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1. INTRODUCTION

Autoimmune diseases are quite prevalent conditions with increasing incidence due to
mostly unknown reasons, creating a serious burden to the medical system and the overall
society worldwide [5]. Although there is an expanding palette of targeted therapeutic
approaches like biologic agents and small molecule inhibitors [1, 6, 7], treatment of
several autoimmune diseases are far from being solved. Multiple aspects of their complex
pathology are still not fully elucidated, underlining the importance of further research in
this field.

There are two major phases in the pathogenesis of diseases of autoimmune origin. In
the so-called immunization phase, the immune system loses tolerance to particular self-
antigens due to multifactorial etiology consisting of several, mainly unknown genetic and
environmental factors. Adaptive immune cells like autoreactive B and T cells are central
players during this phase. They can exert direct cytotoxicity (CD8 positive cytotoxic T
cells) or produce autoantibodies (plasma cells differentiated from autoreactive B cells).

Circulating autoantibodies typically get deposited in tissues recognizing their specific
autoantigens creating immune complexes, which can initiate the second, so-called
effector phase of autoimmune diseases. Here, deposited immune complexes initiate an
acute inflammatory response driven mainly by innate immune cells like neutrophils.
Tissue damage and further amplification of inflammation finally result in the clinical
manifestation of the disease.

Our workgroup has been investigating immune cell signaling mechanisms driving
inflammation and tissue damage during the effector phase of autoimmune diseases
focusing on innate immune cells, especially neutrophils. We showed that tyrosine kinases
involved in immune complex-recognizing immunoreceptor signaling play an essential
role in the effector phase of animal models reminiscing rheumatoid arthritis and
autoimmune blistering skin diseases [4, 8-10].

In addition, the developing proinflammatory milieu consists of several cytokines,
which signal through tyrosine kinases, namely Janus kinases (Jaks) [11]. Inhibition of
Jaks has revolutionized disease therapy in rheumatoid arthritis and other inflammatory
and autoimmune diseases [12]. However, there are scarce information about this pathway

in autoimmune blistering skin diseases [1].



During my PhD studies, | aimed to further elucidate the immunoreceptor signaling
cascade downstream of tyrosine kinases driving autoimmune skin blistering using an in
vivo mouse model and in vitro cellular assays, mainly focusing on the phospholipase Cy2
(PLCy2) enzyme. Moreover, we translated our studies to human pathology using an ex
vivo human skin separation assay, as well. | also intended to investigate the role of Jak
kinases in the mouse model of autoimmune skin blistering, of which I will present my

initial findings in this thesis.

1.1. GENERAL OVERVIEW OF NEUTROPHILS

Neutrophils are short-lived innate immune cells of myeloid origin representing the first
line of defense against various external pathogens or intrinsic potential harmful stimuli.
They are the most abundant leukocyte subtype in the human blood (40 — 70% of
circulating leukocytes) and a smaller but significant portion (20 — 30% [13]) in the
circulation of mice. They are capable of migrating out to the interstitium under
chemotactic stimuli (a process called extravasation), being among the very first cells to

be recruited to the site of inflammation [14].

1.1.1. Extravasation

Extravasation of neutrophils is a multi-step, tightly controlled mechanism allowing
neutrophils to leave the circulation and enter the interstitium. The process contains the
following steps summarized briefly based on recent reviews [14-16] and also shown in
Figure 1.

Circulating neutrophils can bind to P-selectin expressed by endothelial cells. This
weak link allows the neutrophils to slow down and tether at the endothelial layer
(“rolling”). Upon inflammation, neighboring endothelial cells begin to express E-
selectins, as well, which will further tighten neutrophil-endothelial cell binding and slow
down neutrophil rolling even more (“slow rolling”).

Further chemotactic stimuli from the inflamed tissue (e.g. LTB4 through BLT1
receptor [17]) immobilized on the surface of the endothelial cells can initiate intracellular
signaling in neutrophils leading to conformational change of plasma membrane f2-
integrins (also known as inside-out signaling process [16]). This conformation of [2-

10



integrins will allow binding to their ligands (cell adhesion molecules from the
immunoglobulin superfamily; present on endothelial cells) with high affinity, allowing
the arrest and firm adhesion of neutrophils. Remaining firmly attached, they slowly crawl
along the endothelial layer, searching for proper place for exiting the circulation, a process

also controlled by B2-integrins.

Rolling Adhesion Crawling Transmigration

a Pafacellular\

=GN
hChemokine Inactive |] Integrin hetweon‘ S ' i‘
receptor Winlegrin ligand endothelial cells Y

T Selectin

Extravasated

%B Selectin Active neutrophil

ligand ® Chemokine integrin

Figure 1. Extravasation of neutrophils.
From Kolaczkowska and Kubes, Nat Rev Immunol, 2013 [14]

Finally, transmigration can occur paracellularly between endothelial cells, or even
transcellularly requiring integrins and different cellular and junctional adhesion proteins.
After entering the interstitial tissue, neutrophils migrate via amoeboid movement along
the chemotactic gradient such as microbial substances, the complement components, lipid
mediators, or chemokines.

The classical dogma is, that neutrophils are short lived cells that undergo cell death
quickly after entering the tissue. Contrarily, it has been revealed that neutrophils can have
prolonged lifespan under certain inflammatory stimuli [18] and sometimes even return to
the circulation by reverse migration. However, the mechanism and the exact relevance of
the latter process is not fully understood yet [19].

1.1.2. Effector functions of neutrophils

Activation of neutrophils through various signaling pathways leads to the initiation of
their extensive effector function repertoire. It drives the acute inflammatory response,
aiming to eradicate pathogens and intrinsic danger signals. Figure 2 shows the most

important functions of neutrophils discussed briefly below.

11



1.1.2.1. Phagocytosis

Neutrophils can efficiently eliminate invading pathogens through phagocytosis.
Ligand binding through Fcy receptors or complement receptors initiates cytoskeletal
reorganization leading to phagocytic cup formation and eventually the engulfment of the
invading microorganism. The phagosome fuses with preformed intracellular granules
resulting in rapid degradation of phagocytosed substances using hydrolytic enzymes,
NADPH-oxidase and myeloperoxidase (MPO) [20].

A A= Phagocytosis
f\_) ‘..n\\\ .
ot 1) * ROS production

\" & Lo
\:\—.><_J i . /

B e
A " « ROS production
¢ \ V «  Degranulation

N ) «  Extracellular vesicle release

* Release of proinflammatory mediators

N * NET formation

Figure 2. Effector functions of neutrophils.

Activation of neutrophils can result in cytoskeletal rearrangements leading to the
phagocytosis and intracellular degradation of pathogenic particles (A); the
production of reactive oxygen species released to the phagosome (A) or to the
extracellular space (B); exocytosis of granule components and the release of
several proinflammatory mediators (chemokines, cytokines and lipid mediators),
as well as extracellular vesicles (B), or the formation of neutrophil extracellular
traps (NETs) by releasing chromatin structure and granule components (C).
Created in BioRender.

1.1.2.2.  Production of reactive oxygen species
A relatively unique effector function of neutrophils is that they can produce a wide
variety of oxidant molecules, collectively called reactive oxygen species (ROS), which
can interact with high reactivity with surrounding proteins, lipids and nucleic acids, thus
damaging invading microorganisms.

Upon activation, neutrophils undergo a respiratory burst, when oxygen consumption

12



increases due to an increased activity of the phagocyte NADPH oxidase complex [21].
This enzyme complex consists of several subunits assembling in the membrane of
granules or sometimes in the plasma membrane, generating superoxide anion using the
electron from NADPH oxidation. Superoxide anions then can turn into different reactive
oxygen species. For instance, in the phagosome typically hydrogen peroxide is produced
(catalyzed by superoxide dismutase), which is further converted to hypochloric acid
(HOCI) with the help of MPO [22].

1.1.2.3. Degranulation

Neutrophils contain multiple types of preformed granules containing various
antimicrobial agents, degrading enzymes and even signaling molecules.

Primary (azurophilic) granules specifically contain myeloperoxidase, critical for ROS-
mediated degradation of phagocytosed particles [23]. In addition, they accumulate
different serine proteases like elastase and cathepsins, as well as bactericidal proteins like
lysozyme and defensins. They typically fuse with phagosomes in order to eliminate
phagocytosed pathogens [22].

Secondary (specific) granules are characterized by containing lactoferrin among other
antimicrobial compounds, while tertiary (gelatinase) granules store mostly proteolytic
enzymes such as gelatinase, collagenase or other matrix metalloproteinases [24]. Besides
fusing with phagosomes, granule content can also be released into the extracellular space
to help the movement of neutrophils in the interstitium.

Secretory vesicles are somewhat different from granules. They are formed by
endocytosis from the plasma membrane of neutrophils and therefore contain plasma-
derived proteins like albumin [25]. They also serve as a pool of various transmembrane
receptors important in adhesion and chemotaxis, which can be translocated to the plasma
membrane upon inflammatory stimuli [23].

1.1.2.4. De novo production of proinflammatory mediators

In addition to processes involving direct antimicrobial killing and tissue damage,
neutrophils are capable of releasing and producing a variety of different mediators upon
activating stimuli, thus modulating immune response by interacting with other immune
cells and creating an inflammatory microenvironment [26, 27]. It has been shown that
gene expression is also actively happening in activated neutrophils leading to the
increased de novo synthesis of several proinflammatory chemokines, and cytokines like

13



IL-1B and MIP-2 [28].
1.1.2.5. Extracellular vesicles
Neutrophils can also release extracellular vesicles, with a different mechanism than
degranulation. Neutrophil-derived extracellular vesicles can be released both at rest and
upon activation, having specific content according to stimuli [29]. They are implicated in
antimicrobial killing and in the communication with other immune cells, however, their

proper function is not fully characterized [30].
1.1.2.6.  Neutrophil extracellular traps

Neutrophils are capable of forming extracellular traps (NETSs) extruding their
chromatin with granule proteins (like myeloperoxidase, elastase and other antimicrobial
peptides) [31]. To our current knowledge, it has a role in trapping extracellular pathogens
by the sticky net formed by DNA and histones. It results in their enhanced elimination
via the high local concentration of granule components within the net. There are more
and more data appearing about the role of NETs in health and disease [32, 33]. However,
the mechanism of NET formation is incompletely understood and there are still many

uncertainties and controversies about their specific functions [34].

1.1.3. Neutrophils in disease

In line with the above detailed anti-microbial functions of neutrophils, decreased
number or impaired function of neutrophils results in the increased susceptibility to
infections. Insufficient clearance of pathogens can result in chronic unresolving infections
like in chronic granulomatous disease, or can lead to possibly life-threatening systemic
spread of microbes [35].

Despite their essential role during host defense, overactivation or aberrant behavior of
neutrophils were associated with diverse pathologic conditions. Neutrophils play a role
in the development of several autoimmune diseases, like systemic lupus erythematosus,
rheumatoid arthritis and vasculitis [36, 37]. Moreover, neutrophils were implicated in the
pathomechanism of inflammatory skin diseases like psoriasis [38]; atherosclerosis [39],
chronic inflammatory lung diseases associated with smoking [40], asthma [41], and even
thrombosis [42] or cancer [43] . Therefore, investigation of neutrophil function and proper
elucidation of signaling mechanisms in health and disease can lead to a better

understanding of these diseases, and may identify new therapeutic options.
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1.2. TYROSINE KINASE-COUPLED SIGNALING IN IMMUNE CELLS

Tyrosine kinase-coupled signaling in immune mediated disorders has been in the
center of attention in medical research in the past decades. They have critical role in
immune complex-mediated and many other inflammatory processes, representing a
plausible therapeutic target showed by the success story of Jak inhibitors [12]. Therefore,
I shortly summarize the key tyrosine kinase-coupled pathways in this section and point
out their relevance during immune cell activation. I will focus on the immunoreceptor
and integrin signaling in innate immune cells, and the Jak-Stat pathway, since these stood

in the center of attention during my PhD studies.

