Dsg3
autoimmunity in an HLA class ll-humanized context using antisense inhibition of Gata3, and (2)
to establish and systematically characterize an active-immunization model in humanized Dsg3
mice that enables longitudinal assessment from tolerance break to lesion formation. Taken into
account that PV likely comprises both immune-driven and adhesion-network determinants, our
approach integrates immunological readouts (germinal centers, TfH support, antibody
titers/affinity/subclass) with epidermal endpoints (intercellular 1gG deposition, immediate-
early/AP-1 signaling, p38-MAPK/ERK activation, desmosomal composition, and suprabasal

clefting).

Specifically, the following research questions will be addressed:
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e Does antisense inhibition of Gata3 in HLA-humanized, hCD4-expressing mice reduce Th2
polarization and thereby diminish germinal-center formation of hDsg3-specific
antibodies, class switching, and affinity maturation?

e (Can a break of tolerance be achieved in humanized Dsg3 mice via active immunization
(with optimized antigen, adjuvant, and schedule characteristics), leading to sustained
anti-human Dsg3 autoantibodies?

¢ Do immunized humanized Dsg3 mice develop histological and phenotypical features of
PV, including intercellular IgG deposition, “tombstone” keratinocytes appearance, and
suprabasal blistering in mucosa and/or skin?

e  Which molecular and immunological mechanisms couple emerging anti-Dsg3 immunity
to keratinocyte injury, specifically, are immediate-early/AP-1 programs and p38-
MAPK/EGFR->ERK signaling pathways engaged in pre-lesional tissue before overt
acantholysis?

e How do desmosomal components (Dsgl/3, Dsc3, Pkp1/3, plakoglobin, desmoplakin)
and their layer-specific distribution change during disease induction and perpetuation,

and do these alterations correlate with site-specific vulnerability and clinical severity?

By directly testing Th2/GATA-3 dependence and delivering an adult, active-immunization
platform with integrated immune and epithelial readouts, this work seeks to connect helper-T
cell polarization to keratinocyte failure modes in PV and to provide a foundation for targeted,

mechanism-based intervention.
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MATERIALS & METHODS

2. Materials & methods
2.1. Devices and chemicals

2.1.1. Devices

Name

Provider

A.EL.VIS ELISPOT scanner

Active Bioscience, Hamburg, Germany

Agilent 2100 Bioanalyzer

Agilent, Waldbronn, Germany

BD Rhapsody single cell Analysis System

BD, San Jose, CA, US

Biometra TRIO

Analytik Jena, Jena, Germany

Bruker In Vivo Xtreme Il imaging system

Bruker, Billerica, MA, US

CASY cell counter and analyzer TT

Omni Life Science, Bremen, DE

CellDrop FL fluorescence cell counter

Denovix, Wilmington, US

Centrifuge (Megafuge ST plus series)

Thermo Fisher, Osterode am Harz, DE

FACS Canto Il

BD, San Jose, CA, US

Incubator (HERAcell VIOS 250i)

Thermo Scientific, Langenselbold, DE

LSR Fortessa Cell Analyzer

BD, San Jose, CA, US

Microplate reader (Infinite F200 Pro)

Tecan, Mannedorf, CH

Microscope (AE31E)

Motic, Barcelona, ES

Microtome (HM 3555S)

Thermo Scientific, Rockford, IL, US

Scale (Pioneer™)

Ohaus, Nanikon, CH

2.1.2. Chemicals

Name

Provider

2G4 anti-hDsg3 antibody

in-house (Hudemann et al., 2023)

Ammonium chloride

Carl Roth, Karlsruhe, DE

Anti-mouse CD28 (Ultra-LEAF purified)

Biolegend, San Diego, CA, US

Anti-mouse CD3 (Ultra-LEAF purified)

Biolegend, San Diego, CA, US

Bovine serum albumin (BSA)

Anprotec, Bruckberg, DE

Brefeldin A Sigma Aldrich, St. Louis, MO, USA
CASYton (buffer solution) Omni Life, Bremen, DE

Collagen 7 Sigma Aldrich, St. Louis, MO, USA
Dimethyl sulfoxide (DMSO) Carl Roth, Karlsruhe, DE

Dispase Il Sigma Aldrich, St. Louis, MO, USA
Entellan mounting medium Merck, Darmstadt, DE

Eosin Carl Roth, Karlsruhe, DE

Ethanol 100%

Carl Roth, Karlsruhe, DE

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Steinheim, DE

Fetal Bovine Serum (FBS)

Thermo Scientific, Rockford, IL, US
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MATERIALS & METHODS

Name

Provider

Fetal calf serum (FCS)

Anprotec, Bruckberg, DE

Formaldehyde 37%

Sigma Aldrich, St. Louis, MO, USA

Hanks' Balanced Salt Solution (HBSS)

Thermo Scientific, Rockford, IL, US

hDsg3 protein

Invivogen, Toulouse, France

Hematoxylin

Carl Roth, Karlsruhe, DE

lonomycin

Sigma Aldrich, St. Louis, MO, USA

Liquid nitrogen

Linde, Gablingen, DE

Mouse Fc-Block (CD16/CD32)

BD Pharming, Ashland, US

Penicillin/streptavidin

Anprotec, Bruckberg, DE

Phosphate-buffered saline (PBS)

Sigma Aldrich, St. Louis, MO, USA

PMA

Sigma Aldrich, St. Louis, MO, USA

Polyclonal rabbit anti-mouse HRP (P0161)

Dako Denmark A/S, Glostrup, DNK

Roti-clear (dewaxing)

Carl Roth, Karlsruhe, DE

RPMI cell culture medium

Anprotec, Bruckberg, DE

Trypsin-EDTA (0.25%)

Thermo Scientific, Rockford, IL, US

GATA-3-DNAzyme (hdg40)

Sterna biologicals, Marburg, Germany
(Sequence IP protected)

GATA-3-Gapmer

Secarna Pharmaceuticals, Munich,
Germany (Sequence IP protected)

2.1.3. Flow cytometric antibodies

Directed to Conjugate, Final dilution, Provider

Reactivity, Clone
CD19 BV605, rat anti-mouse, 1D3 BD Pharming, Ashland, US
CD25 PE, rat anti-mouse, PC61.5 eBioscience/Thermo Scientific,

Rockford, IL, US

CD279 (PD-1)

BV421, rat anti-mouse, 9F.1A12

Biolegend, San Diego, CA,
us

CDh4 BV510, 1:500, Biolegend, San Diego, CA,
rat anti-mouse, RM4-5 usS

CD4 FITC, rat anti-mouse, RM4-5 Invitrogen/Thermo Scientific,

Rockford, IL, US

CD4 FITC, mouse anti-human, RPA- Biolegend, San Diego, CA,
T4 us

CD4 AF700, mouse anti-human, RPA- | Biolegend, San Diego, CA,
T4 us

CD4 V450, mouse anti-human, RPA- | BD Pharming, Ashland, US
T4

CDh4 Pacific Blue, mouse anti-human, | Biolegend, San Diego, CA,

RPA-T4

N
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MATERIALS & METHODS

Directed to Conjugate, Final dilution, Provider
Reactivity, Clone

CXCR5 PE, rat anti-mouse, L138D7 Biolegend, San Diego, CA,

(CD185) us

FoxP3 PE-Cy5, rat anti-mouse, FJK-16s | Invitrogen/Thermo Scientific,

Rockford, IL, US

GATA-3 AF488, monoclonal anti- BD Pharming, Ashland, US
mouse/human, L50-823

GATA-3 AF647, monoclonal anti- BD Pharming, Ashland, US
mouse/human, L50-823

H-2 Class | PE, rat anti-mouse, M1/42 BD Pharming, Ashland, US

IFNy PerCP-Cy5.5, rat anti-mouse, Biolegend, San Diego, CA,
XMG1.2 us

IFNy BV421, rat anti-mouse, XMG1.2 | Biolegend, San Diego, CA,

us

IL-5 PE, monoclonal anti- BD Pharming, Ashland, US
mouse/human, TRFK5

T-bet V450, monoclonal anti- BD Pharming, Ashland, US
mouse/human, O4-46

T-bet BV421, mouse anti- Biolegend, San Diego, CA,
mouse/human, 4B10 us

2.1.4. Animal experiments

Provider

In-house bred

In-house bred

Cusabio, TX, US

Sigma Aldrich, St. Louis, MO, USA
Medistar, Ascheberg, DE

Sigma Aldrich, St. Louis, MO, USA

Name

C57BL/6 hDsg3 mice

C57BL/6 HLAtg mice

Exfoliative toxin A (ETA)
Incomplete Freund’s Adjuvant
Ketamine 10%

Mycobacterium tuberculosis H37Ra
Dessicated

Pertussis toxin

Xylazine (Rompun 2%)

BD Pharming, Ashland, US
Bayer, Leverkusen, DE

2.1.5. Buffers and solutions

Provider

H,0, 0.15 M ammonium chloride,

10 mM potassium hydrogen carbonate,
0.5 mM EDTA

Name
ACK-lysis buffer
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Name

Provider

Bicarbonate buffer (pH 9.6)

3.7 g Sodium bicarbonate (NaHCOs)
0.64 g Sodium carbonate (Na2COs)
1| Distilled water

Digestion solution

5 mg/ml Dispase Il in HBSS

ELISA Block buffer

1% BSA with 0.1% Tween-20 in PBS

ELISA Wash Buffer

0.1% Tween-20 in PBS

ELISpot substrate solution

20 ml 0.1 M Acetate Solution (6 ml)
666.6 Wl AEC stock solution (199.98 pl)

Staining buffer

PBS, 0.5% BSA

TE buffer

0.05% Trypsin-EDTA solution

Trypsin neutralizing solution

5% FBS in HBSS

2.1.6. Kits

Name

Provider

BD Rhapspdy Cartridge Kit

BD, San Jose, CA, US

BD Rhapspdy cDNA Kit

BD, San Jose, CA, US

BD Rhapspdy Flex Multiplex Kit

BD, San Jose, CA, US

BD Rhapspdy VDJ FL Kit

BD, San Jose, CA, US

BD Rhapspdy Whole Transcriptome
Amplification Kit

BD, San Jose, CA, US

BD™ ELISPOT Mouse IFNy ELISPOT Pair

BD, San Jose, CA, US

BD™ ELISPOT Mouse IL-4 ELISPOT Pair

BD, San Jose, CA, US

BD™ ELISPOT Mouse IL-5 ELISPOT Pair

BD, San Jose, CA, US

Foxp3/Transcription Factor Staining
Buffer Set

Invitrogen, Carlsbad, CA, US

High Sensitivity DNA Kit

Agilent, Waldbronn, Germany

Qubit™ DNA HS assay kit

Invitrogen, Rockford, IL, US

2.1.7. Consumables

Name

Provider

30 um & 100 pm strainer

Miltenyi Bergisch-Gladbach, DE

96-well U-bottom cell culture plates

Sarstedt, Nimbrecht, DE

96-well V-bottom cell culture plates

Greiner, Kremsmiinster, Austrich

Flow cytometry tubes 5 ml, 75x12 mm

Sarstedt, Nimbrecht, DE

LS/MS columns

Miltenyi Bergisch-Gladbach, DE

Microscope sildes

Marienfeld, Lauda-Koénigshofen, DE

RNase free tubes 1.5 ml

Thermo Scientific, Langenselbold, DE
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2.1.8. Immunization solutions

Substance

Concentration

Adjuvant (Ratio)

DNAzyme (hdg40)

8 mg/ml in PBS

Exfoliative toxin A (ETA)

0.5 ug/g BW in PBS

Exfoliative toxin A (ETA)

1 pg/g BW in PBS

Exfoliative toxin A (ETA)

2,5 ug/g BW in PBS

Gapmer (GAP)

10 mg/ml in PBS

human Desmoglein 3
(hDsg3)

0.25-0.5 mg/ml in PBS

Imject Alum Adjuvans (1:1)

human Desmoglein 3

0.3 mg/mlin PBS

Complete Freunds Adjuvant (1:1)

(hDsg3)

Pertussis toxin
scrDNAzyme (ODNgNews3)
scrGAPmer (negl)

2 ug/ml in PBS -
8 mg/ml in PBS -
10 mg/ml in PBS -

2.1.9. Software

Name Provider
GraphPad Prism 10 GraphPad, San Diego, CA, US
R tools 4.4.0 Freeware

FlowJo 10.10.0
R studio 2024.04.0+735
ChatGPT (GPT-5)

BD, Ashland, US
Posit, Boston, MA, US
OpenAl

Parts of this thesis were stylistically revised using ChatGPT, however, artificial

intelligence did not impact the content itself.

2.2. In-vivo experimental setup

The animals are being taken care of by trained animal care personnel according to the
respectively valid instructions for this region. Mice were housed with siblings in
individually ventilated cages. All mice had access to food and water ad libitum in rooms
with electronically controlled 12h/12h day/night rhythm. Nestlets made of dust-free
cotton fibers and cardboard rolls served as enrichment. All animal experiments were
performed according to federal guidelines for the use and care of laboratory animals
and all were authorized by the local responsible authorities (Nr. G24/2018, G80/2022,

Regierungsprdsidium Giefsen, Germany) and included an ethical evaluation part.
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Animals used were either standard C57BL/6J mice or in-house bred transgenic C57BL/6)
strains that have humanized genetic modifications. The HLA-B6 mouse strain had their
MHCII knocked-out and human HLA-DRA1*01:01-DRB1*04:02 and HLA-DQA1*03:01, -
DQB1*03:02 (DQ8) genes knocked in. Additionally, these mice have human CD4
additionally to their normal murine CD4. These animals were primarily used for the
localized Hock-immunization experiments. The second mouse strain has also a C57BL/6)
background, these animals have their Dsg3 replaced with a chimeric humanized Dsg3,
in which the ectodomains are human and the membrane and cytosolic domains remain

mouse Dsg3. These animals were used for the PV-phenotype model experiments.

2.2.1. Hock immunizations

HLA-B6 animals of both genders, 6 to 8 weeks of age, were immunized according to the
individual experimental protocols (see Figure 3Figure 5). The human Dsg3 protein was
mixed with Imject Alum Adjuvans at a 1:1 ratio to a final concentration of 0.25 and 0.5
mg/ml for the Hock-establishment experiment and 0.6 mg/ml for all following
experiments. On day 0 and 14, each animal received 40 pl protein- or PBS-mix
subcutaneously (s.c.) into the right hindleg (Hock). The antisense treatment with
DNAzyme, Gapmer and their negative controls (scrambled) and injected s.c. into the
hindleg according to the experimental schemes (Figure 3Figure 5). Blood was taken bi-
weekly during the experiment by puncture of the vena facialis for the measurement of

hDsg3-reactive immunoglobulin G (IgG) titers.

s.c.(Hock) Alum + s.c.(Hock) Alum +
hDsg3 injection hDsg3 injection
Sacrifice
[day] O 14 (d28)

‘ Bi-weekly blood draw |

Figure 3: Schematic representation of the Hock-immunization experimental outline
s.c.: subcutaneous
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s.c.(Hock) s.c.(Hock)
antisense antisense
injection injection
s.c.(Hock) Alum + s.c.(Hock) Alum +
hDsg3 injection hDsg3 injection
| Sacrifice
[day] O 14 (d21)
| Bi-weekly blood draw ‘
Figure 4: Schematic representation of the treatment pilot experimental outline
s.c.: subcutaneous
s.c.(Hock) antisense injection
(3x per week)
s.c.(Hock) Alum + s.c.(Hock) Alum +
hDsg3 injection hDsg3 injection
Sacrifice
[day] O 14 (d42)
‘ Bi-weekly blood draw H Weekly blood draw ‘

Figure 5: Schematic representation of the antisense therapy experimental outline
s.c.: subcutaneous

2.2.2. In-vivo imaging

To assess the distribution of the substances injected into the Hock region, an in-vivo
imaging was performed by injecting the HLA-B6 mice with fluorescently labelled
DNAzyme into the Hock region. The animals were anaesthetized with isoflurane and
imaged in intervals of 10 min over the course of 130 min in total to monitor its

distribution (Figure 6).

s.c.(Hock) Alum +
hDsg3 injection

[min] O 130

In-vivo imaging (10 min intervals)

Figure 6: Schematic representation of the in-vivo imaging experimental outline
s.c.: subcutaneous
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2.2.3. ETA dose response

Multiple doses of exfoliative toxin A (ETA) were tested to find a sub-effective dose that
does not cause reactions by itself, while being as high as possible. The aim was to have
a dose that affects Dsg-1 binding without causing a phenotype by itself. Two different
doses (1 and 2.5 pg/g BW) were tested via subcutaneous injection and additionally 1
ug/g BW was also tested as i.p. administration. The four animals were monitored over
the course of 2 weeks and sacrificed early if skin abnormalities occurred. Skin biopsies
were taken for histological examination. All remaining animals were killed on day 14 by
a lethal dose of narcosis (200 ul i.p. injection of 400 mg/kg body weight ketamine + 40
mg/kg body weight xylazine), blood was drawn via the arteria axillaris and subsequent

organ removal followed.

i.p. ETA
injection

I > Sacrifice
do

Daily monitoring

Figure 7: Schematic representation of the ETA dose response experimental outline
s.c.: subcutaneous, ETA: exfoliative toxin A

Table 1: Classification of the ETA dose response groups.

Group Genetic background Treatment
1 hDsg3-B6 ETA: 1 ug/g BW s.c.
2 hDsg3-B6 ETA: 2.5 pug/g BW s.c.
3 hDsg3-B6 ETA: 1 ug/g BW i.p.

2.2.4. Immunization strategy experiments

Mice from the hDsg3-transgenic line, 6-8 weeks old and of both sexes were used for the
experiments. Groups were normalized by male to female ratio and weight distribution
as much as possible. The immunization strategy experiments consisted of a combination
of immunization with hDsg3 protein in modified Freund’s adjuvant (CFA) and the
injection of ETA as an additional Dsgl-inhibitor. Animals were distributed into four

groups according to their experimental schedules (Table 2). At the start of the
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experiments (d0), the animals were injected with a final concentration of 0.3 mg/ml
protein or PBS in IFA with 500 pug M. tuberculosis (CFA) mixed at a 1:1 ratio
subcutaneously on both flanks, according to the experimental schedules (see Figure 8).
On day 3, pertussis toxin was injected i.p. at a concentration of 2 ug/ml to all animals.
Animals of experiment C got a second s.c. injection of PBS or protein in IFA without
additions on day 14 into both shoulder regions. The mice were monitored daily for skin
changes. Blood was taken weekly via the v. facialis. Animals in experiment A were given
ETA on day 16 i.p. at the previously determined dose of 1 ug/g BW. Experiment B-D had
the ETA injection, of the same route and dose as A, 24 hours prior to sacrifice.
Occasionally, individual animals had to be taken out of the experiments prematurely, if
the injection sites got highly inflamed. All remaining animals were killed on day 30 (exp.
A and B), day 15 (exp. D) or day 35 (exp. C) by a lethal dose of narcosis (200 pl i.p.
injection of 400 mg/kg body weight ketamine + 40 mg/kg body weight xylazine), blood

was drawn via the arteria axillaris and subsequent organ removal followed.

s.c. mFA + i.p. pertussis s.c. IFA + hDsg3 i.p. ETA
hDsg3 injection toxin injection injection
[ | | | | Sacrifice
do d2 d14 variabe | (variable)

‘ Weekly blood draw |

Daily monitoring

Figure 8: Schematic representation of experimental outline of hDsg3-B6 mice immunizations.
s.c.: subcutaneous, i.p. intra-peritoneal, CFA: modified Freund’s Adjuvant, ETA: exfoliative
toxin A

Table 2: Classification of the experimental and control groups

Genetic ETA
Group background Immunization (day) injection

Al PBS hDsg3-B6 CFA + PBS (0) -
A2 PBS/ETA hDsg3-B6 CFA + PBS (0) d16
A3 hDsg3 hDsg3-B6 CFA + hDsg3 protein (0) -
A4 hDsg3/ETA hDsg3-B6 CFA + hDsg3 protein (0) die6
B.1 CFA (2x) hDsg3-B6 CFA + PBS (0, 14) -
B.2 CFA (2x)/ETA hDsg3-B6 CFA + PBS (0,14) d28
B.3 hDgs3/ETA hDsg3-B6 CFA + hDsg3 protein (0) d28
B.4 hDsg3 (2x)/ETA hDsg3-B6 CFA + hDsg3 protein (0, 14) d28
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Genetic ETA
Group background Immunization (day) injection

C1 CFA hDsg3-B6 CFA + PBS (0) -
C.2 CFA/ETA hDsg3-B6 CFA + PBS (0) d34
C3 hDsg3 hDsg3-B6 CFA + hDsg3 protein (0) -
c4 hDsg3/ETA hDsg3-B6 CFA + hDsg3 protein (0) d34
D.1 CFA hDsg3-B6 CFA + PBS (0) -
D.2 CFA/ETA hDsg3-B6 CFA + PBS (0) di4
D.3 hDsg3 hDsg3-B6 CFA + hDsg3 protein (0) -
D.4 hDsg3/ETA hDsg3-B6 CFA + hDsg3 protein (0) di4

2.3. Tape-stripping

Sticky tape of 5 cm length was applied to the backs of the mice with light pressure and

removed against the hair growth direction. The strips were weighted and the mean of

several blanks of the same length without hair was subtracted.