1.2.1. Immunoreceptor signaling

B cell receptors (BCR), T cell receptors (TCR) and Fc-receptors belong to a group
collectively termed as immunoreceptors. They bear a conserved immunoreceptor
tyrosine-based activation motif (ITAM sequence) located on the cytoplasmic tail of the
receptor itself, or on associated adaptor molecules. The motif contains four separated Tyr
residues, which become phosphorylated by Src-family tyrosine kinases upon ligand
binding. Phosphorylated ITAMs then serve as a docking site for several further adaptor
proteins and tyrosine kinases through their Src homology 2 (SH2) domains. A crucial
molecule recruited and activated through this process is the spleen tyrosine kinase Syk
(or in case of TCR signaling, a similar molecule, called {-chain-associated protein kinase
of 70 kDa, or ZAP-70). Activated Syk initiates downstream signaling (shown in Figure
3) including the Bruton tyrosine kinase (Btk), phospholipase Cy (PLCy) enzymes, the
Vav family of guanine nucleotide exchange factors, Rac GTPases and phosphoinositide-
3-kinases (PI3Ks). Finally, it leads to increased intracellular Ca?* concentration and
activation of the mitogen-activated protein kinase (MAPK) cascade, among others [44].
Importantly, SH2 domain-containing protein phosphatase (SHP-1) is a crucial component
limiting ITAM-based signaling [45].

BCR and TCR signaling has an essential role in recognition of foreign and self-
antigens by the adaptive immune system and is indispensable for the proper development,
maturation and activation of B and T cells. Disruption of BCR signaling in case of Syk

deficiency leads to the complete absence of mature B cells in mice [46, 47].

15
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\Y 4

E.g. BCR and
EovR Transmembrane
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!l e
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Figure 3. Scheme of immunoreceptor signaling.

Immunoreceptors signal through a tyrosine-based activation motif (ITAM
sequence) located on an associated adaptor molecule (in case of BCR or human
FcyRI for example) or on the cytoplasmic tail of the receptor itself (like in human
FcyRIIA). Ligand binding leads to the phosphorylation of tyrosine residues by
Src-family kinases, leading to the recruitment and activation of the Syk tyrosine
kinase. It is followed by the recruitment of other components including
phosphoinositide-3-kinases (PI3Ks), the Bruton tyrosine kinase (Btk),
phospholipase Cy (PLCy) enzymes, the Vav family of guanine nucleotide
exchange factors and Rac GTPases. Downstream signaling involves, among
others, the increase of intracellular Ca’>" and the activation of the mitogen-
activated protein kinase cascade, leading to functional responses. Based on [44],
created in BioRender.

Several types of Fc receptors are present both in humans and mice recognizing the Fc
portion of different antibody classes, therefore involved in the recognition and elimination
of antibody-opsonized particles or aggregated antigen-antibody immune complexes.
They are expressed by a wide variety of hematopoietic cells, like B cells, NK cells,
dendritic cells, neutrophils, monocytes/macrophages, eosinophils, basophils and mast
cells [48].

There are also inhibitory Fc-receptors which contain immunoreceptor tyrosine-based
inhibitory motifs (ITIM sequences) activating phosphatases. They modulate ITAM-
mediated activation of leukocytes to avoid uncontrolled activation of immune responses.

Immunoglobulin class G (IgG) is recognized basically by Fcy-receptors (FcyRs). In

humans, there are five main activating FcyRs [49] (see also in Table 1). FcyRI serves as
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the high affinity receptor associated with an ITAM-containing adaptor called FcR y-chain
(FcRy). The low affinity receptors are FcyRIIA and FcyRIIC. They carry ITAMs on their
own cytoplasmic tail, while FcyRIITA also associates with the ITAM-bearing FcRy chain.
Uniquely, FcyRIIIB is anchored to the plasma membrane only with a
glycosylphosphatidylinositol (GPI) link and expressed exclusively by neutrophils.
FcyRIIB is the inhibitory receptor containing ITIM sequences in the cytoplasmic tail [49].

Mice express three activating (FcyRI, FcyRIII and FcyRIV) receptors associated with
FcRy (see also in Table 1). FcyRI is a high-affinity receptor similar to the human one,
expressed mainly on tissue resident macrophages and dendritic cells. The low-affinity
FcyRIII (its human orthologue is FcyRIIA) and the inhibitory FcyRIIB are expressed
widely in most of the myeloid cells, while FcyRIV (which is similar to human FcyRIIIA)
is expressed predominantly by neutrophils and certain monocyte/macrophage subtypes
[49]. Importantly, there are multiple differences in the structure of these orthologue
receptors in humans and mice, making it difficult to directly compare them.

Table 1. Types and schematic structure of human and mouse FcyRs (based on [49])

Human orthologue | Mouse orthologue

FcyRI FcyRI

FcyRITIA FeyRIII

il
i

Activating receptors |FeYRIIC

FeyRITIA

FcyRIIIB

-] II- 39>

FeyRIV n|
GPl anchor
Inhibitory receptor FeyRIIB | FcyRIIB ‘I

There are FcRs recognizing other Ig classes like IgE-sensing Fce-receptors on the

surface of basophils and mast cells. They are involved in anaphylactic reactions like
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allergies and asthma and also signal through the ITAM-containing adaptor FcRy in mice.

Previously, our workgroup investigated the role of FcyR signaling in various
neutrophil responses using a transgenic approach. Genetic deletion of the common FcRy
adaptor chain led to the abrogation of immune complex-induced spreading, degranulation
and ROS production in murine neutrophils [50, 51]. While single lack of either FcyRs
were dispensable for the activation of murine neutrophils by immobilized immune
complexes, pharmacologic inhibition or genetic deficiency of both FcyRIII and FcyRIV
receptors resulted in a complete defect in cellular responses [51]. In case of human
neutrophils, FcyRIIA and FcyRIIIB had essential role on its own in immune complex
signaling [51].

Our workgroup also elucidated the role of several downstream signaling components
in cellular responses upon FcyR activation in vitro. Hck, Fgr and Lyn are the three
relevant Src-family kinases expressed in neutrophils. They had essential, although
redundant role in immune complex-mediated activation of neutrophils and macrophages
in vitro. Complete abrogation of cellular responses occurred only, when all three kinases
were deleted genetically from mice [8]. Regarding the Syk tyrosine kinase, both ROS
production of neutrophils and phagocytosis of macrophages induced by antibody-
opsonized particles were severely impaired in Syk”’ cells [52]. Other signaling
components laying downstream of Src-family kinases and Syk include PLCy2 (see in
detail in section 1.3) and the caspase recruitment domain family member 9 (CARD9).
Results of our workgroup implicated, that CARD9 is involved in FcyR-induced gene
expression changes, but not in degranulation or ROS production of neutrophils [28]. It
suggests, that downstream signal transduction splits into a CARD9-dependent and a
CARD9-independent arm [28].

Taken together, FcyR signaling mediate various responses of innate immune cells in
vitro. These include ROS production, cytoskeletal changes leading to phagocytosis and
degranulation, as well as gene expression changes leading to the production of a variety

of inflammatory mediators.

1.2.2.Signaling downstream of integrins

Integrins are heterodimeric adhesion molecules containing transmembrane o and f

subunits. Besides their anchoring function to the extracellular matrix or adjacent cells,
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they are also capable of inducing other signaling pathways (classical, so-called outside-
in signaling) leading to leukocyte activation [53].

Leukocytes express the asfa integrin (also called very late antigen-4, VLA-4) which
binds to endothelial VCAM-1 (vascular cell adhesion molecule-1, member of the
immunoglobulin superfamily) involved in the extravasation process mentioned before.
Integrins containing the B2 subunit (also called CD18) are also uniquely expressed by
leukocytes. a2 integrin (CD11a/CD18, also called lymphocyte function-associated
antigen 1, LFA-1) is expressed by all leukocytes. It binds to ICAM ligands (intercellular
adhesion molecule, members of the immunoglobulin superfamily) and is involved also in
the extravasation process. amP2 integrin (CD11b/CD18, also called macrophage antigen
1, Mac-1) is considered the most prominent type of integrins on myeloid cells [54].
Various ligands were described to be able to activate signal transduction through Mac-1,
including several extracellular matrix proteins like ICAMs, fibrinogen and the cleaved
activated complement component iC3b (hence, Mac-1 is also known as complement
receptor 3 or CR3) [54].

Integrins have distinct conformations affecting the affinity of ligand binding. In resting
state, integrins are mostly present in a bent conformation with low ligand affinity. Upon
cellular activation, they are upregulated at the cell surface through the exocytosis of
secretory vesicles. Moreover, intracellular signaling leads to a conformational change of
integrins (called inside-out signaling process) providing a high-affinity state for ligand
binding. E-selectin, different chemokines, cytokines and lipid mediators have been
described to initiate such conformational changes. The process possibly involves PLCy
enzymes and Rac GTPases, although the proper mechanism is not completely understood
yet [55].

Classical outside-in signaling of integrins not only leads to cellular adhesion and
migration, but to the activation of several effector functions of neutrophils, involving
phagocytosis, degranulation and ROS production. Work from our laboratory described,
that signaling downstream of 2 integrins also utilized ITAM-dependent pathways [56-
58]. ITAM-bearing transmembrane adaptors FcRy and DAP12 were crucial to exert
integrin-mediated cellular responses in vitro [56], as well as Src-family kinases and Syk
[59]. Neutrophils and macrophages deficient in Hck and Fgr failed to undergo

degranulation when plated onto fibrinogen-coated surfaces with additional
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proinflammatory stimulus (for reaching the high affinity conformation of integrins) [58].
Similarly, neutrophils failed to undergo respiratory burst, degranulation, spreading and
firm adhesion in the absence of Syk upon several activating stimuli of integrins [57].
Interestingly, however, migration of Src-family knock out or Syk deficient neutrophils
were unaffected [57]. Therefore, it seems that there is a diverging signaling pathway
downstream of B2 integrins leading to a Src and Syk-dependent adherent activation and
tyrosine kinase independent migration of neutrophils [57]. ITAM-independent activation
of Syk has been also shown [59]. It may suggest a direct association between integrins
and Syk, likely occurring parallel with ITAM-dependent processes [59]. Downstream
signaling also involve Vav family members and PLCy enzymes, leading to, among others,
cytoskeleton reorganization and intracellular Ca?* signal [55].

In line with the in vitro studies using murine cells, disruption of the human gene coding
for the B2 integrin chain causes a severe leukocyte adhesion deficiency syndrome. It is
presented by recurrent bacterial infections due to impaired recruitment of leukocytes to

the site of inflammation, showing the essential role of 2 integrins in host defense [60].

1.2.3. Cytokine receptors

Various cytokine receptors signal

through mechanisms utilizing Janus Cytokine receptors

kinases (Jaks), as shown schematically For example

. . - IL-3R and IL-6R
in Figure 4. Ligand binding leads to the an

dimerization of their specific receptors, ‘

recruiting and activating usually two
different Jaks. Jaks then phosphorylate
the cytoplasmic tail of the receptor,
recruiting  signal  transducer and
activator of  transcription  (Stat)

molecules. Stat phosphorylation leads to L
Transcriptional changes

their dimerization and translocation to
Figure 4. Jak-Stat signaling pathway

the nucleus where they influence gene | cytokine receptors (e.g. receptors of IL-3 or

expression and epigenetic IL-6) utilize Janus kinases for the initiation
of downstream signaling. Based on [1].

modifications.

20



Jak-coupled cytokine receptors are usually grouped into two major types, however, the
classification criteria is not entirely clear. Type | receptors involve various receptors with
different structure, specificity and function. Among them, there are receptors containing
a common y chain beside the specific ligand-binding chain (like IL-2, IL-4 and IL-9
receptors). These are mainly associated with activation and differentiation of
lymphocytes. Receptors containing a shared gp130 subunit next to the ligand-specific
chain (like IL-6R) are involved in acute inflammatory reactions. There are also growth
hormone-like receptors forming homodimers (like G-CSF, erythropoietin or
thrombopoietin receptors) basically important during hematopoiesis [61]. Type Il
cytokine receptors can bind to IFNa, IFNy or IL-10 among others, exerting antiviral and
immunomodulatory functions [62].

Regarding Janus kinases, there are four members of the Jak family: Jakl, Jak2, Jak3
and Tyk2. They are associated to certain cytokine receptors in a rather complicated
pattern. Usually two different Jaks (acting as “heterodimers™) are recruited to the receptor
with a few exceptions. Jak1 is involved broadly in the signaling downstream of certain
common y chain-, shared gp130 subunit-containing and type Il cytokine receptors. Based
on genetic studies, it has an essential role during lymphoid development [63]. Jak2 is also
involved downstream of certain common y chain and type II cytokine receptors (besides
Jakl). In addition, growth hormone-like receptor signaling utilizes exclusively Jak2
(acting as a “homodimer”). Its deficiency results in embryonic lethality in mice due to
defective erythropoiesis [64]. Jak3 is uniquely expressed in the hematopoietic
compartment acting through mainly common vy chain-containing receptors, therefore
critically involved in lymphocyte function. Genetic deficiency leads to severe combined
immunodeficiency in humans [65, 66] and defective lymphoid development in mice [67,
68]. Tyk2 has been described to be important in IFNa signaling [69]. Taken together,
individual Jaks have often overlapping function since they usually act as “heterodimers”.
However, based on genetic studies, Jak1l and Jak3 are crucial in lymphoid development
and function, and Jak2 is essential during erythropoiesis. Nevertheless, little is known
about the role of Jaks in the function of myeloid cells such as neutrophils.

It is also important to mention, that other cytokines involved during acute
inflammation (like IL-1B or TNFa) act through a different signaling machinery, mainly

independent from tyrosine kinases.
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1.2.4.Other tyrosine kinase-coupled signaling mechanisms

Selectins and selectin ligands are transmembrane glycoproteins involved in the rolling
of leukocytes along the endothelial surface. The major selectin type on leukocytes is the
P-selectin glycoprotein ligand 1 (PSGL-1) that has been also described to signal through
Syk [70]. Here, PSGL-1 probably associates to receptors containing ITAM-bearing
adapters, or to other proteins containing ITAM-like motifs [70, 71].

The majority of pattern recognition receptors (like toll like receptors of innate immune
cells) act through a pathway that does not include tyrosine kinases. Certain pathogen
recognition receptors, however, have been described to signal in a Syk-dependent
manner. For instance, C-type lectins utilize ITAM-bearing adaptors or hemITAM (half
of the ITAM) sequences in the cytoplasmic tail of the receptor itself [44]. Such a
hemITAM-containing receptor is Dectin-1, which is involved in the recognition of fungal
structures. Ligand binding initiates receptor dimerization resulting in the assembly of the
whole ITAM motif. That recruits Syk, leading to gene expression changes through NF-
kB, inflammasome activation and IL-1f production [44].

It is also important to mention that Syk has been shown not to participate in the
signaling of G protein-coupled receptors in neutrophils and mast cells upon activation
with LTBa4, MIP-2 or anaphylatoxin C5a [72].

Taken together, tyrosine kinase-coupled signaling mechanisms are involved in the
recognition of diverse inflammatory signals ranging from pathogens to molecules
involved in the communication between leukocytes and the environment. The two major
tyrosine kinase pathways mainly involved in these processes are the ITAM-based

signaling and the Jak-Stat pathway.

1.3. PLCy ENZYMES

PLCy enzymes are specifically activated by tyrosine kinases and are involved in
ITAM-based signaling in leukocytes.

Phospholipase C (PLC) enzymes catalyze the hydrolysis of the phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) to the second messengers inositol 1,4,5-
trisphosphate (IPs) and diacylglycerol (DAG). There are multiple isoforms of PLC

enzymes classified into subfamilies based on similarities within their sequence and
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specific regulation [73]. PLCB and PLCy represent the most important subfamilies,
widely expressed in almost all mammalian cells. PLCP is present in the signal
transduction of G protein-coupled receptors and activated by Gga1 heterotrimeric

proteins. PLCy is involved during the tyrosine kinase-coupled signaling process.

1.3.1. Structure, function and expression of PLCy enzymes

PLCy enzymes contain a conserved split catalytic domain, multiple Ca?* binding
domains and a pleckstrin homology (PH) domain, responsible for recruiting PLCy to the
membrane to its ligand by binding to phosphatidylinositol lipids [74] (Figure 5A). In
addition, PLCy enzymes uniquely contain additional binding sites for several scaffolding
and adaptor proteins, namely SH2 and SH3 domains located between the split catalytic
domain, through which they can bind to phosphorylated tyrosine residues and proline-
rich motifs on other proteins, respectively [73]. These homology domain-containing
regions also have important autoinhibitory functions. They prevent constitutive
enzymatic activation and limit prolonged membrane interaction [75]. PLCy isoforms are
recruited to activated tyrosine kinase complexes by binding through their SH2 domain to
phosphorylated tyrosine residues. Their activation is mediated through phosphorylation
by tyrosine kinases (downstream of Syk and Btk), leading to a conformational change
that exposes the catalytic site and relieves it from autoinhibition [76].

After PIP2 cleavage, IPs will dissociate and diffuse into the cytosol, releasing Ca®*
from intracellular stores. The other product, DAG remains in the membrane and activates
further downstream signaling through the activation of protein kinase C (Figure 5B).

The two isoforms of PLCy enzymes are PLCyl and PLCy2 [73]. PLCyl1 is expressed
ubiquitously in all cells. It participates in the downstream signaling of various growth
factor receptors, like epidermal growth factor EGF and vascular endothelial growth factor
VEGF. Such receptors have intrinsic tyrosine Kkinase activity resulting in
autophosphorylation upon ligand binding. PLCyl is recruited to autophosphorylated
receptors via its SH2 domain and initiates downstream signaling. Genetic deficiency of
PLCyl results in embryonic lethality of mice [77] with serious defects during
erythropoiesis and vasculogenesis [78]. Regarding leukocytes, PLCy1 is considered to be
the major phospholipase downstream of the TCR. T cell-specific PLCy1-deficient mice

suffered from aberrant T cell development including defective negative selection, reduced

23



number of peripheral T cells and impaired TCR-mediated activation [79]. Moreover,
some of these mice developed inflammatory-like symptoms including dermatitis and
alopecia, which might be partly due to impaired development and function of regulatory
T cell subsets [79].

A Split catalytic domain

——

N-terminal — PH A EF 'X-box‘|:|'SH2'SH2'SH3-|:|-Y-box- C-2 — C-terminal

_ _
Ca2* L J Ca?*
binding site Regulatory domain, binding site

containing autoinhibitory site

PIP, —» - DAG — PKC
\

IP; —> Ca*" signaling
Figure 5. Structure and function of PLCy

(A) Schematic structure of phospholipase Cy (PLCy) enzymes. Pleckstrin
homology domain (PH) is responsible for membrane recruitment. EF hand and C-
2 domain are both Ca** binding sites. Catalytic domain is split (to X-box and Y-
box) by a complex regulatory domain containing Src homology domains (SH2 and
SH3). The region responsible for autoinhibitory function is also located in the split.
(B) Enzymatic function of PLCy. After tyrosine kinase-mediated activation, PLCy
cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) and generate inositol 1,4,5-
trisphosphate (IPs) and membrane-bound diacylglycerol (DAG). These second
messengers then induce Ca?* signal and initiate protein kinase C (PKC)- dependent
downstream signaling, respectively. Based on [74].

PLCy2 is expressed mainly by cells of hematopoietic origin [73]. It is involved in
immunoreceptor and integrin-mediated signaling, among others (see above). In vitro
experimental data suggest that PLCy?2 is activated by tyrosine kinases involving Syk and
Btk. It was shown by us and others that PLCy2 phosphorylation and IP3 production was
abrogated upon Syk deficiency in B cells [80] and in myeloid cells [81]. Btk-deficient B
cells showed only a small decrease in PLCy2 phosphorylation but a drastic impairment
in IP3 production [82]. Furthermore, Rac GTPases have been also described to stimulate
PLCy2 [83]. Mouse strains, as well as patients with mutations in the Plcg2 (mouse) or
PLCG2 (human) have largely contributed to the better understanding of the role of PLCy2

in leukocyte function and in the pathogenesis of immune-mediated diseases.
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1.3.2. Mutations in the Plcg2 gene in mice

1.3.2.1.  Loss-of-function mutations in the Plcg2 gene

Wang and colleagues generated Plcg2-~ mice by replacing the second exon of Plcg2
gene with a Neo gene expression cassette [84]. Contrary to PLCy1, disruption of PLCy2
gene did not cause embryonic lethality. However, there was a decreased ratio of mature
B cells, and an increased ratio of immature B cell population in the bone marrow, without
any major alterations in other hematopoietic lineages. Plcg2~ mice failed to develop
antibodies upon immunization with T cell-independent antigens, however, normal
antibody response was achieved using T cell-dependent antigens. T cell differentiation
and function was unaffected [84]. Another group also confirmed the critical role of PLCy2
in BCR signaling in mice with inducible disruption of Plcg2 gene using the Cre-Lox
system (detailed description of the Cre-Lox system is in Section 3.1.1) [85].

Besides B cells and BCR signaling, PLCy2 expression was found to be critical in
several other cell types and signaling pathways. Plcg2~- mice presented reduced FceR-
dependent degranulation of mast cells [84, 86] and impaired FcyR-mediated cytotoxicity
and IFNy secretion of NK cells [84, 87, 88]. Integrin-mediated spreading and aggregation
of platelets was also compromised upon PLCy2-deficiency [84, 89]. Presence of PLCy2
was also crucial during antifungal innate immune responses in dendritic cells and
macrophages through C type lectin receptors [90-92] and during osteoclast development
and function [93]. Moreover, PLCy2 has been implicated in modulating even non-ITAM-
related pathways like certain toll like receptor signaling in macrophages [94].

Our laboratory has also been working with this Plcg2- mouse strain and | also used
these mice during my experiments. Previously, our laboratory showed, that Plcg2/
neutrophils had defective responses upon activation of integrin-dependent, or FcyR
signaling in vitro [81]. Integrin-dependent signaling was activated by plating neutrophils
onto fibrinogen-coated wells in the presence of an additional proinflammatory stimulus
(to achieve the high-affinity state of integrins). FcyR signaling was initiated by artificial
immune complex surfaces, containing human serum albumin and anti-human serum
albumin. Effector functions, such as superoxide release, degranulation and spreading
were completely absent in the absence of PLCy2. However, neutrophil migration and
integrin- or FcR-independent functions remained intact [81]. These responses are in line
with the responses seen in case of Src-family kinase- and Syk-deficient neutrophils
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(mentioned in section 1.2), indicating that Src-family kinases, Syk and PLCy2 act in the
same signaling pathway, downstream of ITAM-coupled receptors. Furthermore, PLCy2
may lie downstream of those kinases, since its phosphorylation disappeared if either Syk
or Src-family kinases were absent in neutrophils [81].

A spontaneous loss-of-function mutation (due to early stop codon) in the Plcg2 gene
was identified by Ichise et al in mice [95]. They named the strain Plcg2?' (abnormal
lymphatics). Mice with this mutation showed blood-filled lymphatic vessels mainly in the
intestine and skin, indicating that PLCy2 plays a role during the separation of blood and
lymphatic vessels. Similarly, Wang et al. also reported a hemorrhaging-like phenotype in
Plcg2~- mice [84].

Taken together, Plcg2~~ mice are viable, showing macroscopic phenotype of blood-
filled lymphatics due to inadequate lymphatic vessel separation. Knockout studies
revealed that PLCy2 plays a diverse role in B cell function and innate immunity, and
becomes activated mainly in ITAM-coupled pathways.

1.3.2.2. Gain-of-function mutations

Known gain-of-function mutations in the murine Plcg2 gene were chemically induced
in mice by N-ethyl-N-nitrosourea (ENU) induced mutagenesis.

Plcg2A'® (abnormal limb 5) mice were discovered showing dominant inheritance of
spontaneous inflammation of paws and skin in the first generation of offspring after ENU
treatment [96]. The phenotype was caused by a single point mutation in the Plcg2 gene
leading to an amino acid substitution located in the catalytic domain. This point mutation
removes a negative charge, therefore likely increases the interaction of mutated PLCy2
with the negatively charged inner membrane, supposedly resulting in the enhanced or
prolonged activation upon stimulation but not affecting resting conditions. Beside
arthritis and dermatitis, Plcg2”'"® mice often presented glomerulonephritis as well with
intense inflammatory infiltration in the kidneys, joints and dermis. This inflammatory
phenotype was also present in bone-marrow chimeras, or when the strain was crossed
with Rag-deficient mice lacking B cells and T cells. It suggests, that the observed
inflammatory phenotype is induced by bone marrow-derived leukocytes other than
lymphocytes [96].

Another hypermorphic mutant strain was identified (called Plcg2”* abnormal limb

14) on the basis of swollen footpads and rubor on the ears [97]. Histological analysis also
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described severe inflammatory, mainly granulocytic infiltrate in the joints and ears. The
Alil4 mutation led to an amino acid substitution in the PH domain of the protein. It caused
enhanced Ca?*-entry upon stimulation, but did not affect basal enzymatic activity, nor the
expression rate of the gene [97]. Interestingly, combining Ali5 and Alil4 mutations

resulted in the increase in the basal PLCy2 activity, as well [98].