2.4. Preparation of single-cell suspensions

2.4.1. Spleen and lymph nodes

Spleen and popliteal lymph nodes were carefully extracted from the mouse. The size of

each lymph node was shortly measured on millimeter paper before both structures

were transferred to a 100 um filter each. The organs were pushed through the mesh to

create a single-cell suspension and rinsed with 10 ml RPMI medium afterwards. The cells

were then centrifuged at 1500 rpm for 3 min at 4 °C and the supernatant removed. The

erythrocytes of the spleen were lysed with ACK buffer for 5 min at RT and the reaction

was stopped with 10 ml medium. The lymph node pellet was simply resuspended in

medium and skipped the lysis step. Subsequently, the suspensions of both organs were

filtered through a 30 um mesh. The cells were counted on the CASY cell counter and

diluted if needed.
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2.4.2. Skin of cheek and neck

Skin pieces from the corner of the mouth and the neck area of about 0.5 cm? were taken
from each animal. The skin pieces were washed thrice with PBS. Next, the skin was
digested in dispase Il (5 mg/ml) for 60 minutes at 37°C. Afterwards, the tissue was
minced with scalpels to pieces of about 2mm size. The TE-buffer was prewarmed for 10
minutes and the minces tissue was submerged in 1 ml each. After an incubation of 10
minutes at 37°C, while shaking, the digestion was stopped using 1ml cold 5% FBS in
HBSS. The suspension was mashed through a 100um filter and the filter was rinsed
thoroughly. The resulting suspension was then filtered through a 30um filter to split up
larger cell clumps and centrifuged at 400g for 5 minutes at 4°C. The pellet was
resuspended in BD GUARD preservation buffer and stored over night at 4°C. The next
day, dead cell removal was performed on all samples using the Miltenyi DCR kit and the
cell viability and count was determined with the BD Rhapsody scanner using a Calcein
AM and DRAQ7 staining before the cell suspensions were further processed (see section

2.11).

2.5. Restimulation for Flow cytometric stainings

Splenocytes and lymphocytes (see 2.4 Cell isolation from spleen and lymph nodes) were
restimulated for the intracellular staining of transcription factors and cytokines. First,
the cell suspensions of each sample were transferred to a 96-well U-bottom plate and
restimulation medium was added at a 1:1 dilution to create final concentrations of 1
ug/ml lonomycin, 50 ng/ml PMA and Brefeldin A at a 1:1000 dilution. The cells were
incubated at 37 °C for 4 hours. Afterwards, the suspensions were transferred to V-
bottom plates and centrifuged at 1500 rpm for 5 min at RT and resuspended in MACS

for further analysis.

2.6. Serum extraction

Mice were sacrificed as described in 2.2 in-vivo experimental setup. Final blood was

drawn directly from the arteria axillaris and collected in 1.5ml Eppendorf tubes. All

28



MATERIALS & METHODS

blood samples were incubated for at least 1 h at RT and were centrifuged afterwards at
4,000 rpm for 20 min at 4°C. The clear serum was removed and frozen at -20 °C for

further analysis.

2.7. Enzyme-linked immunosorbent assay

A 96-half-well plate was coated with hDsg3 protein (10 pg/ml) in bicarbonate buffer and
incubated over night at 4 °C. The next day, the plate was washed five times with 0.1%
Tween-20 in PBS and afterwards blocked with 1% BSA with 0.1% Tween-20 in PBS for 1
h at RT. The mice sera were collected as described in 2.6 serum extraction and diluted
1:100, 1:400, 1:4000 or 1:12000 in 1% BSA with 0.1% Tween-20 in PBS. For the
qguantification, 2G4 antibody was used as reference in a dilution series. After blocking,
the buffer was removed and the sample dilutions were applied. The plate was incubated
on a shaker at 500 rpm for 2 h at RT. Afterwards, the plate was washed five times with
0.1% Tween-20 in PBS. A polyclonal rabbit anti-mouse HRP-conjugated detection
antibody was then added in a 1:2000 dilution in 1% BSA with 0.1% Tween-20 in PBS. The
detection antibody was incubated on the shaker for 1 h at RT in the dark. Finally, the
plate was washed five times again and ABTS developing solution with 1 pl H,0; was
added. The plate was immediately measured at 405nm continuously over the next 10

min on the TECAN reader.

2.8. Flow cytometry analysis

The previously prepared lymphocytes were prepared according to 2.5 Restimulation for
Flow cytometric stainings or taken directly after counting into V-bottom plates (see 2.4)
and centrifuged at 1,500 rpm for 5 min at RT. The supernatant was removed and
replaced with 20ul Fc-block, as well as 50ul of a pre-diluted antibody mixture containing
the respective antibodies for each panel. Additionally, single staining and isotype
controls and unstained controls received their respective solutions. The suspensions
were mixed and incubated for 30 min at 4°C in the dark. Afterwards, the plates were

washed twice by adding staining buffer and centrifuging at 1,500 rpm for 5 min at 4°C.
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The supernatant was discarded and the cells were permeabilized with the eBioscience™
Foxp3/Transcription Factor Staining Buffer Set (Cat. No. 00-5523-00) according to the
manufacturers protocol. In brief, 200 pl of fixation/permeabilization solution were
added, resuspended and incubated for 30 min at 4 °C in the dark. Afterwards, the cells
were washed with 200 pl permeabilization buffer, centrifuged at 1,500 rpm for 5 min at
4°C and resuspended in their respective antibody mixes for each panel. The intracellular
antibody mixtures and single staining and isotype controls were diluted in
permeabilization buffer to their respective dilutions. The cell suspensions were
incubated for 30 min at RT in the dark and washed with permeabilization buffer
afterwards. Finally, the cells were resuspended in staining buffer and transferred to flow
cytometric tubes for measurement. All samples were measured either on an BD LSR
Fortessa or Canto Il Flowcytometer. Compensation and gating analysis were done using
the FlowJo software. For each panel, first all cells were gated to exclude debris based on
forward and sideward scatter. Afterwards cells were gated into major cell populations
(i.e. CD4+ cells; CD8+ cells; B cells: CD19+; etc.) and further subclustered according to

their predefined marker combinations (see Table 3).

Table 3: Lymphatic cell population characterization markers (Flow cytometry)

Cell population Markers
Thl CD4+, Thet+
Or alternatively CD4+, IFNy+
Th2 CD4+, GATA-3+
Alternatively: CD4+, IL-5+
Treg CD4+, CD25+, FoxP3+
B cells CD3-, CD45+, CD19+
B cells — plasma cells CD3-, CD45+, CD19+, CD93+
Bcells—T1 CD3-, CD45+, CD19+, CD93+, IgM+, CD23-
B cells—T2 CD3-, CD45+, CD19+, CD93+, IgM+, CD23+
Bcells—T3 CD3-, CD45+, CD19+, CD93+, IgM-, CD23+

2.9. Enzyme-linked immunosorbent spot assay (ELISpot)

Cell suspensions were prepared as described in 2.4 and transferred to 96-well U-bottom
plates. For IL-4 and IL-5 assays 500,000 cells were used per sample and for the IFNy assay

200,000 cells per sample were used. The cells were incubated with medium containing
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either a combination of anti-CD3 (1 pg/ml) and anti-CD28 (2 pg/ml) antibodies, Dsg3
protein (10 pg/ml) or Collagen V (10 pg/ml) at 37 °C for 72 h. The ELISpot plates were
coated with the respective capture antibodies in a 1:200 dilution in sterile PBS for 24h
at 4 °C. Then, the ELISpot plates were washed with 1% BSA in PBS and blocked in the
same solution for 2 h at RT. The blocking solution was discarded and the cell suspension
were transferred from the U-bottom plate to the ELISpot plates. The plates were
incubated another 24 h at 37°C. Afterwards, the cell suspension was carefully removed
without damaging the ELISpot membrane. The plate was washed two times with distilled
water and then three times with 0.05% Tween-20 in PBS. The detection antibody was
applied in a 1:250 dilution in 0.5% BSA in PBS and the plates were incubated at RT for 2
h. Next, the detection solution was discarded and the plate was washed with 0.05%
Tween-20 in PBS three times. The enzyme conjugate (Streptadivin-HRP) was applied in
a 1:100 dilution in 0.5% BSA in PBS for 1 h at RT. Afterwards, the plates were washed
four times with 0.05% Tween-20 in PBS and subsequently two times with PBS only.
Finally, the substrate solution was activated with 10ul H,0; and added onto the plates.
The spots were developed over 10 min (IL-4/IL-5) and 8 min (IFNy) and reaction was
stopped by tossing and immediate thorough washing with distilled water. The plates
were left to dry overnight and the membranes on the bottoms of the wells were

transferred onto a sticky foil for measurement on the A.EL.VIS ELISPOT scanner.

2.10. Histological preparation and staining

The skin biopsies, which were previously fixed in 4% PFA, were embedded in warm 2%
agar. After cooling, the blocks were transferred to embedding cassettes and paraffin
embedding was done in the Dermatology Department of the University Hospital of
GielRen and Marburg. Afterwards, 3 um sections were made from the paraffin blocks
using a microtome. The skin sections were stained with hematoxylin and eosin (H&E)

(Table 4).
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Table 4: H&E staining procedure.
H&E
e 5 min PBS

e rinse VE-H20

¢ 3 min hematoxylin

* 5 min running tap water
e rinse VE-H20

¢ 2 min eosin with glacial acetic acid
* rinse VE-H20

¢ 1 min 70% ethanol

¢ 1 min 80% ethanol

¢ 1 min 96% ethanol

¢ 2x 1 min 100% ethanol
¢ 2x 10 min Roti-Clear

* mount coverslip using Entellan

2.11. Single-cell transcriptome analysis

Single cell multiomics was performed using the BD Rhapsody system according to
manufacturer’s protocols. The main steps are briefly described below, all reagents and
equipment were obtained from Becton Dickinson (San Diego, CA, USA) if not otherwise
stated.

Each single cell suspension was prepared for labelling with a PE Rat Anti-Mouse H-2 Class
| antibody (Cat. No. 566776) for 30 min at 4°C. After washing with BD Pharmingen Stain
Buffer (Cat. No. 554656) twice, each suspension was incubated with an individual oligo-
labelled multiplex tag antibody, which binds to PE, provided with the BD® Flex Single-
Cell Multiplexing Kits A-D (Cat. No. 633849-633852) for 20 minutes at room
temperature. The cells were washed twice with BD Pharmingen Stain Buffer (Cat. No.
554656). Subsequently, labelled cell suspensions were pooled and resuspended in
Sample Buffer (Cat. No. 650000062). The cell suspension was stained with 2 mM Calcein
AM (Cat. No. C1430; Thermo Fisher Scientific, Dreieich, Germany) and 0.3 mM Draq7

(Cat. No. 564904) for 5 minutes at 37°C. The cell number was counted using a disposable
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hemocytometer (Cat. No. DHCNO1-5; INCYTO, Cheonan, South Korea) and the cell
viability was determined. The BD Rhapsody Cartridge (Cat. No. 400000847) was primed
with 100% ethanol followed by 2 wash steps with Cartridge Wash Buffer 1 (Cat. No.
650000060) and a final wash with Cartridge Wash Buffer 2 (Cat. No. 650000061). About
20,000 cells of the labelled cell suspension were loaded onto the cartridge and
incubated for 15 minutes at room temperature. Excess fluid was removed and the
cartridge was loaded Enhanced Cell Capture Beads (Cat. No. 700027881). After
incubation for 3 minutes at room temperature, excess beads were washed off using
Sample Buffer. Subsequently, Lysis Buffer was applied to the cartridge, beads with
attached cell-specific mRNAs and antibody-specific oligos were extracted from the
cartridge by use of the BD Rhapsody Express instrument and washed twice with cold
Bead Wash Buffer (Cat. No. 650000065). The cDNA reaction mix was prepared as
indicated in the manufacturer’s protocol and mixed with the beads. The mixture was
incubated in a thermomixer at 37°C at 1,200 rpm for 20 minutes. Afterwards, the
supernatant was removed and replaced by the Exonuclease | mix prepared according to
the manufacturer’s protocol. The bead suspension was placed on the thermomixer again
at 37°C with 1,200 rpm for 30 minutes and afterwards at 80°C without shaking for 20
minutes. The suspension was then briefly placed on ice and the supernatant was
removed. Finally, beads were resuspended in Bead Resuspension Buffer (Cat. No.

650000066).

Single cell whole transcriptome mRNA and multiplex sample Tag libraries were prepared
using the BD Rhapsody™ Single-Cell Analysis system (Cat. No. 633774) according to
manufacturer’s recommendation (Doc ID: 23-24119 rev. 02). Briefly, the Bead
Resuspension Buffer was removed from the beads and the multiplexing tag product was
eluted from the beads, to be further processed later. Next, Random Primer reaction mix
containing the whole transcriptome extension primers was added to the beads and the
mixture was incubated for 5 minutes each at 90°C, then 37°C and 25°C while shaking at
1,200 rpm. After, the Primer Extension Enzyme Mix is added to the bead mixture and
incubated on the thermomixer at 25°C for 10 min, at 37°C for 15 min, at 45°C for 10 min

and finally at 55°C for 10 min, while constantly shaking at 1,200 rpm. The resulting
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product is denatured off the beads at 95°C for 5 min and then pipetted off. The random
priming extension (RPE) is then repeated one more time for optimal yield. Afterwards,
the PRE product is purified using AMPure XP magnetic beads (Cat. No. A63880; Beckman
Coulter, Krefeld, Germany) to remove primer dimers and other small by-products. Next,
the purified RPE product is being amplified with the RPE PCR mixture according to
protocol, for 11 cycles and subsequently purified again. The product was checked for
quality on the Agilent 2100 Bioanalyzer with the High Sensitivity DNA Kit (Cat. No. 5067-
4626; Agilent, Waldbronn, Germany) before proceeding. Using the measurement
results, the RPE product was diluted to 2 nM concentration and a final index PCR was
performed according to protocol, using 8 cycles. The resulting index WTA product was
purified with a dual-sided cleanup using the AMPure XP magnetic beads again. The
previously retained multiplex tag product was amplified and consequently purified two
times with the respective PCR mixtures according to the manufacturer’s protocols and
with 10 cycles each. The final index PCR for the multiplex product was performed with
7 cycles. Both the multiplex and the WTA index products were checked for quality on
the Agilent 2100 Bioanalyzer with the High Sensitivity DNA Kit (Cat. No. 5067-4626;
Agilent, Waldbronn, Germany) and their concentration was measured on the Qubit
Fluorometer with the Qubit dsDNA HS Kit (Cat. No. Q32851; Thermo Fisher Scientific).
The libraries were pooled for next generation sequencing on an Illlumina NovaSeq6000

(illumina, San Diego, CA, USA).

2.12. Bioinformatic analysis of single-cell data

The raw fastq files were processed by the BD Rhapsody in-house pipeline on the
Sevenbridges platform, so that the resulting count matrixes could be further analyzed.
The data was analyzed in R using the Seurat (v5) workflow (Hao et al., 2024).

First, we had to demultiplex the samples by assigning them if more than 55% of all
multiplexing reads came from the same sample tag allocation. Due to large noise in
sample 5, this sample was removed from the analysis, as well as all cells that did not
have a clear majority of one sample tag signal as defined above. Next, the mitochondrial

percentage was determined so that cells with more than 20% mitochondrial counts
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could be removed. Cells were further filtered so that cells with total counts and features
of less than 300 were excluded, as well as cells with more than 10.000 features. The
genes were filtered to exclude those that did not reach a summarized count of more
than 5 across all cells. After quality control a total of about 1500 cells were left per group,
each group consisting of three individual sample with 300 to 1200 cells.

The next step was to determine variable features so that the data could be scaled and a
principal component analysis (PCA) could be run. The number of PCs to include for the
UMAP (Uniform Manifold Approximation and Projection), was calculated so that each
PC only contributed 5% of the standard deviation, while the cumulative standard
deviation was 90%, which resulted in 16 PCs. We continued to regress out mitochondrial
genes, using SCTransform. Afterwards, a new PCA was run and a new UMAP
constructed, using 25 PCs calculated as previously discussed. Clusters were calculated
and manual, as well as automatic annotation using scType was performed to identify the
clusters. The scType reference file was extended with a skin specific data set from Joost
et. al., using both the significant marker genes against background and against the next
cluster (Joost et al.,, 2016). Clusters that showed neuronal, muscular or fibroblast
markers were excluded from further analysis. The remaining subset of pure epidermal
and immune cells was used to construct a new UMAP and a new clustering at resolution
0.6, resulting in 13 cluster. All clusters were annotated using epidermal and immune
canonical markers. Differential expression (DE) analyses were performed on each
annotated keratinocyte cluster. Within each cluster, cells were stratified by treatment
group, and marker genes were computed with FindMarkers using default Wilcoxon rank-
sum testing, a log fold-change threshold of 0, and minimum cell detection cutoff of 0.2.
Results were retained at both p < 0.05. For each cluster, differentially expressed genes
(DEGs) were identified for hDsg3 vs. PBS, hDsg3/ETA vs. PBS, and PBS/ETA vs. PBS. To
interpret transcriptional themes, we analyzed pre-defined functional gene sets covering
adhesion modules and stress signaling (Table 5). All heatmaps were generated from
these curated sets, ensuring direct comparability across clusters. For each cluster, genes
not appearing in DEG lists across all groups were removed for readability. Heatmaps

displayed log2 fold-change values, with significance marked by an asterisk in the

35



MATERIALS & METHODS

corresponding cell (p < 0.05). Rows corresponded to genes and columns to treatment
groups within each cluster. ChatGPT was used to automate and improve code workflows
in the analysis (OpenAl. ChatGPT (GPT-5; version 2025-10-10), 2025).

Table 5: Pre-defined gene sets used for DEG, overlap, and heatmap analyses

Gene set Members

Itga6, Itgb4, Col7al, Coll7al, Lamc2, Lama3, Lamb3, Dst, Plec,
Tspan5, Tspan8, Cd151

Dsgla, Dsglb, Dsg2, Dsg3, Dsg4, Dscl, Dsc2, Dsc3, Jup, Pkp1,

Hemidesmosomal

Desmosomal Pkp2, Pkp3, Dsp, Perp
Fos, Fosb, Fosl1, Jun, Junb, Jund, Egrl, Egr2, Atf3, KIf6, Dusp1,
IEG/AP-1 Dusp2, Dusp5, Duspb, ler2, ler3, Nrd4al, Nrd4a2, Nrda3, Zfp36,
Myc
EGFR axis Egfr, Areg, Ereg, Tgfa, Hbegf, Epgn, Btc, Rhbdf2, Adam17, Errfil
p38-MAPK (core) Mapk14, Mapk11, Mapk12, Mapk13, Map2k3, Map2k6

Map3k5, Map3k7, Tabl, Tab2, Tab3, Map3kl, Map3k2, Map3k3,
Map3k4, Map3k8, Map3k12, Map3kl13, Zak, Taok1, Taok2, Taok3
Mapkapk2, Mapkapk3, Mapkapk5, Rps6ka5, Rps6kad, Mknk1,
Mknk2

p38-MAPK (TF readouts) | Atf2, Mef2a, Mef2c, Mef2d

p38-MAPK (feedback
regulators)

p38-MAPK (upstream)

p38-MAPK (effectors)

Dusp1, Dusp10, Dusp16, Hspb1, Zfp36

2.13. Statistics

To analyze statistical significances, GraphPad 10 was used. All graphs show only
significant differences for biologically relevant comparisons. The data represented in
box plots is showing median with min to max whiskers if not otherwise indicated. An
outlier exclusion was performed via ROUT analysis with Q=1% (Motulsky, Brown, 2006).
All flow cytometric comparisons were performed using a Kruskal-Wallis test with Dunn’s
post-hoc (Kruskal, Wallis, 1952). ELISA measurements of different time points were
compared using repeated measure two-way ANOVA with Dunnett’s multiple
comparisons test for Figure 9 and Figure 23, while in Figure 17 only two time points were
analyzed with a Turkey’s comparison (Fisher, 1925, 1935, Tukey, 1949). The comparison
between hDsg3+ETA and hDsg3(2x)/ETA in Figure 27 was performed using a Mann-
Whitney test (Mann, Whitney, 1947). All differential gene expression tests were
performed using a Wilcoxon Rank Sum test, as per package FindMarkers default

(Wilcoxon, 1945).
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3. Results

3.1. Hock-immunization of HLA-B6é mice with human Dsg3
protein induces immunological changes in draining lymph

nodes and spleens

To investigate the effects of locally applied antisense therapies, a mouse model with a
primarily localized immune reaction was established. Due to the ethical regulations
regarding footpad injections, a hock injection approach was implemented as an
appropriate alternative. We were able to successfully detect Dsg3-specific antibody
titers already at day 14 following a single hDsg3 application which further increased
following the booster injection (Figure 9). Also, draining lymph nodes were considerably
bigger in size on the immunized side as compared to the corresponding control and

untouched lymph nodes from the left leg (Figure 10).

Dsg3-specific IgG ELISA
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Figure 9: Increased hDsg3- specific IgG titer in HLA-B6 mice following Hock-immunization.
Serum hDsg3 (desmoglein 3)-specific IgG levels of mice injected with either PBS, PBS in Alum or
hDsg3 in Alum on day 0 and 14, subcutaneously in one hind leg (Hock) measured at d14, d22 and
d28 post injection, n=6, * p < 0.05, ** p < 0.01, PBS: phosphate buffered saline, Alum: Imject™
Alum Adjuvant, hDsg3: human desmoglein 3.
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Figure 10: Hock-immunization with hDsg3 increases the size of the local draining lymph nodes.
Size of popliteal lymph nodes measured on millimeter paper. (A) Exemplary lymph nodes of the
node from the immunized (LNi) and control side (LNc) of each group, (B) Quantified lymph node
diameters, n=5-6, PBS: phosphate buffered saline, Alum: Imject™ Alum Adjuvant, hDsg3: human
desmoglein 3.

Both of these parameters suggest an increase in B-cell numbers and activities in
lymphoid organs. Accordingly, by flow cytometry analysis we identified an increase in
the frequency of CD19+/CD93+ plasma cells in spleens of immunized mice, especially in
the high dose immunized group (Figure 11). In parallel we could detect a significant
decrease in the proportion of CD4+ T cells in the draining lymph nodes, while this
parameter remained unaffected in spleens (Figure 12). We proceeded to further

characterize CD4+ T-helper cells and observed that the frequency of cells positively
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stained for the presence of the Th-1 transcription factor Tbet was significantly decreased
in both, spleens and draining lymph nodes, of Hock-immunized mice (Figure 13). In
lymph nodes, only the higher dose managed to significantly decrease the number of
Thet+/CD4+ cells, while in spleens both antigen doses induced significant effects.
Surprisingly, this observation was not paralleled by an increase in the frequency of CD4+
cells identified as Th2 cells, by expression of either GATA3 or IL-5, Actually, there was a

slight trend rather into the opposite direction specifically in spleens (Figure 14).
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Figure 11: Increased frequencies of CD19+/CD93+ plasma cells in spleens of Hock-immunized
HLA-B6 mice at day 28 after injection.

Proportions of CD19+/CD93+ plasma cells within CD3-/CD45+ cells detected by flow cytometric
analysis of spleen cells in immunized HLA-B6 mice, n=5-6, PBS: phosphate buffered saline, Alum:
Imject™ Alum Adjuvant, hDsg3: human desmoglein 3.

Subsequent ELISpot analyses for frequencies of IFNy- and IL-5-producing spleen cells
following antigen-specific stimulation with hDsg3 did not reveal any significant induction
of cytokine-producing cells in response to Hock-immunization. If at all, a slight increase
in IL-5-producing cells was observed in the hDsg3-high dose group. Polyclonal
stimulation with BICD3/BICD28 resulted in expectedly higher frequencies of cytokine-
producing cells, however, no significant differences were observed between the

treatment groups (Figure 15).
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Figure 12: Decreased frequencies of CD4+ T-cells in draining lymph nodes of mice Hock-
immunized with a high hDsg3 dose.

Flow cytometric analysis of CD4+ T-cells within the whole lymphocyte population in popliteal
lymph nodes and spleens, n=4-6, * p < 0.05, ns=not significant, PBS: phosphate buffered saline,
Alum: Imject™ Alum Adjuvant, hDsg3: human desmoglein 3.
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Figure 13: Decrease in the proportion of Thet-expressing CD4+ Th-1 cells in spleens and lymph
nodes of Hock-immunized mice.

Flow cytometric analysis of Thet positive CD4+ Th-1 cells in spleens and popliteal lymph nodes
of immunized HLA-B6 mice, n=3-6, * p <0.05, ** p <0.01, PBS: phosphate buffered saline, Alum:
Imject™ Alum Adjuvant, hDsg3: human desmoglein 3.
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Figure 14: Trend towards lower frequencies of GATA-3 and/or IL-5 expressing CD4+ Th-2 cells
in spleens and lymph nodes of Hock-immunized animals.

Flow cytometric analysis of (A) GATA-3-positive and (B) IL-5-positive CD4+ cells in spleens and
popliteal lymph nodes of immunized HLA-B6 mice, n=2-6, PBS: phosphate buffered saline, Alum:
Imject™ Alum Adjuvant, hDsg3: human desmoglein 3.

As mice used in the model system used by us were transgenic for human CD4, we took
a closer look at the distribution of the human and mouse CD4 molecules on T cells of
splenic and lymph node samples. We noticed, that the transgenic human CD4 molecule
was not expressed on all T cells positive for mouse CD4. While the majority of cells was

found to be double positive for both, the human and the mouse CD4, about 10% of all
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LN CD4+ and 13% of all splenic CD4+ cells carry the mouse variant exclusively (data not
shown). Interestingly, we found an increase in CD4+/CD25+/FoxP3+ Treg cells in lymph
nodes and spleens that was specific to cells carrying both, the human and the mouse
CD4 molecule, as these changes were completely absent on Tregs lacking the human
CD4 (Figure 16). Furthermore, this increase was predominantly seen in spleens of the
group receiving the higher dose of hDsg3 as well as the Alum control group, while in the

draining lymph nodes this increase seemed to be more pronounced in the high dose

group only.
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Figure 15: Lack of induction of hDsg3-specific spleen cells releasing IFNy or IL-5.
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ELISpot analysis of cytokine-positive spots of spleen cells stimulated with antibodies against CD3
and CD28 or by hDsg3 protein for (A) interferon gamma (IFNy) and (B) interleukin 5 (IL-5), n=6,
PBS: phosphate buffered saline, Alum: Imject™ Alum Adjuvant, hDsg3: human desmoglein 3.
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Figure 16: Preferential increase in Treg cells carrying the human CD4 transgene in draining
lymph nodes and spleens of Hock-immunized mice.

Flow cytometric analysis of CD4+/CD25+/FoxP3+ Treg cells from spleens and popliteal lymph
nodes of cells that (A) express both, transgenic human CD4 and mouse CD4, or (B) exclusively
the mouse CD4 molecule, n=4-6, * p < 0.05, PBS: phosphate buffered saline, Alum: Imject™ Alum

Adjuvant, hDsg3: human desmoglein 3.

Literature studies suggest that TfH and TfR cells play a role in the pathogenesis of PV,
but we could not find any differences for these cell types in the spleens of mice in the

HLA-B6 model (data not shown).
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3.2. Therapeutic effects of GATA-3 targeting antisense
molecules on the immune reactions to hDsg3 immunization

in C57BL/6 and HLA-B6 mice

Due to a breeding depression in the HLA-B6 mice, a pilot experiment for the antisense-
based therapeutic intervention was performed in C57BL/6 mice. The animals were
injected s.c. in the right hindleg (Hock) with the GATA-3-mRNA-targeting antisense
molecules DNAzyme, Gapmer, the scrambled control oligonucleotide (SCR) or PBS in the
control group, four hours before each of two Hock-immunizations with hDsg3 on days 0
and 14 to investigate changes in the induction of the antibody response under the
impact of local GATA-3 mRNA suppression. All animals showed hDsg3-specific antibody
titers on d14, as previously established in HLA-B6 mice, which was further increased on
d21 (Figure 17). Notably, pre-treatment with the GATA-3-specific Gapmer significantly
increased the antibody titers already at day 14 post-immunization, which was even more

pronounced on day 21.
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Figure 17: GATA-3 targeting Gapmer increases hDsg3-specific I1gG titers in Hock-immunized
C57BL/6 mice.
Serum hDsg3-specific 1gG levels of mice s.c. injected with either human desmoglein 3 (hDsg3)

only or in combination with SCR, GATA-3-specific DNAzyme or Gapmer, on days O and 14,
measured at d14 and d21 post immunization, n=6, * p < 0.05, *** p < 0.001, hDsg3: human
desmoglein 3, DNAzyme: deoxyribozyme, Gapmer: antisense oligonucleotide, SCR: scrambled
antisense oligonucleotide control.
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3.2.1. Flow cytometric analysis of lymphocyte populations in the
spleens and draining lymph nodes of Hock-immunized C57BL/6
mice pre-emptively treated with antisense molecules targeting

GATA-3

Flow cytometric analysis of lymphocytes from the spleens showed significantly more
CD19+/CD93+ B cells within all CD45+/CD3- cells in the GATA-3 Gapmer-treated group
as compared to untreated immunized C57BL/6 mice (Figure 18A). At the same time, we
could observe a decrease of the same cells in the draining lymph nodes (Figure 18A).
Looking at CD45+/CD3-/CD19+/CD93- B cells, Gapmer administration significantly
decreased the frequency of these cells in the spleen, but not in the draining lymph nodes
(Figure 18B). The group which received DNAzyme did not to show any significant
differences compared to the hDsg3 control or the SCR control groups, neither in spleens,
nor draining lymph nodes. Further investigation of B cell transitional stages showed a
trend towards an increase in transitional stage 1 (T1) CD45+/CD3-
/CD19+/CD93+/1gM+/CD23- cells in the spleens of Gapmer-treated mice, as compared
to controls (Figure 19). None of the other two treatment groups reflected this increase
and generally no changes could be observed in the follicular and marginal B-cell

populations (data not shown).

As we had previously seen an increase of CD4+ cells in the draining lymph nodes of Hock-
immunized HLA-B6 mice accompanying the increase in CD19+/CD93+ B cells, it was
rather unexpected to observe a decrease in the frequency of CD4+ T cells within all
lymphocytes from the spleens of Gapmer-injected versus untreated hDsg3-immunized
C57BL/6, while no such changes were detected in the draining lymph nodes (Figure 20).
Further characterizing these T cells, we unexpectedly found a partial increase in the level
of GATA-3+ T cells within the CD4+ parent population of the spleens from Gapmer-
treated mice, even though this effect did not reach statistical significance upon
comparison to the control group (Figure 21A). On the other hand, the Gapmer group
had more Tbet expressing cells in their CD4+ T cell population in the spleens, in

comparison to hDsg3 controls (Figure 21B). This change in the proportion of Thet+ Thl
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cells was not seen in the CD4+ population of lymph nodes. Only the negative control
group decreased the GATA-3+ Th2 cells slightly in the CD4+ population of the lymph
nodes (Figure 21A).

A
Spleen Lymph node
*
34+ 25+ =
x
= 327 — = 201
o= E I o ==
] Se
o= 30 © =
0 g
+ O + O 15
28 2 %
88 88
9O 9 104
22 261 22
86 86
- el
S 54 6 5
22 T T T T Y T T T T
Untreated SCR DNAzyme Gapmer Untreated SCR DNAzyme Gapmer
B
Spleen Lymph node
50 60
Xk
g - —T g -
%2 45 %2 55
oo oo
o g o5
20 )
a - —4— a -
gz % a3 % ==
+ O + O
o o
- M - M
88 38
354 45+
s k]
30 T 1 T 1 40 ] T 1 T
Untreated SCR DNAzyme Gapmer Untreated SCR DNAzyme Gapmer
c Spleen
xx
. Lymph node
100 100

jﬁ%ﬁ

80

~
4
1

60

40-$$é%

Ratio CD93+/CD93- cells
N (3]
o o
1 1

Ratio CD93+/CD93- cells

T T T T T T T T
Untreated SCR DNAzyme Gapmer Untreated SCR DNAzyme Gapmer

Figure 18: GATA-3 targeting Gapmer shifts CD93+/CD93- B-cell-Ratio in spleens and lymph
nodes of Hock-immunized C57BL/6 mice.

Flow cytometric analysis of the frequency of (A) CD19+/CD93+ plasma cells and (B) CD19+/CD93-
B-cells, as well as (C) the ratio of CD19+/CD93+ cells to CD19+/CD93- cells, within CD45+/CD3-
cells in spleens and draining lymph nodes of Hock-immunized C57BL/6 mice, n=6, * p < 0.05, **
p < 0.01, hDsg3: human desmoglein 3, DNAzyme: deoxyribozyme, Gapmer: antisense
oligonucleotide, SCR: scrambled antisense oligonucleotide control.
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Figure 19: GATA-3 targeting Gapmer increases CD45+/CD3-/CD19+/CD93+/IgM+/CD23-
transitional stage 1 B-cells in spleens of Hock-immunized C57BL/6 mice.

Flow cytometric analysis of IgM+/CD23- transitional stage 1 B-cells within CD45+/CD3-
/CD19+/CD93+ spleen cells of Hock-immunized C57BL/6 mice, n=5-6, hDsg3: human desmoglein
3, DNAzyme: deoxyribozyme, Gapmer: antisense oligonucleotide, SCR: scrambled antisense
oligonucleotide control.
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Figure 20: GATA-3 targeting Gapmer decreases proportion of CD4+ T-helper cells in spleens of
Hock-immunized C57BL/6 mice.
Flow cytometric analysis of CD4+ T-cells within the whole lymphocyte population in spleens and

draining lymph nodes of Hock-immunized C57BL/6 mice, n=5-6, * p < 0.05, hDsg3: human
desmoglein 3, DNAzyme: deoxyribozymes, Gapmer: antisense oligonucleotide, SCR: scrambled
antisense oligonucleotide control.
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Figure 21: GATA-3 targeting Gapmer increases the proportion of Thet+ Th-1 cells in spleens of
Hock-immunized C57BL/6 mice.

Flow cytometric analysis of (A) GATA-3+ Th2-cells and (B) Tbet+ Th-1 cells and (C) their ratio of
Th2/Th1, within total CD4+ cells in spleens and draining lymph nodes of Hock-immunized HLA-
B6 mice, n=4-6, * p<0.05, ** p<0.01, hDsg3: human desmoglein 3, DNAzyme: deoxyribozymes,
Gapmer: antisense oligonucleotide, SCR: scrambled antisense oligonucleotide control.
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3.2.2. In-vivo imaging of Hock-injected DNAzyme distribution

The lack of reaction to DNAzyme treatment in any of the measured parameters posed
the question if this particular antisense molecule might not be properly distributed or is
too rapidly cleared to actually influence local and/or systemic the immunological
processes following immunization. To address this question, we imaged a fluorescently
labelled GATA-3-targeting DNAzyme in-vivo over the course of 130 minutes after Hock-
injection in the right hind leg of an HLA-B6 mouse (Figure 22). We could observe that
the molecule was properly drained over the popliteal (green arrow) and inguinal (orange
arrow) lymph nodes, as early as in 20 minutes after injection, as well as appearing in the
renal lymph node (blue arrow) after 70 minutes (Figure 22). 110 minutes after Hock-
injection the DNAzyme could even be detected in the spleen (Figure 22, red circle). At
the last imaging timepoint after 130 minutes, it was still clearly discernable in the

draining lymph nodes, but disappeared from the splenic area and was also much dimmer

at the initial injection side.

Figure 22: Detection of Hock-injected fluorescently labelled DNAzyme in the popliteal, inguinal
and renal lymph nodes and the spleen.

In-vivo imaging of Hock-injected DNAzyme fluorescently labelled with Rhodamine at different
time points following application, white arrow: injection side, orange arrow: inguinal lymph
node, green arrow: popliteal lymph node, blue arrow: renal lymph node, red circle: spleen, n=1,
t= time (min).
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A final check after 24h, revealed that the molecule was entirely removed from the
system, as no signal could be detected anymore (data not shown). This analysis shows
that the potential window of action, being Hock-injected 4 hours before immunization,
might have been too late for the DNAzyme to have sufficient time to suppress GATA-3

mRNA. This information was taken into account for the following experimental setup.

3.2.3. Flow cytometric analysis of lymphocyte populations in the
spleens and draining lymph nodes of Hock-immunized HLA-B6

mice therapeutically treated with antisense molecules targeting

GATA-3

In the final experiment, HLA-B6 were Hock-immunized with hDsg3 on day 0 and 14 and
subsequently treated by repeated Hock-injections of the GATA-3-targeting antisense
molecules (DNAzyme or Gapmer) or the respective control substances (PBS or
scrambled nonsense molecules - SCR) three times per week, over the course of 4 weeks,
beginning after the second immunization on day 14. Additionally, two control groups
received only the DNAzyme or Gapmer in the same Hock-injection scheme explained
above, but without preceding hDsg3 immunization. The animals of all immunized groups
developed appropriate hDsg3-specific IgG antibody titers starting at day 14 after the first
Hock-immunization, reaching the maximum around days 21 to 28 (Figure 23). We found
that hDsg3-specific I1gG titers were significantly decreased on day 14 post-immunization
in animals treated with GATA-3 DNAzyme as compared to hDsg3 immunized but
untreated controls. However, this decrease disappeared at the following time points
(Figure 23). Unexpectedly, the GATA-3 Gapmer treatment did not result in increased

hDsg3-1gG titers, which we had observed in the previous experiments.

We could not find any changes in CD19+/CD93+ and CD19+/CD93- B cells within the
CD45+/CD3- populations of spleens and lymph nodes, that had been found to be
influenced by Gapmer treatment of Hock-immunized animals in previous experiments
(data not shown). Nevertheless, repeated Gapmer treatment increased the frequency
of IgM+/CD23- T1 B cells in the CD19+/CD93+ population of spleens of non-immunized
HLA-B6 mice (Figure 24).
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Figure 23: GATA-3 targeting DNAzyme decreases hDsg3-specific IgG titers in HLA-B6 mice on
day 14 following Hock-immunization.