1.3.3.PLCG2 variants in humans

1.3.3.1. Inherited PLCG2 mutations
PLCy2-associated antibody deficiency and immune dysregulation (PLAID) is a

complex disorder presented with cold urticaria and variable immunological abnormalities
involving hypogammaglobulinaemia, recurring infections, skin granulomas and the
appearance of autoimmune diseases [99]. Laboratory findings include low serum IgA and
IgM levels and low, but still substantial levels of circulatory and memory B cells. Other
myeloid subsets and T cell numbers are usually not affected in those patients.

PLAID was originally described in 3 different families, caused by dominantly
inherited heterozygous deletions in the autoinhibitory C-terminal SH2 domain of the
PLCG2 gene, located in-between the split catalytic domains [99]. This domain normally
prevents constitutive activation of the enzyme, while mutated PLCy2 showed normal
expression but increased activity in both basal and stimulated cases in enzymatic assays.
Therefore, these deletions are basically considered as gain-of-function mutations of
PLCy2. However, the functional consequences were much more complex.

Paradoxically, most PLCy2-dependent downstream signaling pathways were impaired
in B cells and NK cells isolated from PLAID patients or in cells transfected with mutant
PLCG2, similarly to Plcg2~~ mice [99]. However, cytosolic Ca?* levels in isolated B cells
steadily increased with decreasing temperatures. In addition, mast cells also underwent
spontaneous degranulation at room temperature if transfected with mutated PLCG2,
suggesting a gain-of-function phenotype only in colder environments.

Loss of downstream signaling was hypothesized to occur as a consequence of chronic
activated signaling, resulting in the depletion of PIP2 (the substrate of PLCy2), and/or the
activation of negative feedback processes. Antibody deficiency and recurrent infections
might be explained by this loss-of-function phenotype. Contrarily, cold urticaria may be

elicited as a result of enhanced, even spontaneous leukocyte activation (supposedly mast
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cell degranulation) at body parts exposed to colder temperatures [99]. Subsequent studies
showed that neutrophils and monocytes from PLAID patients had an increased expression
of the cell surface activation marker CD11b (the a-chain of the Mac-1 integrin) [100]. In
addition, PLAID neutrophils showed elevated basal superoxide production compared to
cells isolated from healthy controls, especially at lower temperatures, which could
contribute to cold-induced inflammatory skin reactions and unhealing granulomas [100].
However, several aspects of the mechanism and regulation leading to this complex
phenotype are still not clear.

Another syndrome was originally identified by Zhou and colleagues, which was
caused by a Ser707Tyr substitution in the autoinhibitory SH2 domain of the PLCy2
protein (the same domain affected in patients with PLAID) [101]. This mutation also led
to immune dysregulation but, distinct from PLAID, tended to cause a more elaborated
inflammatory phenotype, therefore named autoinflammation and PLAID (APLAID).
APLAID was first described in two related individuals [101]. Both suffered from sterile
inflammation present in several organs involving the skin, lungs, joints and intestine.
Signs of immunodeficiency also occurred, like recurrent sinopulmonary infections, lower
antibody numbers and almost complete absence of memory B cells. Skin manifestations
presented as early as infancy with extensive epidermolysis bullosa-like eruptions, and
often occurred also in adulthood as recurrent blistering lesions. Histologically, skin
lesions usually showed massive inflammatory infiltrate containing neutrophils,
eosinophils, histiocytes and lymphocytes [101].

Contrary to PLAID-associated mutations, the Ser707Tyr substitution observed in
APLAID clearly led to increased downstream signaling events upon activation in a
transfected human cell line, as well as in primary circulating mononuclear cells of the
affected individuals [101]. The authors speculated that Ser707Tyr substitution may
impair autoinhibition of PLCy2, leading to increased function but not triggering negative
feedback. It was even hypothesized that this mutation represents a new phosphorylation
site that can render PLCy2 to be activated more easily and efficiently [101].

More recently, several other missense PLCG2 variants have been described in case
reports leading to APLAID syndrome, causing increased activation of PLCy2 [102-108].

The clinical phenotype of APLAID cases generally show severe spontaneous

inflammation of the skin and joints among others, along with increased PLCy2 signaling

28



events in circulating mononuclear cells. It closely resembles the phenotype and cellular
functions seen in mice with gain-of-function mutations of Plcg2 (Ali5 and Alil4).
Interestingly, all patients with syndromes caused by PLCG2 mutations developed
cutaneous manifestations [99-108]. PLAID patients usually presented urticaria and skin
granulomas in cold-sensitive regions, probably due to increased PLCy2-mediated
degranulation of mast cells and probably superoxide production of neutrophils. In
APLAID, various polymorphic skin manifestations were described. Typically, patients
developed vesicular-bullous eruptions with neonatal onset, sometimes even referred to as
epidermolysis bullosa-like eruptions. Later, they often suffered from recurrent blisters
and granulomas with neutrophil-rich dermal infiltration, suggesting a role for PLCy2 in

inflammatory and blistering skin diseases.
1.3.3.2.  Acquired PLCG2 mutations in malignancies

The central role of PLCy2 in B cell development and function suggests that PLCy2
may also participate in B cell malignancies like chronic lymphocytic leukemia (CLL).
CLL patients demonstrated high response rate to the Btk inhibitor ibrutinib, leading to
long remission [109]. However, part of the patients developed resistance to ibrutinib
treatment. Somatic PLCG2 mutations associated with ibrutinib resistance have been
described in CLL [110]. Interestingly, a somatic mutation causing the Ser707Tyr
substitution (which leads to APLAID if germline mutation occurs) was also described in
CLL patients with ibrutinib resistance. This mutation probably increases the basal activity

of PLCy2 and augments responsiveness to stimuli other than Btk [111].
1.3.3.3. PLCG2 variants in neurodegeneration

Excitingly, a protective variant of PLCG2 was described in a genome-wide association
study, associated with a decreased risk of Alzheimer’s disease and associated with
longevity and cognitive health [112].

PLCy2 is primarily expressed by microglia cells in the brain and implicated in lipid
metabolism, phagocytosis and clearance of myelin debris [113, 114]. The protective
PLCG2 variant (a missense amino acid substitution) acted as a small functional
hypermorph based on enzyme activity and associated functional studies in transfected cell
lines [113, 114]. Knock-in mice containing the protecting variant of PLCy2 also showed
mild activation of microglia in vivo, suspecting a more effective response against

neurodegeneration [114].
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1.3.4.Role of PLCy2 in autoimmune and inflammatory diseases

The observed aberrant immune function in PLAID patients proposes a role for PLCy2
during the pathogenesis of autoimmune diseases, as well. However, due to the
controversial functional consequence of PLCG2 mutations occurring in PLAID (complex
mix of gain- and loss-of-functions), it is difficult to assess whether PLCy2 activation
promotes or counteracts autoimmunity. APLAID patients (as well as mice with gain-of-
function mutations in Plcg2) show a more definite inflammatory phenotype in several
organs, associated with a more clearly increased activation of the mutant form of PLCy2.
However, antibody deficiency and decreased memory B cells also occur in most of the
APLAID cases (supposedly as a consequence of the increased activation-induced cell
death), which still complicates the picture.

Our laboratory and others showed that Plcg2~ mice were completely protected from
autoantibody-induced arthritis [81, 115], which mimics the effector phase of the human
autoimmune disease rheumatoid arthritis. While wild-type mice developed a severe
arthritic phenotype with red, swollen and functionally impaired ankles, Plcg2-- mice did
not show any signs of joint inflammation after arthritogenic serum treatment [81].

PLCy2 was described to be crucial in another animal model of rheumatoid arthritis, as
well [116]. Here, mice were immunized with bovine serum albumin and local joint
inflammation was elicited by the intraarticular injection of the same antigen. Therefore,
mechanisms occurring in the immunization phase were also involved in this study. Plcg2-
- mice were also protected from disease development. Adoptive transfer of wild-type B
cells could not restore disease. On the other hand, PLCy2 turned out to be important in
influencing the function of dendritic cells and their interaction with T cells and osteoclasts
during the disease [116].

Getting closer to human pathology, the upregulation of PLCG2 gene was also found
in rheumatoid arthritis patients using quantitative PCR [117]. Further studies also
implicated the role of PLCy2 in the pathogenesis of other inflammatory conditions like
cytokine storm syndrome [118], atherosclerosis [119] and dermatomyositis [120].

The above described cutaneous manifestations in APLAID patients (section 1.3.3.1,
and similarly in mice, described in section 1.3.2.2) suggest a role for PLCy2 during
autoimmune and inflammatory skin diseases. There is increasing evidence that Janus

kinases and tyrosine kinases in ITAM-coupled signaling are critical drivers of disease
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pathology in several autoimmune and inflammatory skin disorders [1]. The latter pathway
supposedly utilizes PLCy2 in the downstream signaling process, underlying the relevance
for the investigation of PLCy2, as well. However, there are no studies elucidating the

contribution of PLCy2 in the development of such dermatological pathologies.

1.4. TYROSINE KINASES IN AUTOIMMUNE AND INFLAMMATORY
SKIN DISEASES

Recently, | had the opportunity to collect literature data and write a review [1] about
tyrosine kinases in autoimmune and inflammatory skin diseases. Multiple aspects of this
wide topic are closely related to my research interest during my PhD studies. Therefore,
in the following section, | would like to highlight some literature data reviewed in [1],

that | find relevant to this thesis in a broader perspective.

1.4.1. Atopic dermatitis

Atopic dermatitis is the most prevalent inflammatory skin disease driven mainly by a
Th2 type immune response. Impaired barrier function of the skin is thought to be a key
factor leading to the generation of keratinocyte-derived cytokines [121]. Cytokines then
can activate different leukocytes, epithelial cells and sensory neurons utilizing the Jak-
Stat pathway in humans [122]. Indeed, TH2 cytokine-initiated signaling acting through
mainly Jaks seems to be a crucial element of the pathogenesis of atopic dermatitis,
promoting inflammation, itch sensation, and worsening barrier disruption [123-126]. The
pivotal role of Janus kinases was further supported by the observation that mice with gain-
of-function mutation in Jak1 spontaneously developed inflammatory dermatitis [127].

In line with the above observations, pharmacological inhibition of Janus kinases
successfully reduced inflammation, scratching behavior, and improved barrier function
in several dermatitis models in mice, as well as in multiple phase 11 and 111 trials in atopic
dermatitis patients [1, 128-130]. At the end of 2020, the Jak1 and Jak2 inhibitor baricitinib
was approved by the European Medical Agency (EMA\) for the treatment of moderate-to-
severe atopic dermatitis in adults [131]. Additionally, topical ruxolitinib treatment
(inhibiting also mainly Jak1 and Jak2) gained FDA approval, as well [132, 133].

Besides cytokine signaling, B cells and mast cells have also been proposed as

contributors to disease development during atopic dermatitis. It was supported by the
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observation that elevated levels of IgE in the serum and upregulation of FceRI in the skin
are often present in patients [134]. Since both BCR and FceRI signaling act through Src-
family kinases and Syk, it raises the possibility that ITAM-coupled tyrosine kinases also
have a pathogenic role during atopic dermatitis. However, direct experimental evidence

for this possibility is still lacking.

1.4.2.Psoriasis

Psoriasis is another common inflammatory skin disease, presented by red scaling
papules and plaques. Microscopically, epidermal hyperplasia, parakeratosis and dermal
infiltration of different leukocytes occur in psoriasis patients. Pathogenesis is driven by
IL-23, which induces the differentiation and activation of Tu17 cells and possibly resident
v T cells. IL-23 acts through Jak-mediated downstream signaling, resulting in IL-17 and
IL-22 production [135, 136]. IL-17 receptors are present on various immune cells, as well
as on keratinocytes leading directly to keratinocyte hyperplasia, parakeratosis and the
production of several proinflammatory mediators. The latter will then promote the further
recruitment of immune cells such as neutrophils, worsening dermal inflammation [137].

Genetic deficiency of the Janus kinase Tyk2, as well as Jak inhibitors hampered TH17
differentiation and reduced clinical signs of disease in experimental models of psoriasis
[138-140]. Evidence from several human randomized clinical trials also showed
promising efficacy of Jak inhibitors in psoriasis, applied orally or topically. However,
there are currently no Jak inhibitors approved for the treatment of psoriasis [1, 141].