Kinetics (left) of and day 14 (right) serum hDsg3-specific IgG levels of mice s.c. injected with
human desmoglein 3 (hDsg3) on days 0 and 14 and treated with GATA-3-specific DNAzyme or
Gapmer or their respective scrambled controls injected every two days s.c. over a 4-week time
period. hDsg3-specific IgG titers were measured weekly, n=6-12, * p < 0.05, hDsg3: human
desmoglein 3, DNAzyme: deoxyribozymes, Gapmer: antisense oligonucleotide, SCR= scrambled
control.

This change was accompanied by a decrease in IgM+/CD23+ T2 B cells in the same parent
population of spleens of non-immunized, as well as Hock-immunized HLA-B6 mice that
have been repeatedly Hock-injected with Gapmer compared to the untreated control
group (Figure 24). The negative Gapmer control group showed a less pronounced
decrease in the IgM+/CD23+ T2 B cell population within all CD19+/CD93+ B cells of the
spleens, however this decrease was still significantly different to the untreated control
group (Figure 24). Furthermore, observations on CD4+ cells in the spleens and draining
lymph nodes were in line with the previous C57BL/6 wildtype experiment, as we
measured a decrease in mCD4+/hCD4+ T cells in the total lymphocyte population of
spleens upon repeated Hock-injection of GATA 3-targeting Gapmer compared to only
hDsg3-immunized controls (Figure 25). This decrease was not found in non-immunized
animals treated with the Gapmer. In contrast to previous findings, mCD4+/hCD4+ cells
were also significantly decreased within all draining lymph node lymphocytes in the
Gapmer-treated group compared to untreated hDsg3-Hock-immunized animals (Figure

25).
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Figure 24: GATA-3 targeting Gapmer changes ratio of CD45+/CD19+/CD93+/IgM+/CD23-
versus CD45+/CD19+/CD93+/1gM+/CD23+ transitional stage B-cells in the spleens of Hock-
immunized HLA-B6 mice.

Flow cytometric analysis of (A) IgM+/CD23- T1 and IgM+/CD23+ T2 transitional B-cells within the
CD45+/CD19+/CD93+ B cell splenocyte population and their (B) T1 to T2 ratio, of Hock-
immunized HLA-B6 mice on day 42 post first immunization, n=6-12, * p < 0.05, ** p £0.01, ***
p < 0.001, hDsg3: human desmoglein 3, DNAzyme: deoxyribozyme, Gapmer: antisense
oligonucleotide, SCR= scrambled control.

Notably, repeated DNAzyme Hock-treatment resulted in a decrease in mCD4+/hCD4+ T-
cells in the total lymphocyte population of the draining lymph nodes when compared to

untreated control mice, but not in the matching cell population in spleens (Figure 25).
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Figure 25: GATA-3 targeting DNAzyme decreases CD4+ cells only in draining lymph nodes.
Flow cytometric analysis of human CD4-transgenic mouse CD4+ T cells within the whole
lymphocyte populations of spleen and lymph nodes of Hock-immunized HLA-B6 mice on day 42
after first immunization, n=4-12, * p < 0.05, *** p < 0.001, **** p < 0.0001, hDsg3: human
desmoglein 3, DNAzyme: deoxyribozyme, Gapmer: antisense oligonucleotide, SCR= scrambled
control.

Next, we analyzed Th2 cells via presence of the transcription factor GATA-3 and Th1 cells
via expression of the cytokine IFNy within all mMCD4+/hCD4+ cells of spleens and draining
lymph nodes. Comparing the Gapmer-treated groups to the untreated controls showed
that regardless of hDsg3-immunization the Gapmer significantly increased the number
of GATA-3+ cells in spleens of HLA-B6 mice (Figure 26A) but not in the draining lymph
nodes. Contrarily, IFNy-expressing Th-1 cells within the mCD4+/hCD4+ population were
only increased, in the draining lymph nodes of Hock-immunized mice receiving Gapmer
or DNAzyme, but not in the respective groups that were not immunized, when
compared to controls (Figure 25B). This observation stands in contrast to previous
results for the Gapmer treatment, but it demonstrates that repeated Hock-injection
with DNAzyme is able to affect T cells in lymphoid organs, which the single Hock-
injection of previous experiments was not able to show.

We also investigated mCD4+/hCD4+/RoRyt+ Th-17 cells and TfH cells in the spleens and
the draining lymph nodes, but neither showed differences to the hDsg3-immunized

untreated control group in any of the treatment groups (data not shown).
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Figure 26: GATA-3-targeting Gapmer increases proportion of GATA-3+ cells in the spleens and
IFNy+ cells in the draining lymph nodes of Hock-immunized HLA-B6 mice.

Flow cytometric analysis of (A) GATA3+ Th2 cells and (B) IFNy+ Th1 cells within human CD4-
trangenic mouse CD4+ T cells of spleens and draining lymph nodes in Hock-immunized HLA-B6
mice, n=4-12, * p < 0.05, **, p £0.01, hDsg3: human desmoglein 3, DNAzyme: deoxyribozyme,
Gapmer: antisense oligonucleotide, SCR= scrambled control.

These experiments with GATA-3-targeting antisense molecules have showed that it is
possible to influence immunological parameters of hDsg3 immunized mice.
Nevertheless, as the model readout capabilities are rather limited and the most
important parameter, which is the phenotypical expression of clinical features of PV,
was not present in these mice, the scope of the experiments remained fairly narrow.

Additional breeding and genotype complications led to the decision to put GATA-3
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antisense therapy experiments on hold and shift the focus to improving the animal
model of PV, so that readout capabilities could be improved in further experiments in

the future.

3.3. Induction of a Pemphigus vulgaris-like phenotype in mice

3.3.1. Immunization with hDsg3 in complete Freund’s adjuvant

induces a strong immunological reaction in hDsg3-B6é mice

To improve the existing PV mouse model, we decided to start out with C57BL/6 mice
transgenic for human Dsg3 (hDsg3-B6 mice), as these animals inherently carry the
human target protein within their skin and thus should have the capability to develop
phenotypical signs upon immunization with hDsg3. In detail, this mouse strain is
transgenic for a chimeric Dsg3 in which the ectodomain of the protein is humanized
while the intracellular part remained the original mouse Dsg3 sequence. As it is known
that Dsgl may compensate for loss of Dsg3 adhesion, a sub-pathological, catalytic
inhibition of Dsgl by staphylococcal-derived exfoliative toxin A (ETA) was implemented

into the mouse model establishment (Hanakawa et al., 2002).

Table 6: Observation of Pemphigus vulgaris-like pathological parameters in ETA-injected
hDsg3-B6 mice.

Overview about pathological parameters of hDsg3-B6 mice injected either subcutaneously or
intra-peritoneally with ETA, visually and histologically analyzed, n=4/treatment group, BW: body
weight, ETA: exfoliative toxin A, s.c.: subcutaneous, i.p.: intraperitoneal.

ETA injection
Pathological parameter 1ug/g BWs.c. | 2,5ug/g BWs.c. | 1u/g BW i.p.
Thickened epithelium 1/4 0/4 2/4
Adhesion loss sub-epidermal 0/4 1/4 1/4
Adhesion loss stratum corneum 0/4 2/4 1/4
Visible scabbing 0/4 1/4 0/4
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First, we established a sub-pathological ETA dose, that should be as high as possible
while not inducing a phenotype itself. Two different doses were subsequently tested in
two different application routes (Table 6). The initial dose was chosen to be 1 pg/g body
weight (BW) injected subcutaneously (s.c.) into the neck scruff, as this dose was
described to induce blistering in adult mice of other strains (DBA2/J and SIL/J) in
literature (Boch et al., 2021). As 1 pug/g BW failed to show obvious clinical signs, 2.5 ug/g
BW were tested as s.c. injection and finally 1pg/g BW was tested again via
intraperitoneal (i.p.) injection. As we were expecting a thickening of the epithelium
without any loss of adhesion, as well as no visible lesions, the mice were inspected daily
over the course of several days after injection. Histological sections of ear, scruff, back
and belly skin, as well as tongue, cheek mucosa and hard palate were taken and
examined regarding changes in epithelial thickness, lesions or other signs of adhesion
loss. Only a slightly thickened epithelium was found in the ear of one of the hDsg3-B6
mice injected with 1pg/g BW s.c., while the 2.5 pg/g BW dose resulted in visible scabbing
in one of the animals back skin, additionally to inducing sub-epithelial and stratum
corneum lesions at the histological level (Table 6). Based on these observations, we
chose to go ahead with 1 ug/g BW i.p., as this dose ensured proper systemic distribution,
while having less impact on adhesion loss as compared to the higher dose of 2.5 ug/g

BW.

Having established a dose and application route for the ETA injection, we first tested
single versus double immunization strategies to hDsg3. The single immunization
protocol used hDsg3-B6 mice receiving one subcutaneous injection of hDsg3 in CFA on
day 0 and respective control mice receiving PBS in CFA. In the double immunization
protocol, a second s.c. immunization was added by injecting hDsg3 in incomplete
Freund’s adjuvant (IFA) on day 14 after the first immunization. Due to restrictions by the
responsible governmental agency, the experiments had to be performed sequentially,
resulting in one experiment getting the single immunization protocol and a second
experiment testing the double immunization strategy with inclusion of one group with

a single immunization procedure for comparability.
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Figure 27: Robust hDsg3-specific IgG titers in hDsg3-B6 mice subcutaneously immunized with
hDsg3 in Freund’s adjuvant.

Kinetics of serum hDsg3-specific I1gG levels of hDsg3-B6 mice injected with either (A) a single s.c.
immunization with hDsg3 in CFA on day 0 or (B) an additional dose of hDsg3 in IFA on day 14 and
their respective controls injected with PBS in the same adjuvants. ETA-labelled groups
additionally received ETA i.p. on (A) day 16 or (B) day 28. The right figures show values of absolute
quantification of hDsg3-1gG titers at (A) day 33 or (B) day 30 after the first hDsg3 immunization,
n=2 (PBS controls) or 4, hDsg3: human desmoglein 3, CFA: complete Freund’s Adjuvant, ETA:
exfoliative toxin A.

Furthermore, we tested the influence of the time point of ETA application by i.p.
injecting ETA in the single-immunized hDsg3-B6 mice at day 14 and the double-
immunized animals at day 28 after the first immunization. Both immunization schemes
induced robust anti-hDsg3-specific antibody responses with high titers from day 14 post
hDsg3-immunization onwards (Figure 27). Quantification of the anti-hDsg3 IgG showed

that hDsg3-B6 mice receiving the same immunization strategy of a single s.c. hDsg3
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injection on day 0 had much lower IgG titers (Figure 27B) in comparison to hDsg3-B6
mice that were included in the second experiment but undergoing the same
immunization regime (Figure 27A). This difference can be attributed to further technical
improvements we were able to make in the course of the experiments. Ultimately, even
though titers were slightly higher in the double immunized group compared to the single
immunization protocol, the difference was mostly caused by one outlier with a titer of
over 8,000 ng/ml. As such, there was no clear advantage of the double immunization

protocol with regard to hDsg3-specific antibody levels.

Figure 28: Examples of visible scabbing in ear and scruff of immunized hDsg3-B6 mice.
Representative examples of scabbing (red arrows) primarily found on the ears and less frequently
on the scruff and the neck of hDsg3-B6 mice immunized with a single dose of hDsg3 in CFA on
day 0.

The next parameters we analyzed were superficial signs of PV-like pathology. Some

hDsg3-B6 mice showed visible scabbing of skin regions in the ear, neck and scruff as
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shown in Figure 26. Regardless of experiment, 5 out of 12 animals receiving a single
immunization with hDsg3 in CFA on day 0 showed scabbing on at least one of the
mentioned skin areas. Two of these mice belonged to the group which received an
additional i.p. injection of ETA on day 16 or day 28, respectively, while the other three
mice did not receive ETA. In mice of the double immunized group, which were injected
with s.c. hDsg3 (or PBS) in CFA on day 0 and hDsg3 (or PBS) in IFA on day 14, only one
animal and one of the PBS sham-immunized control animals developed the skin
scabbing. Both of these mice had received ETA i.p. on day 28 post first immunization.
We took samples of all obviously affected skin areas, namely the ears, neck, scruff, as
well as other skin regions, such as cheek, back, belly, tongue and hard palate. The tissue
sections were stained with H&E to check for signs of acantholysis and inflammation. We
found PV-typical loss of adhesion in the epithelial layer (Figure 29A) in about half of all

mice receiving hDsg3 in either single or double immunization strategies.

100y

Figure 29: Representative H&E-stained histological tissue sections with intra-epithelial
acantholysis and adhesion loss of the stratum corneum in hDsg3-immunized hDsg3-B6 mice.
Representative examples of H&E-stained tissue sections showing (A) acantholysis in the cheek
and (B) loss of adhesion between the stratum corneum and the epithelial layers in the hard
palate of hDsg3-B6 mice immunized with a single dose of hDsg3 in CFA on day 0, bar=100um.

In detail, four of these mice were single s.c. immunized with hDsg3 in CFA on day 0 and
had received i.p. ETA injection on days 16 or 28 post immunization, respectively. The
other three mice showing the acantholysis were from the double immunized group (s.c.

hDsg3 in CFA on day 0 and hDsg3 in IFA on day 14) in combination with i.p. ETA on day

28 post immunization. Most of this loss of adhesion was found in tissue sections from
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the hard palate, but occasionally we also detected intra-epithelial splitting in the cheek
mucosa, skin of the neck, the back or the tongue. Unexpectedly, we did not find any
histological acantholysis in the two animals from the hDsg3 single immunization without
ETA that showed scabbing. Generally, we noticed a thickened epithelium in sections of
the ear in 50% of the mice across all groups. During the experiment we subjectively
observed abundant hair loss when handling the mice, which we then proceeded to
quantify in the double immunization experiment via a tape stripping technique (see
Figure 30). It was notable, that the loss of hair increased right after the injection of ETA
on day 28 (Figure 30). The hair loss was primarily but not exclusively observed in animals

that had been immunized with s.c. hDsg3 in CFA on day 0 and hDsg3 in IFA on day 14.

Hair loss

Score

0 1 1 1 1 1 1 1

d0 d3 d6 d7 d8 d9 d10 d13 d14 di5 d16 d17 d20 d21 d22 d24 d27 d28 d29
PBS (2x) mmm PBS (2x)/ETA  mmm hDsg3/ETA  msm hDsg3 (2x) /ETA

Figure 30: Increased hair loss after ETA application on day 28 in hDsg3-immunized hDsg3-B6
mice.

Quantification of hair loss in HLA-B6 mice after s.c. immunization with hDsg3 on d0 and i.p. ETA
injection on day 28. Displayed are median scores per group on each day of analysis, n=2 (PBS
controls) or 4.

These first experiments showed that in hDsg3-B6 mice a single s.c. injection of hDsg3 in
CFA, on day 0 was sufficient to induce a strong immunological reaction. The double
immunization strategy with s.c. hDsg3 in CFA on day 0 and hDsg3 in IFA on day 14 did
not show convincing advantages over the single immunization approach in all
parameters. Regarding additional ETA applications we concluded that an injection time
point closer to sacrifice seemed to induce more beneficial support to the immunization
with regard to development of phenotypical symptoms than the earlier injection at day

16.
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3.3.2. Single injection of hDsg3 protein in complete Freund’s adjuvant

induces pathological signs on day 35 post immunization

Previously, we had established that a single s.c. injection of hDsg3 in CFA in hDsg3-B6
mice was sufficient to induce a high anti-hDsg3-IgG antibody response. Yet it remained
to be determined if this titer would be stable over a longer time course. To investigate
the stability of the anti-hDsg3-IgG antibody response in hDsg3-B6 mice, as well as to
observe how pathological parameters we observed in the previous experiments would
further develop past day 30, another experiment with a single s.c. immunization of
hDsg3 in CFA on day 0 was performed. Based on previous observations, in this
experiment the animals of the ETA-treated groups were planned to receive i.p. ETA
injections 24h prior to sacrifice. Initially, we planned to observe the mice for a longer
time period until day 56, however, an unexpectedly strong reaction to the immunization

forced us to terminate the experiment as early as day 35.

PBS (2x) PBS(2x)/ETA

hDsg3/ETA
—— »

hDsg3(2x)/ETA
g " v

Figure 31: Balding in control mice and large areas with loss of skin integrity in hDsg3-
immunized hDsg3-B6 mice.

Examples of hair loss and loss of skin integrity in ear and neck areas in hDsg3-B6 mice at day 35
after s.c. immunization with hDsg3 or PBS as control in CFA, or only CFA, on day 0 and i.p. ETA
injection on day 34, n=2 (PBS controls) or 4.
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The anti-hDsg3-IgG levels of animals s.c. immunized on day 0 with hDsg3 in CFA showed
detectable titers from day 14 post immunization onwards which were comparable to

those observed in the previous experiment employing the single immunization protocol.

Quantification of the anti-hDsg3-lgG antibody titers showed comparable titers to the
previous experiment results employing the single immunization protocol. Unexpectedly,
some hDsg3-B6 mice of the control groups, which only received PBS in CFA on day O, lost
large parts of their fur as early as day 17 and ended up having completely bald heads on
day 32 (Figure 31). It has to be noted that these animals did not get the i.p. ETA injection
until day 34 and the extensive hair loss was thus not related to the Dsgl cleaving.
Immunized mice receiving hDsg3 in CFA on day O started showing signs of scabbing
around day 17 as well and increasingly large lacerations were observed around the ears
and the neck area shortly before terminating the experiment on day 35 post-
immunization (Figure 31). Notably, the i.p. injection of ETA 24 hours prior to sacrifice
exacerbated the persistence of wounds visibly. Upon histological examination of all
sampled sites, it became clear that the stronger reaction to the immunizations was also
detectable at the histological level, as clear signs of intra-epidermal acantholysis could
be identified in 50% of all animals that were immunized with hDsg3 in CFA on day O
(Figure 32, black arrows). Three out of four mice that were additionally i.p. injected with
ETA on day 34 showed PV-like blister formation in at least one of the sampled individual
tissue sites. Loss of adhesion was largely found in mucosal tissues of the hard palate,
tongue, the cheek mucosa and the outer regions of the head like the base of the ear and
neck where the superficial lacerations had occurred. We also detected multiple areas of
skin that showed hyperkeratosis in the stratum corneum and regions with entirely
degenerated skin structure (Figure 32A, red arrows). The loss of adhesion of the stratum
corneum as observed in the hard palate was much more prominent in control animals
sham-immunized with PBS in CFA on day O compared to the animals immunized with

hDsg3 in CFA, regardless of whether ETA was also applied or not.

To quantify the impact of the different experimental conditions and compare the results
across individual experiments, we employed a scoring system for the parameter

categories of hair loss, visual pathology and histology (Figure 33). It has to be noted that
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hair loss could only be properly quantified in the first of the three experiments as the
extensive balding which occurred in the later experiments made tape stripping results

highly unreliable.

A

Figure 32: PV-typical acantholysis seen in histological H&E-stained skin sections of hDsg3-
immunized hDsg3-B6 mice.
Representative examples of H&E-stained tissue sections of (A) the ear, (B) the hard palate and

(C) belly skin showing PV-typical intra-epidermal acantholysis (black arrows), (A+C) thickened
epithelium, loss of adhesion between the stratum corneum and the epithelial layers (light blue
arrows), hyperkeratosis (dark blue arrow), and degeneration of skin structure (red arrows) in
hDsg3-immunized hDsg3-B6 mice.
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Visual pathology was scored on number of scabbed areas being observed after
sacrificing and shaving the mice on day 35 post-immunization. No scabbing was scored
with a 0, if an individual had scabs in one individual skin area, a score of 1 was given. If
more than one scabbed area was observed, a score of 2 was recorded. Histology was
scored the PV-relevant parameters epithelial thickening and additional or individually
occurring intra-epithelial acantholysis. No such abnormalities were scored as O,
epithelial thickening on two or more different tissues counted as 1, and acantholysis in
2 or more different tissues was scored as 2. Scores of each individual were then
summarized into the median per experimental group. We could conclude that even the
control regimen, being application of PBS in CFA without hDsg3 protein, was able to
provoke inflammatory skin reactions in the hDsg3-B6 mice that could be observed

histologically and visually (Figure 33).