There is only limited data in the literature regarding the role of tyrosine kinases other
than Jaks in psoriasis. In dendritic cells, activation of the fungal antigen receptor Dectin-
1 has been implicated to promote the differentiation of Tu17 cells. Dectin-1 also induced
their IL-17 production in vitro in a Syk- and CARD9-dependent manner [142]. Resident
vd T cells are considered to be a substantial source of IL-17 in psoriatic skin lesions
besides conventional Tu17 cells. y5 T cells signal through Syk downstream of their T cell
receptors (whereas classical afp TCR utilizes mainly the ZAP-70 kinase). Disruption of
vd TCR-Syk signaling resulted in the amelioration of skin inflammation in an imiquimod-
induced psoriasis model in mice [143]. These results also support the contribution of Syk

in the development of psoriasis.
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1.4.3. Alopecia areata and vitiligo

Alopecia areata and vitiligo are autoreactive cytotoxic T cell-mediated diseases,
damaging hair follicles and melanocytes of the skin, respectively. Upregulation of TH1-
type cytokines, like IFNy has been detected in the lesional skin. Many of these cytokines
initiate Jak-Stat-driven signaling. Accordingly, Jak inhibition showed promising effects
in some clinical trials both in patients with alopecia areata and vitiligo [1].

1.4.4. Systemic lupus erythematosus

Another autoimmune disease, systemic lupus erythematosus (SLE) often shows skin
manifestations, as well. Cutaneous lupus can even represent a distinct disease entity.
Interestingly, SLE patients can also develop bullous eruptions with autoantibody
deposition along the dermal-epidermal junction (DEJ). Interestingly, deposited
autoantibodies were shown to recognize not only nuclear antigens (characteristic for
SLE), but also DEJ components in some cases, like in classical autoimmune bullous skin
diseases [144]. Pathogenesis is thought to be driven by autoreactive B cells, suggesting a
role for BCR-associated Src-family kinases, Syk and Btk in the development of the
disease. In line with that, inhibition of Syk or Btk was able to attenuate cutaneous
manifestations in lupus-prone mice [145, 146]. Moreover, increased production of
proinflammatory cytokines acting through Jaks are also considered important in the
development of the cutaneous manifestations, and Jak inhibition by ruxolitinib

successfully prevented skin lesions in mouse models of SLE [147].

1.4.5.Neutrophilic dermatoses

Neutrophilic dermatoses represent a heterogeneous group of diseases. They are
characterized by massive neutrophilic infiltration of the skin without evidence of
infection. Loss-of-function mutation of the protein phosphatase SHP-1 (involved in
ITAM-coupled signaling, limiting Syk-mediated downstream activation) caused severe
skin inflammation in mice resembling neutrophilic dermatoses [148]. Another study
further implied that overactivation of Syk-mediated processes is crucial to the
development of neutrophil-mediated dermatoses [149].

Autoimmune blistering skin diseases represent an additional group of inflammatory

skin diseases that involve tyrosine kinases in their pathogenesis. In the next chapter, 1 will
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to summarize the clinical features and experimental approaches of these diseases. | will
also present our current understanding of the pathomechanism and the underlying

experimental evidence.

1.5. AUTOIMMUNE BLISTERING SKIN DISEASES

Autoimmune blistering skin diseases are prototypical autoantibody-mediated organ-
specific diseases, consisting of two phases in their pathogenesis. First, during the
Immunization phase, adaptive immune players lose tolerance and form autoantibodies
against certain structural proteins of the epidermis or against the DEJ (schematically
shown in Figure 6), initiating pemphigus and pemphigoid diseases, respectively [150].

During the effector phase of the disease, pemphigus patients develop flaccid
superficial blisters in the skin and mucosae due to mechanisms involving steric hindrance
and keratinocyte signaling. These processes are thought to be initiated by the direct
binding of antibodies without any secondary inflammation. On the other hand, the
effector phase of pemphigoid diseases often involves inflammation which leads to the
formation of tense blisters, finally developing into erosions and crusts. [151]. Detection
of circulating autoantibodies and their deposition in the skin serves as a hallmark of
diagnosis. There are several variants of pemphigoid diseases, identified based on their

clinical presentation and specific target antigens summarized in Table 2.

In the following sections, | will describe our current understanding of pemphigoid
diseases, focusing mainly on bullous pemphigoid (BP) and the inflammatory form of
epidermolysis bullosa acquisita (EBA). The reason behind this choice is that BP is the
most prevalent pemphigoid variant, whereas our experimental models mimic the

inflammatory form of EBA.

1.5.1. General characterization of pemphigoid diseases

1.5.1.1. Incidence and target antigens
Pemphigoid diseases can affect both sexes equally. BP typically develops in elderly
patients around the age of 70 or older. Its incidence is around 10-43 per million annually.
Interestingly, it shows and increasing tendency, probably due to more efficient diagnosis,

the aging of the overall population, and the increased use of drugs considered to elicit BP
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[144, 152, 153]. EBA, however, has a bimodal peak affecting people in the 2" and 7"
decade, with 0.2-0.5 new cases per million people annually. It represents a rare but severe
variant of subepidermal autoimmune diseases [152].

During BP, autoantibodies are formed against BP180 and or BP230. BP180 (also
called collagen type XVII) is a transmembrane anchoring component of the
hemidesmosome, connecting basal keratinocytes to the superficial part of the basement
membrane (Figure 6).

In most cases, autoantibodies recognize the extracellular noncollagenous domain
NC16A located close to the transmembrane region of the molecule. BP230 is an
intracellular protein of the plakin family, anchoring keratin filaments to the
hemidesmosome in basal keratinocytes (Figure 6) [152].

In EBA patients, collagen type VII (C7) is the autoantigen. C7 is a crucial anchoring
protein located in the lower part of the DEJ (Figure 6). It is composed of three identical
a subunits containing a central helical collagenous domain and two non-collagenous
domains at the N- and C-terminal end (NC1 and NC2, respectively, also shown in Figure
7). Two C7 molecules form a tail-to-tail dimer, which is stabilized by disulfide bridges
close to the NC2 domain [154]. In the majority of patients, the immunodominant regions
in EBA are considered to be within the NC1 domain (Figure 7) [154].

Corneal layer &

Epidermis

Dermis,

Lamina lucida integrin
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Figure 6. Schematic structure of the dermal-epidermal junction.
From Schmidt and Zillikens, Lancet, 2013 [154]
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Table 2. Properties of subepidermal autoimmune blistering skin diseases [144].

. ) Antibody| Inflammatory L )
Disease Antigen | . o Clinical presentation
isotype infiltrate
tense bullae and erosions on
Bullous normal or inflamed skin;
. BP180, : o e
pemphigoid BP230 IgG, IgE |eosinophil-rich| pruritic urticarial plaques;
(BP) ~20% can be nonbullous;
abdomen, flexor surfaces
_ _ 1gG tense bullae and erosions
Epidermolysis | type VII
o and/or __|mechanobullous form: trauma
bullosa acquisita| collagen neutrophil-rich
IgM, prone extensor surfaces
(EBA) (C7) )
IgA, IgE inflammatory form: general
Pemphigoid . .. | pruritic urticarial plaques and
o BP180 IgG  |eosinophil-rich o
gestationis or blistering on the abdomen
Lichen planus lymphocytes, | polygonal papules and tense
_IO _ BP180 IgG y Io Y_ polyg pap
pemphigoides eosinophils bullae on flexor surfaces
Mucous IgG erosions and ulceration of
membrane variable and/or variable oral mucosa and conjunctiva;
pemphigoid IgA heal with scarring
pruritic, grouped papules
Linear IgA and/or bullae on trunk,
BP180 _
bullous ) IgA | neutrophil-rich buttocks and extensor
] ectodomain
dermatosis surfaces; mucous membrane
is often involved
. pruritic, clustered erosions
o epidermal ) )
Dermatitis o symmetrically in elbows,
. . trans- IgA | neutrophil-rich
herpetiformis ) knees, scalp and buttocks;
glutaminase
appear upon gluten exposure

1.5.1.2.

Clinical presentation and associated diseases

Clinical presentation of BP typically involves tense blisters on normal or erythematous

skin. Blisters usually evolve into erosions and often associated with severe pruritus.

However, BP can be also presented by various non-classical symptoms, like erythematous
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plaques and even non-bullous NC2

forms can occur [144]. NCL @ L phaesenee
Collagenous

Two major types of EBA domain

have been described; the
NC1

mechanobullous and x x 3 |

inflammatory forms. During the Figure 7. Structure of the type VII collagen.

mechanobullous form, bullous | Immunogenic epitopes are located at the NCI
domain in most cases (marked by asterisks).

skin lesions are formed
Adapted from [158].

predominantly on trauma-
prone, extensor surfaces, healing with significant scarring and milia formation. Nail
dystrophy, scarring alopecia and mucosal involvement can also occur. In the
inflammatory form of EBA, pruritic, bullous skin lesions develop, usually on inflamed
skin similar to BP [155].

Interestingly, BP is highly associated with multiple neurological disorders, probably
since BP180 and BP230 are also expressed in the central nervous system [150]. C7 is also
expressed in the gut mucosa, which may explain why EBA has also been found to be

associated with chronic inflammatory bowel diseases [156].
1.5.1.3. Diagnosis

The gold standard of the diagnosis of pemphigoid diseases is the detection of antibody
deposition in the perilesional skin, using direct immunofluorescence.

The detection of circulating autoantibodies in the patient’s serum by indirect
immunofluorescence is also useful. Here, autoantibody deposition is studied in healthy
skin sections incubated with the patient’s serum [157]. Differential diagnosis between BP
and EBA can be evaluated using salt-split skin. Incubation of normal skin samples with
1 M NacCl solution leads to the separation of the epidermis from the dermis. In this setting,
autoantibodies in BP are deposited to the roof of the split, while autoantibodies of EBA
patients attach to the dermal part.

Commercially available ELISA kits are used to test the antigen specificity of
circulating autoantibodies. Specificity of these assays has been reported to be excellent,
however, their diagnostic sensitivity can be variable (54-95%) [144, 157].

Taken together, definitive diagnosis of pemphigoid diseases relies on multiple aspects:

clinical presentation, histopathological findings and direct immunofluorescent results

37



accompanied by detection of circulating autoantibodies by indirect immunofluorescence
using salt-split skin or ELISA [158].

1.5.2. Experimental models of pemphigoid diseases

There are multiple experimental tools to investigate the various aspects of autoimmune
skin blistering. There are in vitro cellular assays and more complex ex vivo experimental
systems, which can utilize either human or murine cells and/or tissues. In addition, several
in vivo animal models of pemphigoid diseases have been developed, recapitulating
pathogenic events in a more complex manner. In the following sections, | will describe

the available model systems for BP and EBA.
1.5.2.1. Invitro cellular assays

Activation of different innate immune cells can be studied in vitro by plating them
onto immobilized immune complex surfaces consisting of dermal-epidermal antigens
(such as the immunogenic epitope of C7) and the corresponding autoantibodies (i.e., anti-
C7). Immune complex stimulation of leukocytes mimics the situation at the DEJ after
autoantibody deposition. Polyclonal autoantibodies produced by immunization of
laboratory animals can be used, providing an accessible and large amount of antibodies.
Autoantibodies obtained from pemphigoid patients can also be used. Application of
leukocytes obtained from experimental animals gives the opportunity to analyze certain
molecular pathways using a clear transgenic approach. Alternatively, human leukocytes
can also be applied, as well as autoantibodies obtained from pemphigoid patients, making
it more similar to actual human pathology.

This approach is useful for the investigation of several effector functions of innate
immune cells triggered directly by immune complex stimuli. Such readouts can be
cellular adhesion, spreading, ROS production. Gene expression and release of
proinflammatory mediators and proteolytic enzymes can also be measured.

Keratinocyte function can also be investigated in vitro upon their incubation with
autoantibodies. In this way, one can test direct effects of autoantibody deposition without
the contribution of inflammatory responses [159]. Of course, these experiments can be
applied only in case of keratinocyte-expressed autoantigens, such as BP180 in BP. In case
of EBA, autoantigens are extracellular, therefore autoantibody deposition supposedly
does not affect keratinocyte function directly.
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Taken together, in vitro assays are useful to analyze the effector phase of skin
blistering. They provide the ability to directly analyze distinct signal transduction
pathways, without the disturbing effects of other mechanisms. On the other hand,
mechanisms occurring in this simple experimental setting can be altered by other complex
processes in vivo, making it harder to extrapolate in vitro findings to the actual human
disease.

1.5.2.2. Exvivo models

Properly speaking, ex vivo experimental approaches belong to in vitro models.
However, ex vivo methods utilize not only cellular components but tissues, as well,
making the experimental setup more complex. These assays are one step more similar to
the actual disease than simple cellular activation assays. Therefore, | will discuss them
separately.

In the ex vivo skin separation assay, neutrophil-mediated dermal-epidermal (D-E)
separation can be investigated in autoantibody-treated skin sections. Usually,
cryosections of healthy human skin is used. Samples are pretreated with pathologic
autoantibodies derived either from immunized animals or from pemphigoid patients.
After that, dermal-epidermal separation is induced by the addition of leukocytes, mainly
freshly isolated neutrophils. Human plasma is usually also added as a source of
complement. The first description of this assay utilized serum of BP patients as a source
of autoantibodies [160]. Serum of EBA patients could also initiate skin separation [161].
It has been shown that serum of EBA patients can cross-react with the murine C7 antigen.
Skin separation could be induced in a hybrid system, using murine skin sections treated
with pathogenic human serum and human neutrophils [162]. Vice versa, anti-C7
antibodies obtained from immunized rabbits recognizing immunogenic epitopes of the
murine C7 protein could induce dermal-epidermal separation of human skin upon
incubation with human neutrophils. We used this latter approach in our studies [3].

This method is also useful to investigate the effector phase of skin blistering. More
specifically, neutrophil-mediated mechanisms of tissue damage and blister formation can
be examined. Since autoantibodies and effector immune cells are added directly to the
skin, leukocyte recruitment cannot be tested with this approach. The other advantage of
this model is that human tissues and cells can be used, giving us direct information about

the human pathology.
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1.5.2.3.  Autoantibody-induced in vivo models

In vivo animal models of pemphigoid diseases provide the opportunity to investigate
disease development in a living animal, mimicking complex pathologic events of the
human disease. There are basically two approaches. The autoantibody-induced models
are induced by the direct administration of pathogenic antibodies, mimicking only the
effector phase of the disease. On the other hand, active immunization-induced models
recapitulate events involving both the immunization and effector phase of skin blistering.

It was first reported by Liu et al that passive transfer of antibodies against murine
BP180 can induce skin blistering in mice [163]. In this model, polyclonal antibodies
recognizing the NC14A domain of murine BP180 (corresponding to the immunogenic
NC16A domain in human BP) were produced in rabbits. Antibodies were injected
intraperitoneally or intradermally into neonatal BALB/c mice which presented epidermal
detachment upon friction after 24 hours of treatment. There are multiple limitations of
this early model. It has a relatively short time course compared to the human diseases or
other antibody-induced animal models. The skin of the used neonatal mice is structurally
rather different from the adult skin. Moreover, transiently appearing skin lesions usually
did not develop spontaneously, only upon some mechanical stress. Other mouse strains
are unfortunately not as susceptible, which limits the use of transgenic animals, since the
majority of the latter are on the C57BI/6 background.

Passive transfer of sera from BP patients were unable to generate skin blistering in
mice. This is probably due to the limited cross-reactivity between the human
autoantibodies and the mouse antigen. Humanization of the whole BP180 protein (or only
the immunogenic domain) in mice made neonatal puppets susceptible to pathogenic 1gG
isolated from BP patients [164, 165]. However, adult mice containing such humanized
BP180 were still unsusceptible [164, 165].

For long, there was no good adult model for BP. In 2012, Oswald and colleagues
presented successful development of skin blistering in adult mice upon administration of
rabbit anti-BP180 antibodies [166]. However, a pre-immunization with rabbit 1gG was
necessary to develop disease. In this case, immune complexes consisting of rabbit 1gG
and mouse anti-rabbit 1gG were probably necessary to initiate tissue destruction in the
skin. Schulze and colleagues were able to induce skin blistering resembling BP even in
adult C57BI/6 mice with repeated injections of polyclonal IgG recognizing the NC15A
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epitope of mouse BP180 [167].

Regarding EBA, Sitaru et al established the first animal model for the inflammatory
form of this disease [154]. Polyclonal anti-C7 antibodies were generated by the
immunization of rabbits with the immunogenic epitope of mouse C7. Repeated
subcutaneous injections of anti-C7 resulted in the appearance of erosions, erythema and
crust formation in adult mice at multiple sites of their body after 2-4 days from the first
injection. Disease severity reliably correlated with the applied antibody doses. Mice with
multiple genetic background presented symptoms, although with different susceptibility.
This model became a frequently used, well established model of autoantibody-induced
skin blistering.

Parallel to Sitaru and colleagues, another workgroup also described an adult mouse
model resembling EBA [168]. Here, disease was induced in nude immunocompetent mice
by the injection of rabbit antibodies also recognizing the NC1 epitope of human C7.
Moreover, direct transfer of affinity purified autoantibodies from EBA patients were also
able to induce skin blistering in the same nude mouse strain [169]. However, widespread
use of this model did not happen, probably due to its dependence on a unique mouse
strain. Humanized mice containing human C7 have also been described to develop
blisters upon injection with anti-human C7 [170].

It is also important to mention, that in some studies, anti-C7 antibodies were
administered intradermally, instead of systemically. In such cases, blister formation
occurred locally, usually within a relatively short time period of 24-48 hours.

The use of antibody-transfer models are important tools directly investigating the
effector phase of pemphigoid diseases, excluding the immunization stage. The developing
microscopic findings closely resemble the ones occurring in human diseases, like
complement deposition, development of the inflammatory infiltrate and separation of the
DEJ. In the majority of the models described above, the most prevalent cell types in the
inflammatory infiltrate are neutrophils. This is characteristic for human EBA, but not for
BP, where usually eosinophils dominate.

Overall, the passive transfer model of EBA is used more widely than BP models,
potentially due to its excellent reproducibility, applicability for multiple mouse strains,
and more similar disease characteristics to the human disease. In BP models, antibodies

may have less disease-inducing potential probably due to the less interspecies similarity
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between BP antigens and/or the weaker accessibility of such antigens within the DEJ.
Excluding pathogenic events during the immunization phase is, however, a substantial
limitation of these models. This emphasizes the need for careful translation of

experimental findings to human pathology.
1.5.2.4.  Active immunization-induced in vivo models

Active immunization-induced or simply “active” mouse models are more complex
approaches than passive transfer models. Disease is initiated by the administration of
antigens which break the immune tolerance within the experimental mice. These models
are useful to investigate adaptive immune mechanisms behind loss-of-tolerance and
autoantibody-production, among others.

In the active immunization-induced model of BP, recombinant polypeptides of the
murine NC14A domain are used [171]. It initiates the production of anti-BP180
antibodies in several mouse strains. However, only female mice on the SJL/J genetic
background were susceptible to disease development with blistering skin lesions. First
lesions occurred several weeks after the first immunization, and symptoms were usually
less severe compared to the autoantibody-induced phenotype.

Another, more complicated model of BP was also described [172]. In this model,
disease development takes place in two different animals. Loss of tolerance was achieved
by grafting wild-type mice with human BP180-expressing skin tissue. Then, splenocytes
were isolated from these ‘first’” mice and administered into BP180-humanized Rag2’~
‘second’ mice lacking mature endogenous T- and B cells. The ‘second’ mice developed
skin lesions resembling BP, making this model suitable to study the role of different
adaptive immune players during the immunization phase. However, the
immunocompromised nature of ‘second’ mice also hinders the translation of the
mechanisms observed in the effector phase [172].

Regarding active models mimicking EBA, immunization with recombinant fragments
of NC1 domain of murine C7 reliably induced the production of autoantibodies in mice
[173, 174]. However, similarly to active BP models, clinical manifestation depended on
the genetic background. Only certain strains were susceptible to blister formation,
showing the pathogenic relevance of genetic factors in disease development. Disease
persisted for several weeks in affected animals, making these models also suitable for

long-term evaluation of potential therapeutic interventions.

42



Compared to the previously described passive approaches, active immunization-
induced models of pemphigoid diseases are uniquely suitable to study the mechanisms
involved in the immunization phase. Moreover, feasible pathogenic factors identified in
simpler assays, can also be investigated in this more complex setting, making these

models more closely resembling the actual mechanisms occurring in the human diseases.
1.5.25. Spontaneous development of pemphigoid diseases in mice

Interestingly, mice lacking the immunogenic NC14A domain of murine BP180 has
been shown to produce autoantibodies against BP180. Moreover, they develop erosions,
scratching behavior and severe dermal eosinophilic infiltration resembling BP [175]. This
model may also be useful to test mechanisms leading to the spontaneous breakage of

tolerance.

Taken together, all these in vitro and in vivo approaches represent extremely useful
tools to study distinct pathologic processes of pemphigoid diseases and identify new
possible therapeutic targets. However, their substantial limitations should also be kept in
mind. Translation of findings from murine to human system always needs to be done

carefully, since several aspects can be different between these species.

1.5.3. Pathogenesis of pemphigoid diseases

Our understanding about the development of subepidermal blistering skin diseases has
been extended in the last decades, in large part due to the widespread use of the above
described valuable experimental models. The main steps of the pathogenesis is

schematically summarized in Figure 8.
1.5.3.1. The immunization phase

The exact factors initiating the break of tolerance are not known. Association of certain
MHC loci with the susceptibility to EBA and BP has been described in patients and also
in experimental mice, underlining the role of genetic predisposition [171, 176].

Regarding environmental factors, dipeptidyl-peptidase 4 inhibitors and checkpoint
inhibitor treatment were implicated to induce BP [153]. Burn, irradiation or other skin
trauma have also been suggested as a pathogenic element, possibly through liberating
DEJ antigens and activating tissue resident leukocytes [150]. This may contribute to the

enriched presentation of DEJ antigens and the generation of autoreactive T cells .
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Figure 8. Pathogenesis of pemphigoid diseases.

Immunization phase begins with the loss of tolerance against antigens of the
dermal-epidermal junction. Autoreactive T cells activate B cells which then
differentiate into plasma cells producing autoantibodies. Autoantibodies are
deposited along the basement membrane followed by complement deposition and
the recruitment of effector cells (mainly eosinophils in BP and neutrophils in the
inflammatory form of EBA). Effector cells then release superoxide, proteases and
several proinflammatory mediators, which will lead to blister formation and
further recruitment of leukocytes. Created in BioRender.

CD4* T cells have been shown to be crucial in the pathogenesis of active
immunization-induced BP and EBA [172, 174, 177]. This indicates that CD4" T cells are
important for the induction of skin blistering possibly through initiating B cell activation
and autoantibody production.

The isotype of autoantibodies differs between variants (summarized in Table 2). 19G
is usually present in patients with BP. In addition, high IgE levels are often detected in
the serum, as well [178]. During EBA, multiple antibody isoforms can be found, but IgG
is usually present [144]. Besides their essential diagnostic value, serum autoantibody
titers are also associated with the severity of the disease [154].

The half-life of circulating autoantibodies is controlled by the neonatal Fc receptor
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(FcRn) expressed by endothelial cells. FcRn-deficient mice developed a milder anti-C7-
induced skin blistering disease phenotype [179]. Furthermore, anti-FCRn treatment was
able to reduce symptoms in active immunization-induced EBA, as well [180].

Circulating autoantibodies are deposited along the DEJ. The pathogenic importance of
autoantibodies is clearly confirmed by their ability to induce skin blistering upon passive
administration in mice. It has been shown that the Fc portion is crucial, since
autoantibodies containing only the antigen-specific F(ab’)2 region are insufficient to
induce skin blistering in ex vivo and in vivo models of EBA [154, 161].

1.5.3.2. Importance of complement components

Complement components are deposited along the DEJ in pemphigoid diseases. C5-
deficient mice were completely protected from skin blistering in autoantibody-induced
EBA [154], and partially protected from autoantibody-induced BP [181].

It seems, however, that the role of distinct complement activation pathways upon
antibody deposition is not obvious. In the neonatal antibody-induced model of BP,
complement components of the classical activation route were crucial to induce blister
formation [182]. Contrarily, in anti-C7-induced EBA, mice lacking Clq (which is
involved in the classical pathway) showed only a partial reduction in skin blistering [183].
On the other hand, Factor B-deficient mice were more protected from anti-C7 induced
disease [183], indicating that the alternative pathway may have an essential augmenting
effect in this model.