Visual scabbing was especially prominent in the control animals that underwent the
double immunization protocol of PBS in CFA on day 0 and PBS in IFA on day 14 post-
immunization. However, the sampled skin areas of these mice did not show PV-typical
lesions when examined histologically. Thus, it became clear that histological
examination of any area that showed visual skin pathologies is imperative to
determining a PV phenotype in this mouse model. In the experimental settings, it can
be noted that a single injection of hDsg3 in CFA on day 0 was sufficient to break auto-
tolerance in hDsg3-B6 mice. Anti-hDsg3-1gG antibody titers could not be significantly
further increased by adding a second immunization with hDsg3 in IFA on day 14 post
first injection. Additionally, visual and histological pathologies did not show clear
advantages of double immunization as compared to the results of the single
immunization protocol (Figure 33). We successfully induced a PV-like phenotype that
showed intra-epithelial acantholysis and visible scabbing in at least 50% of all treated
animals. The additional application of ETA notably enhanced histological features of the

phenotype (Figure 33).
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PV phenotype quantification
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Figure 33: Summary of pathological signs of hair loss, histology and visual pathology of hDsg3-
immunized or PBS-sham-immunized hDsg3-B6 mice from all experiments.

Pathological signs were scored and quantified as 0: no effects, 1: positive observation, 2: strong
positive observation in more than 2 histological sections and visually affected skin areas, only in
hair loss: balding scored as 3. Shown are medians across each group of immunized hDsg3-B6
mice that received: s.c. PBS in CFA on day 0 or additional s.c. IFA on day 14 (Ctrl); s.c. CFA on day
0 with i.p. ETA on day 16 or additional s.c. IFA on day 14 with i.p. ETA on day 28 (Ctrl/ETA); s.c.
hDsg3 in CFA on day 0, additional s.c. hDsg3 in IFA on day 14 and if indicated i.p. ETA on day 14,
16, 28 or 35, depending on individual experiments (Experimental), n=2-16, s.c.: subcutaneously,
i.p.: intra-peritoneally, hDsg3: human desmoglein 3.
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3.3.3. Single cell analysis of skin from hDsg3-B6 mice immunized once

with hDsg3 in CFA in absence or presence of ETA

To take a closer look at the phenotypical changes our immunization protocols inflicted
on the skin, we performed a single cell analysis of potentially affected skin areas from
immunized hDsg3-B6 mice. The animals were immunized s.c. with hDsg3 in CFA or PBS
in CFA (as control), according to their designated groups. In addition, one group of each
condition received ETA by i.p. injections 24 h before sacrifice. To minimize technical
processing variability, all samples needed to be taken exactly at the same time point,
thus an animal dropout (e.g. due to a bad wellbeing score) could not be tolerated. Thus,
the experiment had to be terminated immediately after the first animals showed the
typical skin lacerations that occurred sometime after immunization and impacted their

wellbeing scoring.
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Figure 34: Number of cells from skin of immunized hDsg3-B6 mice that passed quality control
and were included in the single-cell analysis.

Numbers of single cells of cheek and neck skin samples taken on day 15 post immunization, from
hDsg3-B6 mice immunized with CFA (PBS), CFA with i.p. ETA on day 14 (PBS/ETA), CFA with hDsg3
(hDsg3), or CFA with hDsg3 and i.p. ETA on day 14 (hDsg3/ETA), after quality control in (A) for
each individual sample and (B) the total of each group, n=3.
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These restrictions lead to a fairly early timepoint of sacrifice at day 15 post
immunization, even though initially a longer duration of the experiment was envisaged.
Analysis of hDsg3-specific IgG titers via ELISA, showed that the animals which received
the hDsg3 protein had IgG titers that were comparable to those in previous experiments
at this stage of the experimental process (Figure 25; results therefore not shown again).
However, at this early time point in the experiment none of the animal showed any
obvious pathological PV-specific skin lesions, aside from the CFA typical lesions at the
injection site, neither visually, nor histologically. Skin samples of about 1 cm2 size were
taken from the regions where previous experiments often showed skin lesions at later
stages, i.e. the neck and corner of the mouth. The latter aimed for inclusion of both the

cutaneous and mucosal epidermis to be included in the analysis.

As described in the methods section, for this analysis each experimental group retained
three individual samples. After performing the experiment via: processing the tissue
(2.4.2), preparing the single-cell libraries and running the sequencing (2.11), as well as
processing the raw sequencing data and performing quality control (2.12), individual
samples ended up with cell counts between 77 and 667 cells, with most rather on the
lower end of the range and a few individuals having counts higher than 300 cells (Figure
34A). Nevertheless, the total group counts remained fairly comparable with about 800
cells, the hDag3/ETA group alone having slightly more with 961 cells and PBS/ETA falling
short with 404 cells (Figure 34B). Out of all 2,947 cells finally analyzed, 2,518 cells were
identified as epithelial keratinocytes (Krt5/15/10/1*) and 429 as immune cells (Ptprc*)
(Figure 35D). Group-specific contributions were PBS (796 cells), PBS+ETA (404 cells),
hDsg3 (786 cells), and hDsg3+ETA (961 cells) (Figure 34B).

Unsupervised clustering resolved 13 populations (Figure 35). The epidermal
compartment comprised three basal cell clusters (Krt5/14*), one of which was highly
proliferative (Mki67*, Cenpf*, Top2a*), consistent with cycling basal keratinocytes (bE-
prol.) (Figure 35D). The remaining basal cell clusters included bE1, enriched for Krt5/14
with high expression of Dsg3 and hemidesmosomal marker genes, and bE2, also
Krt5/14* but lacking proliferation markers and showing weaker hemidesmosomal

signatures (Figure 35D).
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Figure 35: Annotation of epidermal and immune cells of 13 unsupervised clusters.

Single cell analysis of cheek and neck skin samples taken on day 15 post immunization, from
hDsg3-B6 mice immunized with CFA (PBS), CFA with i.p. ETA on day 14 (PBS/ETA), CFA with hDsg3
(hDsg3), or CFA with hDsg3 and i.p. ETA on day 14 (hDsg3/ETA), depicted as Uniform Manifold
Approximation and Projection (UMAP) with cluster annotation of (A) general level 1 clusters
making up epidermal and immune cells, and (B-D) 13 unsupervised annotated clusters. (C)
Canonical marker genes for each unsupervised cluster of skin cells, dot color shows scaled
average expression and dot size represents the percentage of cells expressing the gene in each

cluster. (D) Cell counts for each annotated cluster,

n=3.
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Spinous cell clusters (Krt1/10*) were subdivided into three populations: sE1,
characterized by strong expression of Krt1/10 with residual Krt15, marking the lowest
spinous cell layer near the basal cell layer; sE2, having similar expression of Krt1/10, but
showing markedly reduced values of all desmogleins (Table 7); and sE3, representing
late differentiated keratinocytes with the highest Krt1/10 and Dsgla expression (Figure
35D, Table 7). Two hair follicle—associated epithelial cell clusters were identified. One
basal-like cell cluster (hf-bE) expressed Krt5/14 together with hair follicle markers (Sox9,
Postn), while the infundibulum-associated cluster (hf-inf-E) was distinguished by Krt79,
Krt17, Cd200, and Sprrla expression (Figure 35D). The immune compartment resolved
into five major clusters (Figure 35B/D). Conventional T cells were marked by Cd3g and
Trac expression, with subsets expressing Icos (Figure 35D). The y6 T cell cluster was
identified by strong y6-TCR expression (Trgcl, Trdc, and Trgc2). This cluster also showed
cytotoxic (Nkg7/Prfl) and NK-associated markers (Klrd1/CD94/Kirblc), but lacked
PLZF/Zbtb16 and Ncrl specificity, excluding an NKT-like phenotype. Presence of
residency markers (ltgae, Cxcr6) determined the cluster finally as dendritic epidermal T
cells (DECT), with high expression of the activation marker Xcl1. Antigen-presenting cells
(APCs) expressed Cd74, Ctss, and H2-Ab1, consistent with macrophages and dendritic
cells. B cells were identified by Cd19, Ighm, and Cd79a expression. Finally, a neutrophil
cluster (N) was identified by high expression of S100a8/9, Ly6g, and Cxcr2 (all details see
Figure 35D).

Cluster distribution varied across treatment groups (Figure 36). The proportion of basal
cells bE1 remained fairly stable in treatment groups compared to control, with only a
slight increase in the skin of PBS/ETA-treated animals and a decrease seen in hDsg3
animals. The bE2 population was reduced in both hDsg3 immunized groups but to higher
extend in the hDsg3/ETA group compared to PBS control animals (Figure 36A). The
proliferative basal cell cluster was decreased in the PBS/ETA and hDsg3-treated groups
but not following hDsg3/ETA treatment. The hair follicle basal cell cluster (hf-bE) was
reduced under both hDsg3 treatment conditions and the spinous cell cluster sE1
declined in PBS/ETA and hDsg3 groups, while the combinatory group was comparable
to PBS controls (Figure 36A).
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Figure 36: Percentage of cells per cluster relative to the total number of cells per group.
Single cell analysis of cheek and neck skin samples taken on day 15 post immunization, from
hDsg3-B6 mice immunized with CFA (PBS), CFA with i.p. ETA on day 14 (PBS/ETA), CFA with hDsg3
(hDsg3), or CFA with hDsg3 and i.p. ETA on day 14 (hDsg3/ETA), depicted as percentage of total
number of cells within each group, within (A) all epidermal cells and (B) all immune cells, n=3.

In contrast, sE2 increased in the hDsg3 group compared to the PBS control levels but
dropped below control levels in the combined hDsg3/ETA treatment group. The late
spinous cell cluster sE3 expanded under all treatments, especially in hDsg3/ETA-treated
animals, suggesting enhanced differentiation. The infundibulum associated epidermal
cluster hf-inf-E was increased in both ETA-treated groups only (Figure 36A). Immune cell

infiltrates were enriched in the hDsg3 group, although skewed by single-sample
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dominance, with B cells almost exclusive to one sample (Figure 37). Taking this into

account, analysis of these clusters should be done with caution. Comparing frequencies

within all immune cells of the analysis we could find T and B cells being markedly

reduced in both ETA treated groups compared to the PBS control (Figure 36B). y6-DECT

cells were reduced in hDsg3 treated animals but restored by the combination with ETA.

Antigen presenting cells were increased in all treatment groups compared to PBS

controls, with ETA having an amplifying impact (Figure 36). Neutrophils were only

increased in PBS/ETA and hDsg3 groups compared to control.
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Figure 37: Cell counts per sample in each cluster.

Cell counts for individual samples in each cluster of skin cells from hDsg3-B6 mice immunized
with PBS in CFA (grey), PBS in CFA with i.p. ETA on day 14 (green), hDsg3 in CFA (red), or hDsg3

in CFA with PBS and i.p. ETA on day 14 (blue).
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Analysis of desmosomal genes revealed distinct layer-specific patterns (Figure 38, Table
7). Dsg3 expression was largely restricted to basal keratinocytes, present in 78% of bE1
but only 37% of bE2 cells, with low overall counts (median <2). In contrast, Dsgla was
broadly expressed in the spinous cell clusters, covering ~99% of cells expressing the gene
in sE1 and sE3 with sE2 showing least expression with 56% (Table 7). This broad
expression was also seen in basal cells (93% in bE1, 67% in bE2, 81% in bE-prol.), even
though the expression strength in these populations was much lower compared to the
spinous clusters. Notably, mean expression strength of Dsgla exceeded that of Dsg3 in
all basal clusters (Table 7). Dsg2 and Dsg3 showed comparable expression strength and
distribution, while Dsc1 and Dsc2 were nearly absent, with only minimal Dsc1 expression
found in hair follicle-associated clusters (Figure 38). Dsc3 was expressed in all

keratinocyte populations, increasing slightly along a basal-to-spinous gradient (Figure
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Figure 38: Desmosomal cadherin expression levels in indivual cell clusters.

Violin plots demonstrating expression levels of genes for desmogleins 1-3 (Dsg 1-3) and
desmocollins 1-3 (Dsc 1-3) in each cluster of skin cells from hDsg3-B6 mice immunized with PBS
in CFA, PBS in CFA with i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA
on day 14.
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Table 7: Epidermal cell clusters show distinctly different desmoglein subtype expressions.
Gene expression of desmoglein 1a (Dsgla), 2 (Dsg2) and 3 (Dsg3) per epidermal cluster. Shown
are number of cells (n_cells) expressing the respective gene, their percentage (pct_expr) of the
whole cluster population, as well as mean, median and interquartile range (igr) and minimal and
maximal expression levels per cluster.

Gene | Cluster | n_cells | pct_expr | mean | median | igr | min | max
bE1l 315 93.02 8.61 6 8 0 82
bE2 142 66.90 4.37 2 6 0 58
bE-prol. 48 81.25 4.21 3 4.25 0 22
skl 689 99.56 24.35 21 19 0 86
Dsgla
sE2 412 56.31 4.80 1 2.25 0 67
sE3 408 98.77 52.36 435 45 0 275
hfE1l 341 94.43 14.21 10 14 0 119
hfE2 163 86.50 4.87 3 5 0 39
bE1 315 72.70 2.56 2 4 0 21
bE2 142 35.92 0.85 0 1 0 14
bE-prol. 48 77.08 2.54 2 3 0 10
sEl 689 29.46 0.54 0 1 0 8
Dsg2
sE2 412 4.13 0.05 0 0 0 3
sE3 408 12.25 0.16 0 0 0 4
hfE1 341 14.37 0.26 0 0 0 5
hfE2 163 39.88 0.90 0 1 0 10
bE1 315 78.41 2.33 2 2 0 14
bE2 142 36.62 0.68 0 1 0 5
bE-prol. 48 75.00 2.67 2 2.25 0 21
sE1 689 49.35 1.05 0 2 0 11
Dsg3
sE2 412 5.83 0.08 0 0 0 4
SE3 408 32.11 0.65 0 1 0 5
hfE1l 341 15.25 0.31 0 0 0 13
hfE2 163 30.06 0.56 0 1 0 7

To assess cluster specific effects of the different immunization protocols, we
investigated hDsg3 immunization in the presence of ETA against the PBS control for each
cluster separately. Cluster bE1 represented the major basal keratinocyte population and
showed the highest proportion of Dsg3-expressing cells (78%; Table 7). Its relative
abundance was slightly reduced in hDsg3-immunized mice (10.6% of all keratinocytes)

compared to 12.4-15.0% in the other treatment groups (Figure 36A).
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Figure 39: Basal epithelial cell cluster 1 shows upregulation of the IEG gene set with hDsg3
immunization.
Differentially expressed gene analysis of the basal epithelial 1 (bE1) cell cluster (A), each

indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

Differential expression analysis identified 126 differentially expressed genes (DEG) (101
up, 28 down; p < 0.05) consistently regulated in the same direction in both hDsg3 and
hDsg3/ETA treated animals, but not in the PBS/ETA group (Figure 39A). This overlap was
predominantly driven by the upregulation of gene expression, and pathway inspection
highlighted a Dsg3-specific stress program centered on early immediate genes (IEGs) of
the activator protein 1 (AP-1) complex, prompting a more focused analysis of IEG/AP-1,
p38-MAPK, and EGFR axis-related genes, and adhesion modules across clusters. In hDsg3
treated mice, nearly all genes of the IEG/AP-1 panel were significantly upregulated
(15/21 genes), including Atf3, Fosl1, Fos/Fosb, Jun/Junb, Egrl, Zfp36, ler2, Dusp1/5, KIf6,
Jund, and Nr4al/2 (Figure 39B), consistent with basal adhesion stress at the dermal
interface. The hDsg3/ETA group showed a similar pattern with 13 out of 21 significantly
upregulated genes, lacking significant induction of Dusp5 and Nr4a2 but with additional
ler3 upregulation. By contrast, ETA treatment alone did not trigger IEG activation and
even coincided with mild repression (Jund). Adhesion modules shifted in opposite
directions between settings: desmosomal genes were reinforced (Jup up in hDsg3; Dsg2
up in hDsg3/ETA; Pkp3 up in PBS/ETA), while hemidesmosomal transcripts weakened
(Itgab and Dst down in hDsg3; Cd151 up in PBS/ETA). No members of the p38-MAPK
cascade reached significance. Within the EGFR axis, Rhbdf2 was selectively upregulated
in the hDsg3 group, whereas other ligands and receptors remained below significance
thresholds. Together, these results define a Dsg3-specific basal keratinocyte stress
signature characterized by robust AP-1 activation, reinforced desmosomal adhesion,
and selective weakening of hemidesmosomal attachment, a program not observed with

ETA treatment alone.
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Figure 40: Basal epithelial cell cluster 2 shows no desmosomal gene changes under hDsg3
immunization.

Differentially expressed gene analysis of the basal epithelial 2 (bE2) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

Cluster bE2 represented a smaller basal cell population with reduced abundance in
hDsg3/ETA-treated mice (4.2%) compared to PBS controls (6.4%) (Figure 36A). Dsg3 and
Dsg2 expression were both low, detected in only ~¥35% of cells with mean expression
levels <1 (Table 7). In contrast to bE1l, bE2 showed little to no expression of
hemidesmosomal markers such as integrins, suggesting this cluster occupies a
suprabasal basal layer positioned above bE1. Differential expression analysis revealed
modest but distinct treatment-dependent perturbations (Figure 40B). In both hDsg3 and
PBS/ETA groups, the majority of significant changes were downregulations. In hDsg3-
immunized samples, this included suppression of the desmosomal component Pkpl and
the IEG family member Nr4al, indicating weakened desmosomal integrity and altered
AP-1 activity. PBS/ETA treatment suppressed several hemidesmosomal and stress-
protective genes (ltgbh4, Coll7al, Plec), along with the p38-MAPK effector Hspbl,
consistent with reduced basal anchorage and resilience. By contrast, hDsg3/ETA samples
displayed an inversion of this pattern, with selective downregulation of the AP-1
negative regulator Duspl, suggesting dampened feedback control within the IEG
program. Taken together, these findings indicate that bE2 keratinocytes exhibit distinct
stress adaptations depending on the immunization setting. In hDsg3-immunized
samples, expression of genes associated with desmosomal integrity and AP-1 activity
was selectively reduced. The hDsg3/ETA group was distinguished by a further reduction
in AP-1 feedback regulation, pointing to altered control of the immediate early gene
program when Dsg3 autoimmunity coincides with weakened Dsgl support.

The proliferating basal cell cluster (bE-prol.) represented the smallest epidermal

population, comprising only 48 cells (Figure 35D). Its relative abundance was reduced in
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PBS/ETA and hDsg3 groups (~1% each) compared to the PBS and hDsg3/ETA conditions

(~2%), although the low cell counts limit the relevance of these differences (Figure 36A).