The activation of the complement cascade finally leads to the assembly of the
membrane attack complex (including the complement component C6) and the production
of different inflammatory cleavage products (for example C5a). During the anti-C7-
induced mouse model of EBA, the impact of these two aspects was investigated [184].
While C67~ mice developed severe skin blistering similar to wild-type animals, C5aR1-
deficient mice presented significantly less severe disease [184]. This suggests that
complement activation is linked to tissue damage through C5a-mediated events, rather
than the assembly of the membrane attack complex.

C5a has been shown to be able to induce the recruitment of myeloid cells, as well as
to activate their effector functions in various autoantibody-induced models [185]. In vitro
migration of neutrophils towards C5a was dependent on C5aR1, but BP180/anti-BP180

immune complex-induced ROS production was not [181]. This indicates that C5a may be
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mainly important in the recruitment of leukocytes, rather than in the activation of their
effector functions in pemphigoid diseases.

1.5.3.3. Recruitment of effector cells

The infiltration of different myeloid cells after autoantibody deposition is
characteristic for BP and the inflammatory form of EBA (Figure 8). Complement
degradation products can serve as ligands for the B2 integrin Mac-1, among others (see in
section 1.1.1). B2 integrin-mediated migration and activation of myeloid cells was found
to be crucial in other autoantibody-mediated disease models [186].

Neonatal mice lacking CD11b (the o chain of Mac-1) were resistant to autoantibody-
induced BP after 24h [187]. Skin blistering was restored upon intradermal injection of
CD11b-deficient neutrophils [187]. This indicates that CD11b-mediated signaling is
essential during the recruitment of neutrophils but dispensable during tissue destruction.
Unexpectedly, CD11b-deficient adult mice showed a more severe skin blistering in the
anti-C7-induced disease model at the later phases of the disease [188]. However, this
latter observation was based on a small study without any deep mechanistic examinations.

Mice lacking CD18 (the 2 chain) were protected from anti-C7-induced skin blistering
[189]. Moreover, blocking B2 integrin signaling resulted in the inhibition of immune
complex-induced adhesion of human neutrophils but did not affect ROS production in
vitro [190]. The ex vivo separation of anti-C7-treated mouse skin was also severely
impaired upon CD18-inhibition [190]. This suggests that B2-dependent adhesion of
neutrophils may be a prerequisite to tissue damage during pemphigoid diseases.

Multiple proinflammatory mediators are proposed to induce the extravasation and
recruitment of leukocytes into the dermis. Besides Cba mentioned above,
chemoattractants like IL-8 and LTBa4 have also been suggested in this process.

IL-8 is a potent neutrophil (and eosinophil) chemoattractant. Increased concentration
of IL-8 was detected in blister fluid of BP patients [191]. Keratinocytes produced IL-8
upon anti-BP180 treatment [159] and activated inflammatory cells may also release it
further augmenting leukocyte recruitment.

LTBu4 is a potent chemoattractant and activating mediator of myeloid cells through the
BLT1 receptor. Concentration of LTBg4 in blister fluid and expression of BLT1 was also
increased in perilesional skin of BP patients [192, 193]. In addition, mice lacking either

5-lipoxigenase (a key enzyme of LTB4 biosynthesis) or BLT1 were protected from anti-
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C7-induced recruitment of leukocytes and development of skin blistering [194].
However, BLT1-deficient neutrophils were capable of ROS production upon immune
complex activation in vitro and were able to induce blister formation when injected
directly into the ears of anti-C7-treated mice [194]. This indicates, that LTB4 /BLT1 axis
may be crucial for the recruitment of neutrophils, but not directly for tissue destruction.

1.5.3.4. Fc receptor signaling

The Fc portions of autoantibodies have been shown to be crucial for blister formation
in pemphigoid diseases. This strongly assumes that Fc receptor signaling in infiltrating
leukocytes also contributes to the pathogenesis of pemphigoid diseases.

The absence of the common FcRy chain protected mice in the anti-C7-induced EBA
model [195]. FcyRIV-deficient mice remained completely protected from anti-C7-
induced skin disease, while the lack of FcyRI and FcyRIII did not change the disease
course [195]. Moreover, this and another study (using immunization-induced EBA)
showed that FcyRIIB deficient mice developed an aggravated disease phenotype [195,
196]. and soluble FcyRIIB treatment decreased disease development in active
immunization-induced EBA [197]. These results suggest that FcyRIV is essential for
blister formation, while the inhibitory FcyRIIB-mediated signaling processes may exert
a protective role in the anti-C7-induced EBA model.

In an antibody-induced adult BP model, FcRy chain-deficient mice were protected,
whereas FcyRIIB deficiency worsened skin blistering, similar to the anti-C7-induced
EBA model [167]. However, disease phenotype were strongly reduced in both FcyRIIT7~
and FcyRIV™™ mice, while the lack of FcyRI did not affect blister formation [167].
Neonatal mice lacking FcyRIII were also resistant to antibody-induced BP [198].

Taken together, it seems that activating FcyRs were crucial in the development of skin
blistering in mice regardless of the used model. However, the particular involvement of
distinct FcyR subsets may be different in different mouse models.

As | mentioned in section 1.2.1, mouse and human Fcy receptors are not entirely
correspond with each other. This makes translating the above mentioned findings
difficult. In a human ex vivo skin separation model, inhibition of FcyRII (which is similar
to mouse FcyRIII), as well as FcyRIII (similar to mouse FcyRIV) resulted in the almost
complete abrogation of neutrophil-induced D-E separation [199]. These results support

that FcyR-driven processes are important in the development of the human disease, too.
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Our laboratory have investigated different signaling components downstream of FcyRs
in diverse in vitro and in vivo inflammatory conditions [44]. In the context of autoimmune
skin blistering, our group showed that in vitro activation of murine neutrophils on
immobilized C7/anti-C7 immune complexes induced spreading and respiratory burst [9].
Such effector functions were dependent on Src-family kinases and Syk [9].

Importantly, our laboratory also showed that both Syk~ and Src-family-deficient mice
were completely protected from anti-C7-induced skin blistering [8, 9]. Another
workgroup also investigated the role of Syk in this model [200]. They used conditional
knockout mice and showed that Syk expression is essential in the myeloid, but not in the
lymphoid compartment to develop anti-C7-dependent skin blistering. They also
demonstrated that a Syk inhibitor (BAY61-3606) dose-dependently inhibited immune
complex-induced ROS release of neutrophils in vitro and D-E separation ex vivo [200].

Our laboratory also described that PLCy2 was essential in FcyR signaling, using
aspecific HSA (human serum albumin)/anti-HSA immune complexes in vitro. Moreover,
they implicated that PLCy2 may lay downstream of Src-family kinases and Syk. They
also found PLCy2 indispensable in an antibody-induced arthritis model in vivo [81] (see
also in section 1.3.4). Importantly, however, the role of PLCy?2 in the context of antibody-
induced skin blistering is not known.

Our group also found, that immune complex-initiated signaling cascade divides into
CARD9-dependent gene expression changes and CARDO9-independent short-term
functions like ROS release, degranulation and LTBa release [28]. CARD9-deficient mice
were partially protected from anti-C7-induced skin blistering [28].

PI3K enzymes are responsible for the generation of PIP2 and PIPs, that are needed for
the recruitment of PH-domain containing molecules such as Btk and PLCy2. PI3KJ3 was
found to be essential in C7/anti-C7 immune complex-induced ROS production of
neutrophils in vitro and in anti-C7-induced blister formation in vivo [201]. Pharmacologic
inhibition of the PI3K6 isoform led to similar reduced disease phenotype in mice [202].

Taken together, multiple lines of evidence support the crucial role of FcyRs and
associated tyrosine kinases in the effector phase of skin blistering.

Fce receptors may also contribute to the development of skin blistering in cases when
pathogenic IgE is present. In a study, IgE antibodies against human BP180 were injected

into neonatal mice containing humanized BP180 [203]. IgE antibodies were deposited at
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the DEJ, but did not induce blister formation, nor leukocyte infiltration [203]. When
FceRI was also humanized, mice developed local skin blistering with eosinophilic
infiltration [203]. This suggests a role for FceRI signaling in this complex experimental

setup, but more studies are needed to find out its exact relevance.
1.5.3.5. Neutrophils

Infiltration of neutrophils is characteristic for EBA. In case of BP, eosinophils are the
predominant cell type in lesional skin. Although, neutrophils were also found abundant
in lesional skin and blister fluid in BP patients [204]. Moreover, neutrophil-rich
infiltration occurs in the majority of the animal models of BP and EBA too. Therefore,
neutrophils are the mostly used cell type to induce split formation in autoantibody-treated
cryosections, as well [160, 161].

Antibody-induced skin blistering was examined in multiple neutropenic mouse strains.
Neutrophil depletion by antibodies against Gr-1 (recognizing Ly6G and Ly6C surface
markers) or against the more specific Ly6G prevented mice from autoantibody-induced
blister formation [164, 189, 194]. More recently, another genetic neutropenic mouse
strain was developed in our laboratory which showed also complete protection from anti-
C7-induced skin blistering [205].

Furthermore, anti-Ly6G treatment reduced circulating anti-C7 levels during the active
immunization-induced model of EBA [206]. This suggests that neutrophils may also
participate in the immunization phase possibly by promoting autoantibody production.

The recruitment of neutrophils supposedly involves B2 integrin-mediated processes
induced by chemokines such as C5a, IL-8 or LTB4, as mentioned before. Then, based on
the previous results of our laboratory, murine neutrophils can get activated through C7/
anti-C7 immune complexes in a Src-family kinase- and Syk-dependent manner [9].
Activation of neutrophil effector functions may also occur through other pathways such
as integrins, cytokine and chemokine receptors. Activated neutrophils has also been
shown to release proinflammatory mediators like IL-8 and LTBa, creating a positive
feedback loop, further amplifying neutrophil recruitment to the dermis [194].

Multiple lines of evidence supports the role of neutrophil-derived substances during
tissue damage. Neutrophil-derived proteases and ROS were found elevated in the blister
fluid of BP patients [207, 208]. Mice lacking gelatinase B, neutrophil elastase or

functional NADPH oxidase (responsible for superoxide anion production) were all
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protected from autoantibody-induced skin disease [189, 209, 210]. Importantly, skin
blistering was rescued by the intradermal injection of wild-type neutrophils [209, 210].
This suggests that neutrophil-derived proteases and ROS are crucial for tissue destruction
after effector cells have recruited to the dermis.

Neutrophil elastase has been shown to directly cleave BP180 protein in human skin in
vitro [211]. Moreover, pharmacological inhibition of proteases or the NADPH oxidase
complex was able to reduce neutrophil-mediated split formation of autoantibody-treated

human skin ex vivo [189, 212], underlining the human relevance of the above studies.
1.5.3.6.  Eosinophils and mast cells

Peripheral blood eosinophilia and eosinophil-rich dermal infiltrate are considered as a
hallmark of BP. Eosinophil chemoattractants (like IL-5 and eotaxin), as well as eosinophil
cationic protein (ECP) were also found elevated in blister fluid [207, 213, 214]. In
addition, eosinophils express FceRI that may be important in BP patients with elevated
serum IgE levels. Still, it is unclear why eosinophils are predominant in BP and how they
contribute to the pathogenesis.

Eosinophils were investigated in ex vivo skin separation models. Using a human cell-
line differentiated towards eosinophils, treatment of skin sections with pathogenic 1gG,
but not with IgE resulted in the accumulation of eosinophils at the DEJ. Nevertheless, D-
E separation did not occur [215]. In another study, primary eosinophils induced D-E
separation in the presence of BP serum, when they were preactivated with I1L-5 [216].

Eosinophil-deficient AdbIGATA mice remained protected from skin blistering in an
anti-BP180 IgE-induced, double-humanized local BP model (using mice expressing
humanized BP180 domain and humanized FceRI) [203]. Importantly, mice injected with
anti-BP180 1gG developed skin blistering with the infiltration of neutrophils but not
eosinophils in wild-type mice [203]. In contrast, the same eosinophil-deficient mice
developed severe skin blistering in the anti-C7 1gG-induced model of EBA [194].