Differential expression patterns showed that ETA exerted a stronger influence than
hDsg3 alone, with greater DEG numbers in ETA treated groups and more overlap
between PBS/ETA and hDsg3/ETA (Figure 41A). In hDsg3-immunized samples,
transcriptional changes were modest, marked by significant upregulation of Map2k6
and downregulation of Mapk13 within the p38 module, together with suppression of
Myc in the IEG panel. By contrast, PBS/ETA samples displayed a clear IEG/AP-1 response
with Dusp6 and Zfp36 upregulated, as well as activation of upstream p38 nodes (Tab3,
Taok3) (Figure 41B). The hDsg3/ETA combination further emphasized AP-1 activity, with
significant induction of Jun, Fosb, and Fos, while showing downregulation of the p38
target Atf2. No EGFR-axis, hemidesmosomal, or desmosomal genes reached significance
in this cluster. This data indicates that proliferating basal keratinocytes undergo small
but treatment-dependent shifts: hDsg3 alone elicits a limited and somewhat divergent
p38/IEG response, while ETA-containing conditions dominate the stress signature, with
the combination hDsg3/ETA highlighting classic AP-1 activation alongside selective p38

feedback changes.

The sE1 cluster exhibited a coordinated Dsg3-dependent response. We identified 112
genes (58 up, 53 down; p < 0.05) that were regulated in the same direction in both hDsg3
and hDsg3/ETA treated mice, but not in the PBS/ETA group (Figure 42A). Across the two
hDsg3-treated groups, sE1 showed a broad IEG/AP-1 induction, with hDsg3 upregulating
multiple components (e.g., ler2/3, Nrdal, Egrl, Fos/Fosb, Jun/Junb/Jund, Atf3, Zfp36,
Dusp1/Dusp6), and hDsg3/ETA also elevating a subset of those (e.g., Myc, Nr4dal, Egrl,
Fos, Junb). In contrast, the ETA treatment alone (PBS/ETA) suppressed expression of
several IEG members (Zfp36, Dusp1l, Jun, Jund, KIf6, Fosb, Dusp5). Notably, the subset
of transcripts that were downregulated in PBS/ETA but upregulated in hDsg3 did not
reach significance in hDsg3/ETA (p < 0.05), indicating attenuation of these hDsg3-specific
IEG/AP-1 inductions in the presence of ETA.
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Figure 41: Preferential IEG activation by ETA treatment in the basal proliferating epithelial cell
cluster.

Differentially expressed gene analysis of the basal proliferating epithelial (bE-prol.) cell cluster
(A), each indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in
CFA with i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B)
Venn diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and
a p-value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

Also, junctional modules shifted in a treatment-specific manner: hDsg3 mice showed
Pkp1 weakly increased and Dsg2 reduced; Pkp1 and Dsp were reduced in the hDsg3/ETA
group while PBS/ETA treatment increased Dsgla and Dsc3 expression.
Hemidesmosomal changes were minimal, limited to Col7al downregulation in
hDsg3/ETA mice. Within the p38-MAPK pathway, hDsg3 treatment resulted in Mef2a
downregulation; hDsg3/ETA mice showed Map3k2 up with Taok3, Mef2a, and Tab1l
downregulated; and the PBS/ETA group displayed Mapk13, Mapkl4, Hspbl
upregulation. EGFR-axis genes were selectively induced in response to hDsg3
immunization (e.g., Hbegf, Rhbdf2), with no significant EGFR-axis changes in the other
groups. In summary, sE1 keratinocytes undergo Dsg3-specific remodeling characterized
by a stress-driven AP-1 program and distinct junctional rewiring in the hDsg3 groups,
clearly diverging from the ETA treatment-induced pattern, showing suppression of IEGs

and activation of p38-MAPK and select desmosomal components.

The sE2 cluster showed a dominant response in the hDsg3/ETA condition, where the
majority of DEGs were regulated and skewed upward, whereas both single hDsg3 and
the ETA (PBS/ETA) treatment conditions resulted in fewer total DEGs with a downward
bias (Figure 43A). Junctional genes indicated a compensatory reinforcement of
desmosomes: Pkp1, Perp, and Dsc3 were increased in the hDsg3 and hDsg3/ETA groups,
with Pkp3 additionally increased in hDsg3/ETA treated animals (Figure 43B). In contrast,
IEG/AP-1 activity appeared attenuated in hDsg3 mice (e.g., Egrl down). Within the p38-
MAPK module, the hDsg3 group displayed Hspb1 up- and Mapk14 downregulated.
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Figure 42: Spinous epithelial cluster 1 keratinocytes undergo Dsg3-specific molecular
remodeling with a stress-driven AP-1 program and distinct junctional rewiring.

Differentially expressed gene analysis of the spinous epithelial 1 (sE1) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

These data point to desmosomal strengthening in the mid-spinous cell layer despite
basal/spinous stress signatures elsewhere, with the ETA background amplifying the

upregulatory response while hDsg3 alone favors modest AP-1 dampening.

The sE3 cluster mounted a clear stress response with IEG/AP-1 induction in both hDsg3
and hDsg3/ETA groups (7/21 and 8/21 genes, respectively; e.g., Nrdal, ler2, Egrl, Zfp36,
Myc, Fos, Junb; plus Fosb, Jund in hDsg3/ETA) (Figure 44). ETA treatment alone
(PBS/ETA) also showed a limited IEG uptick (Nrdal, Jun). Junctional changes were
selective as Dsg3 was reduced only in hDsg3/ETA animals compared to PBS controls
(Figure 44B). Hemidesmosomal transcripts showed Col17al downregulated in PBS/ETA
and hDsg3/ETA groups, with Tspan8 upregulated in hDsg3/ETA mice. In hDsg3 treated
animals, the expression of genes within the EGFR axis was decreased (Egfr, Adam17),
and Map3k1 was downregulated; in hDsg3/ETA mice, Dusp16 was upregulated (Figure
44B). Overall, sE3 displays a spinous stress program dominated by AP-1, with hDsg3/ETA
combining IEG activation and selective junctional adjustments against a background of

intrinsically low Dsg3.
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Figure 43: Spinous epithelial cluster 2 shows upregulated desmosomal gene signature under
hDsg3 immunization, independent of ETA.

Differentially expressed gene analysis of the spinous epithelial 2 (sE2) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

Across basal and spinous cell strata, Dsg3 immunization triggers a layered, keratinocyte-
intrinsic stress program dominated by IEG and AP-1 activation. The response is strongest
in deep basal bE1l cells and extends into spinous clusters with subset-specific
compositions. Adhesion modules undergo junctional rewiring: expression of
desmosomal genes are predominantly reinforced with selective reductions in a few
targets in specific layers, whereas hemidesmosomal transcripts show only modest
decreases. Pathway readouts indicate AP-1- signaling with p38 activity and some EGFR
involvement. ETA treatment alone modulates amplitude and composition of gene
expression profiles, suppressing IEGs in sE1 cells, priming AP-1 in the proliferating basal

subset, and amplifying desmosomal upregulation in sE2 cells.

In the combined hDsg3 and ETA condition, AP-1 remains prominent, feedback control is
retuned with reduced Duspl and Atf2 transcripts, and several inductions seen with
hDsg3 alone are attenuated. Collectively, these findings define a Dsg3-specific,
desmosome-centered stress signature that precedes overt pathology and sets the

conditions for suprabasal clefting.

Despite very low overall cell numbers and a skewed contribution from a single hDsg3
sample (~7x more cells), differential analysis of T cells revealed a pattern dominated by
the hDsg3 condition, with more genes affected and the majority of which showing
downregulation (Figure 45A and Figure 37). Within stress-related pathways, alterations
centered on the p38-MAPK axis, where Tab2 was induced while Map3kl was
consistently reduced in hDsg3 treated mice, and hDsg3/ETA treated animals instead

showed Map3k7 induction alongside Map3k1 downregulation (Figure 45B).
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Figure 44: Spinous epithelial cell cluster 3 displays a spinous stress program dominated by
AP-1.

Differentially expressed gene analysis of the spinous epithelial 3 (sE3) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

Immediate-early/AP-1 components were selectively diminished in hDsg3 animals (Junb,
Dusp2), whereas the hDsg3/ETA group showed no significant changes and PBS/ETA mice
displayed reduced Fos (Figure 45B). Proliferation markers were also differentially
affected, with Pcna downregulated in hDsg3 mice but Top2a upregulated in the
hDsg3/ETA condition (Figure 45B). Signals of receptor-proximal activation and
costimulation diverged by treatment, with Nfkbl increased in hDsg3 and Zap70 in
hDsg3/ETA animals. A coherent downregulation of vesicle/ESCRT (Endosomal Sorting
Complex Required for Transport) machinery was observed in the hDsg3 group (Sh3gl1,
Commd6, Rablb, Chmpla, Chmp2a) and, to a lesser extent, in hDsg3/ETA mice
(Commd6, Rablb, Chmp1la), but absent in the PBS/ETA condition. Finally, Tnf expression

was specifically reduced in hDsg3 mice.

In summary, the T-cell compartment displayed modest but coherent signatures of
stress-MAPK and NF-kB/TCR activation, combined with selective loss of immediate-
early, proliferative, and vesicle-associated programs, marking an early and condition-

specific activation state that paralleled keratinocyte stress responses.
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Figure 45: T cell cluster displayed an early and condition-specific activation state that
paralleled keratinocyte stress responses.

Differentially expressed gene analysis of the spinous epithelial 3 (sE3) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

In both hDsg3-treated groups, the y&-DECT cell cluster showed a predominance of
upregulated over downregulated genes (Figure 46A). Immediate-early/AP-1 genes were
strongly induced, with Btg2, Jun, and Jund increased in hDsg3 animals, and a broader
set including Dusp5, Jund, Fosb, Junb, and Fos upregulated in hDsg3/ETA mice (Figure
46B). A proliferative signal was also evident in the hDsg3/ETA group through Pcna
induction. By contrast, NF-kB/TCR-related genes showed selective suppression, with
Cd247 decreased in hDsg3 mice. Within vesicle/ESCRT pathways, Ap2ml was
upregulated in hDsg3 animals, while Dnm2 was downregulated in the hDsg3/ETA
condition, and only PBS/ETA treatment showed Chmp2a induction. Across both hDsg3
groups, the exhaustion-associated factor Tox was consistently downregulated. In
summary, y&-DECT cells exhibited a pronounced immediate-early/AP-1 response
together with proliferative and vesicle/endocytic modulation, while simultaneously
losing TCR and exhaustion signatures, suggesting a fixed resident population mounting

rapid stress responses without progressing to classical exhaustion.

Both af T cells and y6-DECT cells displayed condition-specific changes as consequence
of hDsg3 immunization, albeit with distinct emphases. Conventional T cells were
characterized by a modest but coherent reprogramming, marked by selective activation
of the p38—MAPK and NF-kB/TCR axes, induction of costimulatory receptors, and

downregulation of vesicle/ESCRT and proliferative programs.
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Figure 46: Gamma-delta positive DECT cell cluster showed a rapid stress response without
progressing to classical exhaustion.

Differentially expressed gene analysis of the spinous epithelial 3 (sE3) cell cluster (A), each
indicated group compared to PBS (hDsg3-B6 mice immunized with PBS in CFA, PBS in CFA with
i.p. ETA on day 14, hDsg3 in CFA, or hDsg3 in CFA with PBS and i.p. ETA on day 14). (B) Venn
diagrams of all differentially expressed genes (DEG) with an expression of at least 20% and a p-
value < 0.01, against the PBS control group. (C) Heatmap depiction of immediate early genes
(IEG) of the AP-1 class, desmosomal, p38 MAPK, EGFR and hemidesmosomal gene sets and their
log2FC of each group against PBS controls, clustered by gene row, n=3, * p < 0.05.

y86-DECT cells, in contrast, mounted a pronounced immediate-early/AP-1 response with
additional modulation of proliferative and vesicle-associated programs, while showing
loss of exhaustion markers and reduced TCR components. Together, these findings
reveal that both lymphocyte compartments sense and respond to keratinocyte stress,
but in complementary modes: y&-DECT cells act as fixed tissue sentinels that rapidly
activate IEG/AP-1 programs, whereas conventional T cells adjust signaling,
costimulation, and residency features. In parallel with the keratinocyte signatures of
stress-MAPK activation and AP-1 induction, these immune responses point to a locally
coordinated pre-lesional priming environment in which epithelial and immune
compartments engage the same stress/activation pathways before overt pathology

emerges.
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4. Discussion

Pemphigus vulgaris (PV) is an autoimmune bullous skin disease characterized by IgG
autoantibodies directed against desmosomal proteins. Interference of these antibodies
with the desmosomal stability in epidermal keratinocytes results in loss of adhesion in
form of suprabasal blistering of cutaneous and mucosal skin (Hertl et al., 2006). The
desmosomal cadherins Dsgl and Dsg3 have been the main focus of pemphigus research
for decades, as 1gGs targeting these two proteins have been identified as major hallmarks
and drivers of the disease (Amagai et al., 1999). In addition, autoreactive Dsg3-targeting
T cells have found themselves in the focus of PV research, as sustained antibody
production is highly dependent on T-B cell interactions. Additional strong association of
specific HLA class Il alleles with PV, has further supported the importance of CD4+ T cells
in the PV disease mechanisms (Mobini et al., 1997, Wucherpfennig, Strominger, 1995).
The investigation of cytokine profiles and T cell characterization suggests a specific
involvement of Th2 cells, as clones of these Dsg3-specific T cells secrete dominantly IL-4
and IL-6 (Lin et al., 1997, Satyam et al., 2009, Veldman et al., 2003, Veldman et al., 2004).
Furthermore, mRNA expression of GATA-3, IL-4 and -13 have been found to be elevated
in PV-patient derived CD4+ T cells, when compared to those from healthy controls (Chen
et al., 2018). Also the presence of Dsg3-reactive IgG4 as dominant antibody class is seen
as an indicator for Th2 related disease mechanisms considering Th2 activity is known to
promote B cell class switching to IgG4 via the cytokines IL-4 and -13 (Chen et al., 2018,
Moriyama, Nakamura, 2017, Rizzo et al., 2005).

The humanized HLA-transgenic mouse model (HLA-B6) is uniquely suited to investigate
the PV-related T-B cell interactions in the context of an HLA-mediated immune response,
as it has both the predominantly associated HLA alleles (HLA-DQB1*04:02 and HLA-
DQB1*03:02) and the human co-receptor CD4 available during immunization with
human Dsg3 (hDsg3) peptide (Eming et al., 2014). The human HLA alleles replace the
knocked-out mouse MHC Il I-AB allele and can thus mimic human immune response

mechanisms quite authentically. We have shown that even localized immunization
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strategies with small doses of subcutaneously injected hDsg3 are able to induce a robust
immune response with high anti-hDsg3-IgG titers in this model. In accordance with
previous studies in this mouse model using systemic immunization approaches, we
found increased plasma cell levels in the spleens of immunized HLA-B6 mice, accounting
for the hDsg3-specific antibody production. Nevertheless, we could not find a clear
induction of a corresponding Th2 dominated T cell response accompanying the antibody
production. However, a decrease in Thl cell frequencies in both spleen and draining
lymph nodes suggested a subtle change in Th1/Th2 ratio had taken place. We continued
to investigate the changes in the immune response to localized hDsg3 immunization in
the same model, under suppression of Th2 cells via antisense molecules targeting GATA-
3 mRNA. We expected to find an ablation of response with inhibition of Th2 polarization,
ultimately resulting in less hDsg3-lgG production. Conversely, we found that one of the
two antisense molecules even increased the antigen-specific antibody titers significantly.
Application of a GATA-3-targeting Gapmer, but not the corresponding DNAzyme, showed
significantly increased anti-hDsg3-IgG titers as early as 14 days after the first
immunization with hDsg3. This increase was accompanied by increased levels of
CD19+/CD93+ cells in both spleen and draining lymph nodes. CD93 has been shown to
be essential for antigen-specific Ig production in the course of T-dependent
immunization procedures and its expression largely correlates with the expression of
CD138, a standard plasma cell marker (Chevrier et al., 2009). Hence, the assumption that
these cells represent antibody secreting plasma cells and account for the increase in
hDsg3-1gG is plausible. We could not observe any differences in FO or MZ B cells between
the treatment groups as an indicator for increased B cell maturation processes. We
concluded that the chosen time points of 21- and 42-days post-immunization were most
likely too late for GC responses to still be present (Pedersen et al., 2020, Wang et al.,
2016). Furthermore, the question of how the Gapmer led to an increase in IgG
production remains open as well. While we did not see changes in GC B cell subsets, we
found an increase in type 1 (T1) transitional B cells in the spleens of the Gapmer treated
group. As T1 transitional B cells are also CD93 positive, they could account for the

increase in CD93+ cells, compared to the other groups. In one of the experiments in
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which the GATA-3-Gapmer was applied, we also found a matching decrease in T2 B cells,
suggesting that B cells from the Gapmer treated groups did not normally complete their
transition from T1 to T2 stage. For a B cell to successfully transition between these
stages, they have to pass a checkpoint which is mediated by multiple chemokines and
integrins. In mice, T1 B cells require signals from Iga, IL-4, ST6Gal-1, Syk and BAFF to be
able to upregulate surface IgD, CD21 and CD23 and successfully differentiate into the T2
B cell state (Salerno et al., 2023). A decrease in T1 B cells caused by a specific effect of
the GATA-3-Gapmer, decreasing Th2 cells and thus resulting in less available IL-4, could
be excluded by the fact that a similar effect was seen in the negative control as well. It
needs to be noted that the GATA-3-targeting Gapmer we employed, is a synthetic
oligonucleotide that contains unmethylated CpG domains, and might therefore be able
to act as a toll-like receptor 9 (TLR9) ligand. Due to the structural similarities of antisense
oligonucleotides to bacterial or viral nucleic acids, these substances may have the
potential to activate TLR9 signaling cascades which can result in T1 cell proliferation, as
well as inhibition of growth arrest and apoptosis induced by BCR crosslinking (Dondalska
et al., 2022, Salerno et al., 2023, Yi et al., 1996, Yi, Krieg, 1998). Furthermore, T1 cells
have been shown to be able to recirculate and express activation-induced deaminase
(AID), needed for class switch recombination and production of high-affinity 1gG
antibodies (Han et al., 2007, Salerno et al., 2023, Ueda et al., 2007). Consequently, the
increased amounts of T1 B cells could be linked to the increased hDsg3-1gG levels that
were observed in the Gapmer treated group. Such off-target effects were not seen for
the GATA-3-targeting DNAzyme before, which matches with our results and supports this
hypothesis (Dicke et al., 2012).

Interestingly, even though an increase in T1 B cells was observed in both GATA-3-
targeting Gapmer experiments, only one also showed a significant increase in hDsg3-1gG
production. There are two factors to be considered that might have been contributing to
this difference, one being the difference in mouse strains used (wildtype C57BL/6 mice
(Wt) vs HLA-B6 transgenic mice) and the second being the time of application (4 hours
prior vs after two immunizations), which the latter representing the more plausible

determining factor. As previously discussed, Gapmer application may stimulate TLR9
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signaling, which has been shown to enhance B cell responses and antibody production
in combination with antigen application (Eckl-Dorna, Batista, 2009, Najibi et al., 2022).
Moreover, stimulation of naive B cells with CpG-site containing oligonucleotides has
been reported to upregulate surface expression of MHC and costimulatory markers such
as CD40, priming these cells for better antigen recognition (Jiang et al., 2007). In the Wt
experiment, the anti-GATA-3-Gapmer was applied 4 hours prior to each of the two
immunizations with hDsg3, eliciting a stronger immune response and resulting in a
higher antibody production as a result of that priming. In the experiment using HLA-B6
transgenic mice, the Gapmer was applied at the point of antigen boosting on day 14, i.e.
after two immunizations had already been performed, thus missing the initial innate

immune activation and subsequently its window of opportunity to prime the B cells.

Since the most prominent effects of the GATA-3-targeting antisense molecule application
could most probably be attributed to off-target effects, the question remains why we did
not see any changes in GATA-3+ Th2 cells in our experiments. As we could not observe
any changes in RoRyt expression and only limited effects on Thet expression, both of
which should have become upregulated upon GATA-3 inhibition, the antisense levels or
the timing of application might not have been sufficient to induce the desired inhibitory
effect. Alternatively, multiple factors point towards the hypothesis that the HLA-B6
mouse model had an inherent absence of GATA-3+ Th2 cells and thus a lack of target for
the antisense molecules. Detection of both GATA-3 and IL-5 protein levels via FACS and
ELISpot analysis proved unexpectedly difficult despite utilization of restimulation and
Golgi complex inhibitor. Additionally, the measured mRNA levels of GATA-3 in draining
lymph node cells were found to be extremely low in a single cell sequencing experiment,
even though high sensitivity was achieved by targeted gene amplification (data not
shown). Furthermore, the initial immunization of HLA-B6 mice failed to show an increase
in GATA-3+ or II-5+ Th2 cells. Frequencies of GATA-3+ cells in the spleen even showed a
downwards trend. These findings support a recent paradigm shift in T cell involvement
in PV. With continuously improving methodologies, the focus of T cell involvement has
shifted from Th2 dominance to an interplay of Thl, Th2, Treg and Th17 cells, all
contributing to the pathogenesis of PV (Veldman et al., 2003, You et al., 2024). As neither
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autoreactive Th1l cells, nor Th2 cell frequencies could be correlated to Dsg3-1gG titers in
PV patients, it has been proposed that the presence of both T cell subsets and their
interactions is critical for autoantibody production in PV (Veldman et al., 2003). Treg cells
have long been known to exhibit beneficial immunosuppressive effects on other T cells.
In the context of autoimmune diseases, their capacity to restrict TfH cell expansion and
thus suppress the generation of autoimmune antibody production, has been thoroughly
explored (Linterman et al.,, 2011, Martinez et al., 2025). Moreover, Tregs have been
found to be particularly central to skin barrier repair processes. The presence of Treg
cells has been shown to induce a cell fate switch in hair follicle stem cells, enforcing their
differentiation into stratified epithelium which could benefit the pathology of PV
(Mathur et al., 2019). Coincidentally, Treg cells have been demonstrated to be decreased
in PV patients, indicated by characterization of circulating cells, RNA, cytokine and
functionality analyses of Treg cells from PV patients (Ansari et al., 2023, Asothai et al.,
2015, Su et al., 2020, Xu et al., 2020). Adversely, we observed an increase in Treg cell in
both, HLA-B6 and hDsg3-transgenic (hDsg3-B6) model upon immunization with hDsg3.
This observation begs the question of whether there is a second stimulus present in PV
patients, which leads to simultaneous Treg suppression, a factor we did not anticipate.
Recent research has shown that in an adoptive transfer model of PV, transfer of Treg-
depleted splenocytes from Dsg3-ko mice into Rag2 -/- recipients presented with a more
severe lesional and weight loss phenotype, as well as higher anti-Dsg3 antibody titers
(Yokoyama et al., 2011). Additionally, introduction of Tregs into the splenocyte mix pre-
transfer appeared to inhibit autoantibody production dose-dependently. Most
interestingly, the authors observed that Tregs from Wt mice inhibited the anti-Dsg3
production less efficiently compared to Tregs from Dsg3-ko mice, proving that antigen
specific-Tregs are vital to the suppression of autoreactive immune responses (Yokoyama
et al., 2011). In the hDsg3-B6 model, the induction of Treg cells could have contributed
to the difficulties of creating a lesional phenotype in these mice. Additional suppression
of Treg cells in combination with our immunization strategy in hDsg3-B6 mice might be
an interesting future concept. On the other hand, we did not measure antigen specificity

in our analyses and thus cannot make any statement about hDsg3-specific-Tregs, but it
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could be an aspect worth investigating. Currently, increasing attention is paid to the
Treg/Th17 balance in the context of PV, as multiple studies could show an increase of
Th17 cells or their corresponding cytokines and transcription factors to be present in PV
patients (Hennerici et al., 2016, Holstein et al., 2021, Singh et al., 2022, Timoteo et al.,
2017, You et al., 2024). This observation was often accompanied by a simultaneous
decrease of Treg cell markers, underlining the disturbance of the Treg/Th17 balance in
PV. As naive CD4 cells have been shown to differentiate into either Treg cells or IL-17
producing T cells depending on their cytokine environment and by direct interaction of
their driving transcription factors FoxP3 and RoRyt, these two cell types seem to stand
at opposing ends of a spectrum, similar to the relation of Thl and Th2 cells (Bettelli et
al., 2006, Zhou et al., 2008). Moreover, Th17 cells have the ability to switch to a Th1-like
phenotype with increased IL-23 signaling, as seen in autoimmune diseases. This is
supported by the observation that Th1 and Th17 pathways are found to be increasingly
active in the disease progression of PV (Hirota et al., 2011, You et al., 2024). As we could
not find an increase in Th17 cells in our experiments with HLA-B6 or hDsg3-B6 mice,
along with the increase in Treg cells, it can be assumed that the balance disturbance was
not reflected in the applied animal models. In patient samples, higher amounts of IL-6
and CXCL-8 could be observed, particularly in samples from patients with active disease
(Timoteo et al., 2017). Thus, it might be possible that the lack of a PV-like skin phenotype
(e.g. an active disease state) in the HLA-B6 model might have been reflected in lack of
Treg/Th17 balance disturbance in our experiments. On the other hand, we were able to
induce an active phenotype in the hDsg3-B6 animals and still observed the same state
of higher Treg cells in this model. Unfortunately, we did not measure Th17 cells via flow
cytometry in the hDsg3-B6 experiments and could not confirm the presence or absence
of this cell type via classical characterization.

Our data confirm that localized hDsg3 immunization in HLA-B6 mice elicits robust anti-
hDsg3 1gG levels with splenic/LN plasma-cell expansion, but without a dominant Th2
signature. Instead, we observed a modest Thl reduction and most notably an increase
in Treg frequencies, indicating that effective antibody production can proceed in this

model without overt Th2 polarization. The apparent Th2-independent augmentation of
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antibody titers by the GATA-3 Gapmer is best explained by CpG/TLR9-mediated B-cell
activation, expansion of CD93* T1 transitional B cells, and timing-dependent priming,
rather than on-target GATA-3 suppression. Failure to detect GC dynamics likely reflects
our sampling at 21 and 42 days past immunization, after the principal GC window.
Collectively, these findings align with a broader view of PV pathogenesis in which
coordinated inputs from Th1/Th2/Treg/Th17 rather than a single Th subset shape
autoreactive B-cell help. The model captured enhanced Treg activity but did not

reproduce the Treg/Th17 disequilibrium reported in patients.

PV research has mainly been approached from two angles, one investigating the
immunological side of autoantibody production, the other focusing on the molecular
intricacies of skin adhesion. Both are equally important players in the pathology of the
disease, yet research methodologies differ a lot between the two fields and translation
of results from one side to the other is immensely challenging. Immunological research
mainly relies on direct analysis of patient material and clinical observations, while skin
cell adhesion processes are mostly studied using in-vitro cell culture and ex-vivo
material. Mouse models should be the interface between the two research fields, but
unfortunately a robust mouse model representing all hallmarks of PV has yet to be
presented, thus limiting the translational capacity for PV research. For decades, the
dominant model in the field has been a model of passive transfer of patient-derived
serum or purified IgG in neonatal mice, in which patient derived serum or purified I1gG is
injected subcutaneously, resulting in PV specific blistering and enabling investigation of
downstream cascades or therapeutic interventions targeting the adhesive signaling
caused by IgGs (Anhalt et al., 1982). Clearly, the model lacks any immunological
hallmarks of PV and is thus of limited value for future research in the field. Moreover, it
remains questionable how representative (murine) neonatal skin architecture is in a
disease whose onset is predominantly seen in patients beyond the age of 40. PV models
in adult mice have yet to bridge the gap between immunology and adhesion, as both
adoptive transfer from Dsg3 -/- mice into immunodeficient Rag-2 -/- recipients and
immunization of humanized HLA transgenic mice lack either autologous immune

mechanisms or adhesion interference resulting in a PV phenotype (Eming et al., 2014,
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Rosi-Schumacher et al., 2023, Shimizu et al., 2002). Thus, a model that incorporates both
the autologous tolerance-breaking mechanisms, resulting in immunological generation
of autoreactive IgG as well as antibody binding in the same system leading to PV-typical
acantholysis, would be a massive step forward towards integrating results from both
patient and cellular/molecular research. Therefore, our efforts to establish such a mouse

model have to be critically considered from all angles.

The specific spatial distribution of cadherins in the epidermis is intrinsically linked to a
healthy barrier formation (Runswick et al., 2001). Multiple studies manipulating the
distribution of Dsg3 have shown the impact of absence or overexpression of the anchor
protein leading to abnormalities in epidermal structure. Full Dsg3-knockout experiments
in mice have demonstrated a severe PV-like phenotype that is characterized by loss of
adhesion in the epidermal layer, accompanied by hair loss and runting appearance (Koch
et al.,, 1997, Koch et al.,, 1998). Even truncating Dsg3 lowered the number of
desmosomes observed in the skin and presented with flaking skin and blackened tail
tips. Remarkably, transgenic expression of Dsg3 in the upper epidermis, where it is not
found under normal circumstances, also led to a severe phenotype in mice. These
animals suffered from ultimately lethal trans-epidermal water loss, due to their
cutaneous skin morphologically resembling oral mucosa and thus failing to exhibit
cutaneous water retaining properties (Elias et al., 2001). These experiments underline
the importance of correct spatial distribution and restriction of adhesion related proteins
in the epidermal layer. In this context, we noticed some striking differences between the
hDsg3-B6 model used in this work and other existing mouse strains, as well as the human
skin. Initially, we noticed in the conducted single cell analyses that Dsgla was expressed
at much higher levels compared to Dsg3, even in the basal cells where it is almost absent
in other mouse single cell RNA analysis (Joost et al., 2016). Dsg3 on the other hand was
not expressed at the mRNA level in spinous epithelial clusters at all. In human cutaneous
skin Dsgl and 3 are expressed in opposing gradients, Dsg3 being most prominent in the
basal layer and Dsgl in the granular layers. Other single cell experiments showed that in
human skin the expression levels of Dsgl and 3 were comparable in the basal cell cluster,

while in our mouse data we observed an up to a 3-fold difference between Dsgla and

98



DISCUSSION

Dsg3 counts within the basal clusters (Single cell type - DSG1 - The Human Protein Atlas,
2025, Single cell type - DSG3 - The Human Protein Atlas, 2025, Karlsson et al., 2021).
Other mouse single cell data sets analyzed with single cell technology confirmed that
mouse epithelial cells seem to have a large difference between Dsgla and Dsg3
expression in the basal cell clusters (Epidermis, 2025, Sandberg, 2025). Therefore, it is
possible that the effect of compensation of Dsgl for loss of Dsg3 adhesion is more
impactful in mice than in men. Dsg3 gene expression is known to be dominant in human
mucosal and cutaneous skin samples from both PV and PF patients and thus
compensatory mechanisms are limited there (Miguel et al., 2022). Furthermore, human
HaCaT keratinocytes, a cell line often used for PV research in-vitro, seem to have an equal
expression of Dsgl and 3 mRNA, which is more in line with healthy human skin (Xie et
al., 2020). These observations highlight the inherent differences of several model
systems used in PV research and could explain why some experimental results are not
well translated from one model to the next. The information that Dsgl1 and 3 expressions
in the mouse model used in our experiments markedly differed from those in human
skin, prompted us to also look into the expression of other desmosomal components
and their expression levels. It has been previously shown that in-vitro Dsg2 is able to
compensate for the loss of Dsg3 in-vitro and human skin upregulated Dsg2 ex-vivo in
response to PV-IgG injection (Hartlieb et al., 2014, Sigmund et al., 2020). Additionally, PV
patients showed increased Dsg2 expressions in the basal layers of lesional and
perilesional skin samples (Iwatsuki et al., 1999). Normal human skin has a much lower
expression of Dsg2 compared to Dsg3, making it barely detectable in even single cell
sequencing experiments (Single cell type - DSG2 - The Human Protein Atlas, 2025). In
hDsg3-B6 mice we detected similar expression levels of Dsg2 and 3 in the basal
keratinocytes and other single cell experiments in C57BL/6 mice confirmed this
observation (Epidermis, 2025, Sandberg, 2025). These results pose the question whether
Dsg2 compensation plays a more important role in mouse models compared to the
human situation than anticipated, especially considering the difficulties researchers had
experienced with induction of a PV-like phenotype in mouse models. This hypothesis is

further supported by the fact that Dsgl and 2 are both upregulated in a Dsg3-ko model.
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Furthermore, these Dsg3-ko mice show primarily lesions in mucosal areas, where Dsg3
is the dominant cadherin, and do not show cutaneous lesions in areas with little
mechanical trauma such as back and tail. Rarely seen severe cutaneous lesions found in
a few animals were primarily found in regions where extensive mechanical stress occurs,
such as the snout or the nipples on nursing females (Koch et al., 1997). Even then, these
lesional observations were only observed in a few animals at all.

Other desmosomal proteins have also been implicated in the pathogenesis of
pemphigus. It has been shown that Dsgs and Dscs are able to heterophilically bind to
each other and that this interaction is even dominant over homophilic interactions for
cell adhesion (Harrison et al., 2016). Moreover, it has been shown that PV-associated
antibodies are able to inhibit these heterophilic interactions (Evangelista et al., 2018,
Ishii et al., 2020). Strikingly, loss of Dsc3 presents as a phenotype curiously similar to PV,
showing epidermal acantholysis in the suprabasal layer (Chen et al., 2008). This poses
the question of how desmocollins contribute to keratinocyte adhesion and whether
changes in this protein family might contribute to the issues with the generation of
mouse models for PV. Surprisingly, we have not found any mRNA expression for Dscl
and Dsc2 in any of the keratinocyte populations. Only in hair follicle associated clusters
a very slight expression of Dscl could be detected. This absence seems to be unique to
hDsg3-B6 transgenic mice as Dsc2 is usually considered to be expressed in all stratified
epithelia and even strongly so in suprabasal layers (Lorimer et al., 1994). Dsc3 on the
other hand, was expressed ubiquitously expressed in all keratinocyte clusters of our data
set, showing a slight ascending gradient from basal to spinous clusters. Interestingly,
knockout experiments with Dscl and 2 have shown very different results in the skin.
While Dscl-ko mice presented with a severe phenotype of chronic dermatitis with skin
ulcerations, lesions on the snout and hair loss, various experimental approaches
reducing the protein levels of Dsc2 did not show any skin abnormalities. The authors
concluded that Dsc3 expression was able to compensate for loss of Dsc2, avoiding the
development of a skin phenotype, but not for loss of Dscl, resulting in the severe skin
abnormality that was observed (Chidgey et al., 2001, Vermeer et al., 2022). This poses

the question of why hDsg3-B6 mice do not show any skin abnormalities despite their
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apparent lack of Dsc1 mRNA. In the Dsc1-ko model, extensive upregulation of P-cadherin
and B4-integrin expression was found in the lesional epidermis. We have found
expression of Chd3 (P-cadherin) and ltgb4 (B4-integrin) mainly in the basal cell clusters,
but as no Wt control cells were included in this experiment to compare the expression
to, a comparable quantification was unfortunately not possible. Contrary to our results,
another mouse model utilizing CBA-C57BL/6 hybrids found Dsc3 only expressed in the
basal layer of keratinocytes. Upon transgenic expression of Dsc3 throughout all
epidermal layers, these mice showed hair loss, acanthosis, hypergranulosis and
hyperkeratosis. Evidently, the thickened layers acquired some characteristics of basal
keratinocytes, such as increased proliferation shown by Ki67 expression in the upper
layers (Hardman et al., 2005). We could find high Mki67 (Ki67) gene expression only in
one specific proliferating basal cell cluster, and we did not see the mentioned abnormal
epidermal characteristics in these mice histologically. It is possible that in hDsg3-B6 mice
the abundant mRNA for Dsc3 does not sufficiently translate into Dsc3 protein, e.g. by
post-transcriptionally silencing and therefore none of the abnormalities of upper
epidermal Dsc3 expression is observed. This would still not explain the lack of Dscl
without epidermal phenotypical consequences. It is clear that several Wt mouse strains
used in desmosome-related research such as CBA, Balb/c, 129Sv, C57BL/6 or hybrids of
these strains seem to have certain differences in desmosomal RNA and protein
expression, suggesting that certain mouse strains might be better suited for PV research
due to their closer homology to human desmosomal composition and their spatial
distribution throughout the skin (Baron et al., 2012, Brennan et al., 2007, Chen et al.,
2008, Chidgey et al., 2001, Godsel et al., 2022, Hardman et al., 2005, Koch et al., 1997,
Lai et al., 2024, Lorimer et al., 1994, Mahoney et al., 2006, Merritt et al., 2002, Mdller et
al., 2020, Sklyarova et al., 2008, Vasioukhin et al., 2001, Vermeer et al., 2022). The
guestion remains, if differences observed in hDsg3-B6 mice are due to strain-specific
genetic background or the influence of the genetic manipulation and how the lack of
Dscl and 2 contributes to the induced PV phenotype which thus warrants further

investigation.
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PV pathogenesis arises from the convergence of autoreactive immunity and a finely
patterned desmosomal network. While classical neonatal passive-transfer models
reproduce antibody-driven acantholysis without endogenous immunity, adult
immunization/adoptive-transfer systems often fail to induce blistering, partly because
murine epidermis differs from human in cadherin distribution. Our data reinforces this
translational gap on two fronts. First, desmoglein-desmocollin heterophilic adhesion,
dominant over homophilic binding and directly inhibited by PV-IgG, adds a critical layer
of vulnerability that most immune-centric models do not assay. Second, the desmocollin
axis itself appears remodeled in immunized hDsg3-B6 mice, diverging from reports in
other strains and from human skin. Together with relatively elevated Dsg2 levels found
in mice, these features likely buffer Dsg3-directed insult and raise the threshold for
cutaneous acantholysis which might explain why adult murine models so rarely

recapitulate human-typical blistering despite robust anti-Dsg responses.

Beyond cadherins, our data indicate that an immediate-early gene (IEG)/AP-1 program
is already engaged before obvious acantholysis. By IEG we refer to the rapid, translation-
independent response class classically dominated by AP-1 family members
(JUN/JUNB/JUND; FOS/FOSB/FOSL1) and allied nodes such as NR4A1/2/3, IER genes,
ZFP36, DUSPs and related regulators (Greenberg, Ziff, 1984, Shaulian, Karin, 2001, Tullai
et al., 2007). Unlike secondary waves, IEGs do not require new protein synthesis and
encode transcriptional and post-transcriptional regulators that “set the stage” for
downstream state changes (Tullai et al., 2007). Notably, we detected sustained
regulation of canonical IEGs beyond the ~90-min window typically ascribed to single-
pulse stimulation, consistent with recurrent or reinforced triggering in vivo at pre-
lesional time points. This IEG/AP-1 state matches with classical skin biology: AP-1
controls proliferation, differentiation and apoptosis mechanisms and directly regulates
keratin genes (Krt1/5/14) and envelope components (involucrin, loricrin, profilaggrin),
alterations of which are implicated in inflammatory dermatoses including psoriasis and
PV (Angel et al., 2001, Casatorres et al., 1994, DiSepio et al., 1995, Jang et al., 1996, Lu
et al.,, 1994, Ma et al.,, 1997, Welter, Eckert, 1995). Spatially, AP-1 components

concentrate in basal epidermis where c-Jun/JunD oppose p53-driven senescence and
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apoptosis, aligning with a proliferative niche that could both sense and propagate early
PV signals (Weitzman et al., 2000, Yazgan, Pfarr, 2001). Moreover, c-Jun abundance
increases when keratinocytes are exposed to PV-IgG, linking autoantibody engagement
to AP-1 activation (Frusi¢-Zlotkin et al., 2006). Upstream, keratinocytes route danger and
growth signals through p38 MAPK and EGFR activating ERK into AP-1, a convergence
consistent with the observed transcriptional footprint (Mascia et al., 2010, Shi, Isseroff,
2005, Silvers et al., 2003). Within this axis, Fos/Jun cooperate with Atf3 and p63 to
imprint stimulus-responsive “epigenetic memory” in epidermal stem cells—an
architecture suited to repeated triggers in chronic conditions such as PV. Atf3 itself is
upregulated in perilesional PV skin and participates in wound-healing and caspase-3—
linked apoptotic pathways, positioning it as a plausible mediator of early keratinocyte
stress (Harper et al., 2005, Hoffman et al., 2024, Larsen et al., 2021, Lu et al., 2007).
Mechanistically, PV-relevant cues, including anti-Dsg3 binding, oxidative hits, and
cytokines, activate p38 MAPK, inducing Atf3 and phosphorylating c-Jun (Lim et al., 1998,
Lu et al., 2007, Rolli et al., 1999). Multiple inputs such as IL-1B, TNFa, and H,0, can drive
Atf3/Egrl via p38/INK, and PV models show heightened p38 phosphorylation tied to
Dsg3 internalization and blistering (Berkowitz et al., 2005, Berkowitz et al., 2006,
Berkowitz et al., 2008, Jolly et al., 2010, Mao et al., 2011). In parallel, EGFR engagement
enables ERK-mediated phosphorylation of c-Jun (563/73), a pathway proposed to loosen
plakoglobin—-desmosome associations, escalate ERK to c-Jun signaling, and increase
soluble FasL, thereby promoting acantholysis (Frusi¢-Zlotkin et al., 2006, Morton et al.,
2003). Notably, EGFR inhibition can protect against PV-lgG—induced desmosomal
cleavage, while Dsgl physiologically restrains EGFR signaling in upper layers to favor
differentiation (Egu et al., 2019, Egu et al., 2024, Getsios et al., 2009, Harmon et al.,
2013). Taken together, our pre-lesional IEG persistence is compatible with anti-Dsg3
signaling that recurrently touches the p38 and context-dependent EGFR axes in situ.

Layer-resolved single-cell data place the strongest IEG/AP-1 engagement in basal cell
cluster 1 (bE1) and, second, in spinous epithelial cell cluster 1 (sE1), respectively the two
strata that bracket the eventual suprabasal split plane, supporting initiation in deep basal

cells with sE1 amplifying signals toward overlying layers and providing transcriptomic
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evidence for that cascade. Upper spinous layers attenuate this program, aligning with
their lower Dsg3 context and differentiation bias that is less permissive to EGFR-driven
proliferation cues. Concordant with an early but targeted junctional response, we
observed desmosomal reinforcement coexisting with selective vulnerability, e.g.
increased expression of Pkpl and Perp in sE2, which is consistent with hyper-adhesive
desmosomes and required assembly functions (Nguyen et al., 2009, Tucker et al., 2014).
We note caveats and conflicts, as many previously described “pre-lesional” phenomena
are post-translational mechanisms (e.g. EGFR/p38 phosphorylation, endocytosis, keratin
retraction) that can precede transcriptional changes, and literature often presumes Dsg2
upregulation as compensatory whereas we detect contextual Dsg2 decreases (Bektas et
al., 2013, Jolly et al., 2010, Sigmund et al., 2020). These are points that require additional
protein-level validation in the future, which was not considered in the scope of this
dissertation. Nevertheless, a synthesis with prior work supports our model: PV-IgG
activates p38/EGFR and AP-1 in keratinocytes and passive-transfer systems, while the
IEG program extends beyond JUN/FOS to NR4A/IER/ZFP36/DUSP/KLF6/MYC in inflamed
epidermis. At the same time, EGFR blockade mitigates desmosomal cleavage and p38
inhibition reduces blistering, while acknowledging that some studies emphasize steric
hindrance/direct uncoupling and that EGFR dependence varies by model and layer and
may dampen without abolishing pathology (Bektas et al., 2013, Di Zenzo et al., 2012, Egu
et al., 2024, Heupel et al., 2009a, Heupel et al., 2009b, Sekiguchi et al., 2001).
Accordingly, we observed a layer-graded permissive state in which AP-1/IEG activity
lowers the threshold for acantholysis rather than acting as the sole trigger. To further
confirm our hypothesis, additional analyses would be required, including phospho-
spatial mapping (p-c-Jun S63/73, p-ATF3, p-p38, p-ERK with DSG3/JUP/PKP1),
examination of acute pre-lesional p38/EGFR modulation read out by split depth,
ultrastructure and AP-1 targets, and protein-level reconfirmation of RNA changes.
Limitations of our current dataset include early termination of the immunization
schedule, suboptimal tissue recovery (notably mucosa), and inability to temporally order
changes in p38 vs. EGFR vs. AP-1 expression or distinguish tonic persistence from

recurrent activation.
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In sum, we could show that a basal cluster-initiated, AP-1-centric IEG program, fed by
p38 and context-dependent EGFR expression, prefigures lesions and peaks in bE1 and
sE1. This reaction appears to be desmosome-focused (reinforcement with selective
cadherin loss), while sparing hemidesmosomes. We showed affected targets (Pkpl,
Perp, Dsg3/2, Jup) and relevant signaling readouts in the pre-lesional phase, thereby

explaining suprabasal clefting and clarifying where and when EGFR matters.

Comparing the hDsg3-B6 model to previously established mouse models of PV, we can
see a clear advantage over the classical and some newly published adaptations of the
Dsg3-ko adoptive transfer model. In the classic model, Dsg3-ko mice have to be
intraperitoneally immunized multiple times over the course of 32 days with Dsg3 in
CFA/IFA or pure protein. Complete Freund’s adjuvant, while being highly effective at
boosting immune responses, has heavy side effects especially when applied
intraperitoneally, often leading to losses of animals during experimental procedures.
Moreover, several mice are needed to obtain enough splenocytes for successful transfer
into Rag2 -/- mice, further increasing the animal numbers needed for these experiments.
About 85% of all Rag2 -/- mice start to develop a mucosal phenotype around day 15-20,
evident by Dsg3-1gG titer plateau and the beginning display of weight loss. Only about
30% of all animals develop an actual cutaneous phenotype, presenting as snout lesions
(Amagai et al., 2000). Even a newer adaptation of the classical adoptive transfer model,
published in 2023, that employed both Dsgl and Dsg3 immunization on Dsg3-ko mice,
did not improve the drawbacks of this type of model, as the recipient Rag2 -/- mice only
developed significant Dsg3-specific antibody titers 28-days after transfer, in the mice
receiving only Dsg3-primed splenocytes even only 63-days after transfer (Lotti et al.,
2023). As for ethical reasons the number of animals used in (harming) experimental
procedures should be reduced to an absolute minimum, adoptive transfer models like
these should only be used if absolutely necessary.

In contrast, the hDsg3-B6 model applied in our study only needed a single subcutaneous
hDsg3-injection to develop stable hDsg3-specific antibody titers from day 14 onwards,
reaching a plateau on day 21. In this model, about 50% of all immunized animals showed

a clear phenotype, making the model much more feasible also for smaller scale
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experiments. Moreover, as immunization was performed with hDsg3 in mice with an
hDsg3-transgenic background, the system represents a true autologous system. We have
shown that a single immunization with hDsg3 peptide in CFA was able to break
autotolerance and induce a robust antibody response, as measured by anti-hDsg3-IgG
titers. Consequently, we were able to histologically show intra-epithelial blister
formation on day 35 in mucosal and cutaneous areas histologically for the first time in
an autologous system.

However, a few points still need to be addressed that are holding the model back. First
of all, as previously mentioned, CFA is an adjuvant causing serious unspecific side effects.
During the conduct of our experiments, we have repeatedly observed the site of
injection to be affected by such side effects, leading to sore areas with strong signs of
local inflammation in all immunization groups. As excellent antibody titers were achieved
with the single injection protocol, it is possible that downgrading the adjuvant used to
incomplete Freund’s adjuvant, or even switching to another adjuvant system entirely,
might immensely improve the overall burden of unwanted side effects on mice during
the experiments. Reduction of unspecific side effects would also enable the analysis of
tissue from the immediate surrounding areas of the injection sites, where the antigen
concentration is the highest. Furthermore, based on the recent paradigm shift in T cell
involvement, the choice of adjuvant may result in less or alternative polarization towards
a specific Th-subtype and thus contribute to deeper understanding of the sequence of
immune mechanisms involved in PV pathogenesis. Additional to these aspects, it might
be advantageous to recreate the hDsg3-transgenic model based on a different mouse
strain as we have shown the current hDsg3-B6 mice lack certain desmosomal
components that are involved in adhesion processes in human keratinocytes. Moreover,
C57BL/6 mice are known to have strain specific restrictions in MZ B cells (Marifio et al.,
2008, Park et al., 2017). Previous studies have found MZ B cells in peripheral lymph
nodes of DBA/1, BALB/c, NOD and CBA/J mice, but they were completely absent in
C57BL/6 mice (Palm et al., 2016). Further investigation proposed that C57BL/6 mice
might retain their MZ B cells in the spleen via high expression of S1P1, a factor preventing

transmigration of B cells into peripheral structures (Kin et al., 2008). The lack of MZ B

106



DISCUSSION

cells in lymph nodes of C57BL/6 mice has been hypothesized to be the reason for their
low susceptibility to many autoimmune models as well, posing the question if a different
mouse strain might also show higher susceptibility to PV phenotype induction via
immunization and as such an overall better basis for PV-related preclinical research
(Campbell et al., 2000, Costagliola et al., 1995, Taylor, Hughes, 1985).

Taken together our findings demonstrate that robust anti-hDsg3 1gG and plasma-cell
expansion can arise without an overt Th2 signature, while Tregs expand and likely
constrain disease expression. We identify a pre-lesional, basal cell-initiated AP-1/IEG
state, fed by p38 and context-dependent EGFR expression, that peaks in bE1 and sE1 cell
clusters; the strata bracketing the ultimate suprabasal split. In parallel, mouse-specific
cadherin stoichiometry (relatively high Dsgl/2, remodeled Dsc axis) provides a
biomechanical buffer that raises the threshold for cutaneous acantholysis, clarifying why
adult immunization/adoptive-transfer systems often fail to induce blistering despite
strong anti-Dsg3 responses. The counterintuitive antibody boost as a result of GATA-3
Gapmer treatment is best explained by CpG/TLR9-driven T1-B-cell priming rather than
Th2 suppression, underscoring the need to separate on- from off-target effects when
manipulating T cell lineage pathways. Together, these insights unite immune
mechanisms and junctional mechanics into a hypothetical model: AP-1/IEG activity
lowers the barrier to acantholysis, cadherin stoichiometry sets the barrier height, and
Tregs modulate whether that barrier is crossed. The proposed phospho-spatial mapping,
acute p38/EGFR perturbations, protein-level junctional surveys, and immune-circuit
manipulations associated with optimal adjuvant/strain selection provide a clear
experimental path to strengthen causality and refine a translationally faithful
experimental model for PV that allows to gain deeper understanding of the sequence of

events leading to pathology and to test novel, evidence-based treatment strategies.
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5. Summary

Pemphigus vulgaris (PV) pathogenesis arises at the interface of adaptive immune
mechanisms characterized by the presence of high-affinity autoantibodies against
desmogleins licensed by antigen-specific Th-cell support and keratinocyte adhesion
systems whose composition and signaling thresholds determine susceptibility to
acantholysis. Currently available mouse models of PV are unable to fully reflect the
disease from break of immunological tolerance to visual and histological pathology at
the skin level, despite induction of significant autoreactive anti-desmoglein 3 (Dsg3)
antibody titers. Here, we are employing humanized mouse models to provide insight into
the generation of a sustained pathogenic anti-Dsg3 response under inhibition of GATA-3
as the main differentiation factor for Th2 immune cells, as well as providing a deep
cellular characterization of a novel transgenic mouse model expressing human Dsg3
(hDsg3) as a target for PV autoantibodies which represents pathologic features of human
PV disease.

T helper type 2 (Th2) cells have been in the focus of PV-related research as crucial co-
stimulators in the generation of anti-Dsg3 autoantibody responses for a while. Therefore,
we investigated the effect of GATA-3 inhibition via antisense molecules (GATA-3-specific
DNAzyme and Gapmer) on the polarization of Th2 cells in an HLA-humanized, human
CD4-expressing mouse model (HLA-B6) for PV to determine how anti-hDsg3-antibody
production, B cell class switching and affinity maturation might be affected. Analysis of
the draining lymph node and splenic cells of HLA-B6 mice locally immunized with hDsg3
showed that, while a robust anti-hDsg3 antibody response was generated, a dominant
Th2 signature could not be observed. However, a slight increase in Th1 cell levels and a
notable increase in T regulatory cell (Treg) levels was identified. An Th2-independent
modulation of antibody titer levels was observed under GATA-3-Gapmer treatment,
which could most probably be attributed to CpG/TLR9-associated off-target effects that

coincided with B-cell activation and expansion of CD93+ T1 B cells. Unfortunately, no
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changes could be determined for germinal center (GC) related cells, possibly due to late
sampling windows of 21 and 42 days post-immunization.

To develop and characterize a new mouse model representing both the immunological
onset and the ultimate pathogenic presentation of PV-like skin lesions, mice transgenic
for the human Dsg3 (hDsg3-B6) were immunized by subcutaneous application of hDsg3
protein in complete Freund’s adjuvant (CFA). This approach resulted in a break of
autologous immune tolerance shown by a robust and sustained anti-hDsg3 autoantibody
response seen as early as 14 days after a single immunization dose. These mice showed
typical features of PV lesions as suprabasal blistering in mucosal tissue. Further single
cell transcriptome analyses of pre-lesional skin from hDsg3-B6 mice 15 days after
immunization showed a distinct upregulation of an immediate-early/AP-1 program at
the transcriptional level specifically within the basal and spinous cell populations
bracketing the eventual suprabasal cleft region. Additionally, we found mouse-specific
discrepancies in cadherin expression signatures and composition, that if compared to
human mRNA levels in keratinocyte (sub-)populations, might explain why mouse models
for PV are so notoriously difficult in eliciting the blistering phenotype. Specifically, Dsg1/2
and desmocollin intensity and spatial distribution are markedly different and could
buffer acantholysis induction in mice.

Taken together, this work can provide further insights that straddle the gap in model to
patient translation, providing a solid start to a translationally complete model for PV,
encompassing all events from autoimmune induction to histological presentation,

ultimately enabling improved mechanistic and therapeutic research in the future.
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6. Zusammenfassung

Pemphigus vulgaris (PV) entsteht an der Schnittstelle zwischen adaptiven, T-Helferzell-
abhdngigen Immunmechanismen, welche durch hochaffine Autoantikdrper gegen
Desmogleine gekennzeichnet sind, und Keratinozyten-Adhdsionssystemen, deren
Zusammensetzung und Signalschwellen die Suszeptibilitit gegeniber Acantholyse
bestimmen. Die derzeit verfligbaren Mausmodelle des PV sind trotz signifikanter Titer
von autoreaktiven Anti-Desmoglein-3-(Dsg3-)Antikdrpern nicht in der Lage, den
Krankheitsverlauf vom Bruch der immunologischen Toleranz bis hin zu &duferlich
sichtbaren und histologischen pathologischen Veranderungen der Haut vollstandig
abzubilden. In dieser Arbeit wurden humanisierte Mausmodelle verwendet, um
Einblicke in die Generierung einer pathogenen Anti-Dsg3-Antwort unter Inhibition von
GATA-3 als zentralem Differenzierungsfaktor fiir Th2-Immunzellen zu gewinnen. Darliber
hinaus charakterisieren wir ein neuartiges transgenes Mausmodell, das humanes Dsg3
(hDsg3) als Zielantigen fiir PV-Autoantikorper exprimiert und pathologische Merkmale
der humanen PV-Erkrankung reproduziert.

T-Helferzellen des Typs 2 (Th2) standen in der PV-Forschung seit Liangerem als
entscheidende kostimulatorische Zellen fir die Generierung von Anti-Dsg3-
Autoantikérperantworten im Fokus. Daher untersuchten wir den Effekt einer GATA-3-
Inhibition durch Antisense-Molekiile (GATA-3-spezifisches DNAzym und Gapmer) auf die
Polarisation von Th2-Zellen in einem HLA-humanisierten und human-CD4
exprimierenden Mausmodell (HLA-B6) fiir PV, um zu bestimmen, wie die Anti-hDsg3-
Antikorperproduktion, der B-Zell-Klassenswitch und die Affinitatsreifung beeinflusst
werden kdnnen. Die Analyse der drainierenden Lymphknoten- und Milzzellen von HLA-
B6-Mausen, die lokal mit hDsg3 immunisiert wurden, zeigte die Generierung einer
robusten Anti-hDsg3-Antikorperantwort, jedoch konnte keine dominante Th2-Signatur
nachgewiesen werden. Stattdessen wurde eine leichte Zunahme der Th1-Zellzahlen und
eine deutliche Zunahme regulatorischer T-Zellen (Tregs) beobachtet. Unter Anti-GATA-3-

Gapmer-Behandlung wurde eine Th2-unabhéangige Modulation der
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Antikorpertiterspiegel festgestellt, die hochstwahrscheinlich auf CpG/TLR9-assoziierte
Off-Target-Effekte zurlickzufiihren ist, welche mit einer B-Zell-Aktivierung und Expansion
von CD93+ T1-B-Zellen einhergingen. Fir Keimzentrums-assoziierte (GC-)Zellen konnten
hingegen keine Veranderungen nachgewiesen werden, was moglicherweise auf die
spaten Probenahmezeitpunkte von 21 und 42 Tagen nach Immunisierung
zurtickzufiihren ist.

Um ein neues Mausmodell zu entwickeln und zu charakterisieren, das sowohl den
immunologischen Krankheitsbeginn als auch die letztendliche pathogenetische
Manifestation PV-ahnlicher Hautlasionen abbildet, wurden fiir humanes Dsg3 transgene
Mause (hDsg3-B6) durch subkutane Applikation von hDsg3-Protein in komplettem
Freund’schen Adjuvans (CFA) immunisiert. Dieser Ansatz fiihrte zu einem Bruch der
autologen Immuntoleranz, belegt durch eine robuste und anhaltende Anti-hDsg3-
Autoantikérperantwort, die bereits 14 Tage nach einer einmaligen Immunisierungsdosis
nachweisbar war. Diese Mause zeigten typische Merkmale von PV-Lasionen,
insbesondere suprabasale Blasenbildung im Schleimhautgewebe. Weiterfliihrende
Einzelzell-Transkriptomanalysen pralasionaler Haut von hDsg3-B6-Mausen 15 Tage nach
Immunisierung zeigten eine ausgepragte Hochregulation eines ,immediate-early/AP-1-
programs” auf transkriptioneller Ebene, spezifisch in den basalen und spindsen
Zellpopulationen, welche die spatere suprabasale Spaltregion einrahmen. Zusatzlich
identifizierten wir mausspezifische Diskrepanzen in Cadherin-Expressionssignaturen und
-zusammensetzung, die im Vergleich zu humanen mRNA-Spiegeln in Keratinozyten-
(Sub-)Populationen erkldaren kdnnten, weshalb Mausmodelle fir PV generell selten die
Krankheits-spezifische Blasenbildung reproduzieren. Insbesondere Intensitat und
raumliche Verteilung von Dsg1/2 und Desmocollinen unterscheiden sich deutlich und
kdonnten die Induktion einer Acantholyse in der Maus erschweren.

Zusammenfassend liefert diese Arbeit neue Erkenntnisse, die einen soliden
Ausgangspunkt fiir ein translationales PV-Modell darstellen, welches alle wesentlichen
Komponenten von der Autoimmuninduktion bis zur histologischen Manifestation
umfasst, mit dessen Hilfe kiinftig Forschung zu mechanistischen Zusammenhangen und

therapeutischen Interventionen fir PV noch zielgerichteter moglich wird.
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