Mast cells are also present in the skin of pemphigoid patients and proposed to be
involved in the beginning of the effector phase of skin blistering [217]. In BP patients,
CD117" mast cells colocalized with IgE in immunostained sections of the skin, probably
binding them through FceRs [178]. Mast cell-deficient strains (MgfS/MgfS™¢ and
Kit"/Kit""") were protected in the neonatal BP model [218]. However, mast cell deficiency

did not affect blister formation in anti-C7-induced EBA using any of the known mast cell-
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deficient mouse strains [219]. It suggests that mast cells might be activated during EBA,
but their role generating tissue damage is dispensable.
1.5.3.7. Jak-Stat signaling

There are several proinflammatory cytokines which were found in increased
concentrations in blister fluids of pemphigoid patients [220]. Many of those signal
through the Jak-Stat pathway, suggesting a role for them in the pathogenesis. It was
mentioned in a review that Jak inhibition impaired disease development both in
autoantibody-induced and immunization-induced EBA in mice [155]. However, only a
conference paper was cited with the title available. According to my knowledge, results

regarding Jak inhibitors in experimental skin blistering have not been published yet.

1.5.4. Therapeutic opportunities and prognosis

The therapeutic repertoire is rather limited in pemphigoid diseases. In case of mild BP,
topical corticosteroids are the first choice. In moderate-to-severe BP, systemic
corticosteroid treatment is often needed with or without other immunomodulatory drugs,
however, evidence-based recommendations are limited [158]. This regimen is highly
associated with severe adverse effects. The multiple comorbidity and polypharmacy in
the affected elderly population further complicates the picture.

Treatment of EBA, unfortunately, still lack proper international guidelines. Skin
lesions in EBA patients are often severe and typically difficult to treat. Systemic
corticosteroids represent usually first line treatment. Additional immunosuppressive
drugs are frequently applied with considerable side effects [221].

Currently, there is no biological therapy approved in pemphigoid diseases. Case
reports and a small retrospective study suggested that depletion of B cells with anti-CD20
antibody can be beneficial in BP [222, 223]. Case reports showed promising clinical
benefit of anti-IgE antibody treatment in patients with high IgE [222].

Regarding biological therapies against proinflammatory mediators, monoclonal
antibodies against IL-4Ro has been tested in BP patients demonstrating promising
response [224, 225]. Controversial effects were described upon blocking IL-12 and IL-
23, as well as using anti-TNF treatment [226, 227]. Anti-eotaxin-1 treatment effectively
reduced symptoms in BP patients [228]. However, anti-IL-5 antibody failed to improve
BP as an additive therapy compared to oral corticosteroids alone [229].
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A lot of cytokines signal through the Jak-Stat pathway. Despite the increasing use of
Jak inhibitors in systemic autoimmune diseases and inflammatory skin diseases, clinical
application is still awaited in pemphigoid diseases. | only found a case report describing
improvement of dermatitis herpetiformis after tofacitinib treatment [230].

There are other approaches that interfere with autoantibody levels. Intravenous
immunoglobulin therapy leads to the increased degradation of circulating autoantibodies
likely through the saturation of FcRn molecules. Direct removal of pathogenic

autoantibodies can also be achieved by plasmapheresis or immunoadsorption [231].
1.5.4.1. Prognosis

Pemphigoid diseases are considered as severe disorders that have significant impact
on the quality of life. Discontinuation of treatment often leads to a relapse even in
responding patients. As a consequence, usually long-time treatment regimens occur with
the accumulating risk of serious side effects. This is especially true for the elderly
population. One-year mortality for BP patients is around 20-40%, which is about 2-3
times higher than the age- and sex-matched control population [150].

Taken together, there is an unmet need for more effective and more specific therapeutic
options in pemphigoid diseases. There is increasing knowledge about the pathogenesis of
these disorders. However, several aspects of the exact cellular and molecular mechanisms
are still not clear. Multiple components of Fc receptor signaling have revealed to be
important in the effector phase of pemphigoid diseases. However, exact events
downstream of ITAM-coupled tyrosine kinases are incompletely understood. PLCy?2 is
an important component of Fc receptor and integrin signaling, lying downstream of Src-
family kinases and Syk. PLCy2 was found essential in autoantibody-induced arthritis
models. Moreover, severe inflammatory skin lesions and epidermolysis bullosa-like
phenotype were described in gain-of-function mutations of PLCy2 in mice and humans.
These observations prompted us to the characterize role of PLCy2 in the pathogenesis of
autoimmune skin blistering in well-established mouse and human models of EBA.

In addition, there are practically no experimental evidence published about the effect
of Jak inhibition in pemphigoid diseases. Therefore, we also intended to test the effect of

tofacitinib treatment in autoantibody-induced skin blistering in mice.
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2. OBJECTIVES

During my PhD studies, we aimed to analyze the molecular mechanisms during the
effector phase of autoimmune skin blistering, utilizing in vitro, ex vivo and in vivo models
of EBA. More specifically, we intended to investigate the role of PLCy2, and in less detail

Janus kinases according to the following objectives:

1. General characterization of Plcg2”~ mice. Survival analysis and measurement
of PLCy2 expression in circulating leukocyte subsets. Comparison of
circulating leukocyte counts and the expression of critical cell surface markers

on myeloid cells.

2. Investigating the role of PLCy2 in the development of an antibody-induced

skin blistering in intact mice and bone-marrow chimeras.

3. Checking in vitro functional responses of murine Plcg2”~ neutrophils to

chemotactic- and immune complex stimuli.

4. Lineage-specific analysis of PLCy2 function. Examining the effect of
neutrophil-specific PLCy2 expression during antibody-induced skin blistering.

5. Studying the effect of PLC inhibition in a neutrophil-dependent, autoantibody-

induced human ex vivo skin separation assay.

6. Investigating the impact of Jak inhibition in the development of autoimmune

skin blistering in mice.
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3. METHODS

3.1. EXPERIMENTAL ANIMALS

Generally, mice were kept and bred in sterile individually ventilated cages (Tecniplast)
under specific pathogen-free conditions. For experiments, animals were transferred to a
conventional facility at approximately 2-6 months of age. All animal experiments were
approved by the Animal Experimentation Review Board of Semmelweis University
(ethical approval ID: PE/EA/1967-7/2017) or of University of Pécs (ethical approval ID:
BA02/2000-8/2020).

3.1.1. Utilized mouse strains

Mice carrying the Plcg2™" (referred to as Plcg2-) mutation inactivating the PLCy2-
encoding gene [84] were obtained from James Ihle (St. Jude Children’s Research
Hospital, Memphis, TN). Due to the reported infertility of male Plcg2 mice [232] and
the limited availability of Plcg2 females, the strain was maintained by heterozygous
breeding to obtain Plcg2” animals. Age- and gender-matched Plcg2*/* littermates or
wild-type C57BL/6 mice were used as controls in our experiments. The latter was
purchased from the Jackson Laboratory.

Neutrophil-specific deletion of the Plcg2 gene was accomplished utilizing the Cre-Lox
transgenic approach. Transgenic mice expressing Cre recombinase driven by the
neutrophil-specific myeloid-related protein 8 (MRP8) promoter (MRP8-Cre mice) were
obtained from Emmanuelle Passegue (Stanford University, Stanford, CA) [233]. Animals
carrying floxed Plcg2 allele (Plcg2i™kuro referred to as Plcg2f®) were obtained from
Tomihiro Kurosaki (Kansai Medical University, Moriguchi, Japan) [85]. Crossing these
two strains allowed us to obtain MRP8-Cre*Plcg2io¥iox animals (referred to as
Plcg24PN), In our experiments, we used age- and gender-matched MRP8-Cre-
Plcg2fiovflox |ittermates or wild-type C57BL/6 mice as controls. Genotyping was
performed in every case by allele-specific PCR from tail DNA. All transgenic strains
were on C57BL/6 genetic background, expressing the CD45.2 allele on leukocytes. In

experiments using pharmacologic inhibition, wild-type C57BL/6 mice were used.
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3.1.2. Generation of bone-marrow chimeras

To isolate bone marrow cells, wild-type or Plcg2-~ donor mice from C57BL/6 genetic
background were sacrificed. The tibiae and femurs were removed and cleaned. Bone
marrow cavity was opened by cutting both ends and bone marrow cells were flushed out
with HBSS medium (Hank’s Balanced Salt Solution) supplemented with 20 mM HEPES
(abbreviated to HBSS/H), using a fine needle. During preparation, we always used
HBSS/H that was free from Ca?" and Mg?*, in order to avoid preactivation of leukocytes.
Cell suspension was filtered through a 70 um cell strainer in order to get rid of large
contaminants such as scattered bone fractions or other tissue remnants.

Recipient wild-type mice were from the B6.SJL-Ptprc® congenic strain (referred to as
BoyJ mice). They express the CD45.1 allele on the C57BL/6 genetic background, and
were purchased from the Jackson Laboratory. BoyJ mice were lethally irradiated with 11
Gy from a ¥’Cs source using a Gamma-Service Medical D1 irradiator. Then, the
suspension of unfractionated donor bone marrow cells were injected into the retroorbital
venous plexus of the recipient mice. Usually 7-9 chimeras were generated from the bone
marrow of one donor.

4 weeks after transplantation, we assessed the repopulation of the bone marrow in the
chimeras. The donor origin of circulating leukocytes was checked by measuring the
expression of the CD45.2 marker by flow cytometry. We considered the transplantation
successful (and most of the time it was the case), if circulating leukocytes (explained in

detail in section 3.4) were at least 95% of donor origin (expressing CD45.2).
3.1.2.1. Generation of mixed bone-marrow chimeras

In some experiments, we generated mixed bone-marrow chimeras. Here, we
transplanted wild-type (BoyJ) recipient mice with a mixture of bone marrow cells from
donors of different genotypes as shown in Figure 9.

Namely, we mixed suspensions of bone marrow cells isolated from wild-type (BoyJ)
and Plcg2 donors in varying ratios (usually 2:3 and 3:2) in order to get WT: Plcg27"
mixed chimeras. In these chimeras, we could identify the genotype of the circulating
leukocytes based on their different CD45 allelic expression. Leukocytes originated from
wild-type (BoyJ) donors expressed CD45.1, while cells from Plcg2” mice expressed
CD45.2. As control, we also generated WT:WT mixed chimeras, where mixture of
CD45.1-expressing wild-type (BoyJ) and CD45.2-expressing wild-type (C57BL/6) bone
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marrow cells were transplanted into irradiated recipients. Notably, we transplanted not
only CD45.2 but also CD45.1-expressing cells into CD45.1-expressing recipients in case
of mixed chimeras. Therefore, we could not determine the efficacy of transplantation as
easily as in case of a simple bone-marrow transplantation. Yet, we could indirectly
monitor the efficacy by comparing the ratio of cells with different genotypes injected at
transplantation with the ratio of cells with different genotypes in the circulation 4 weeks
after the transplantation. Upon successful bone marrow repopulation, the two ratios did

not differ substantially.

CD45.1* donor \‘
Wild-type ' A

R _— Lethally irradiated
=" Mixed bone- CD45.1" recipient

marrow cells Wild-type

CD45.2* donor
Plcg2™-

Figure 9. Generation of WT:Plcg2”~ mixed bone-marrow chimeras.
Created in BioRender.

3.2. ANALYSIS OF THE SURVIVAL RATE OF MICE

All mice born in our animal facility get an individual identifier. Their most important
parameters are recorded in our online database, including genotype, date of birth, date
and cause of death. Survival data of all Plcg2*/*, Plcg2*"- and Plcg2- mice born in our

facility were obtained from this database and analyzed by the Kaplan-Meier method.

3.3. ANALYSIS OF PLCy2 EXPRESSION WITH WESTERN BLOT

We analyzed PLCy2 expression on the protein level in unfractionated bone marrow
cells. Bone marrow cells were retrieved as described in section 3.1.2. Then, cells were
lysed in 100 mM NacCl, 30 mM HEPES, 20 mM NaF, 1 mM Na-EGTA, 1% Triton X-
100, and 1 mM benzamidine, freshly supplemented with 0.1 U/ml Aprotinin, 1:100
Mammalian Protease Inhibitor Cocktail, 1:100 Phosphatase Inhibitor Cocktail 2, and 1
mM phenylmethylsulphonyl fluoride (PMSF). After the removal of insoluble fraction,
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whole cell lysates were boiled in reducing SDS (sodium dodecyl sulphate) sample buffer.
Samples were run using SDS-polyacrylamide gel electrophoresis (PAGE) and
immunoblotted with antibodies against PLCy2 (Q20, Santa Cruz Biotechnology) or -
actin (clone AC-74; Sigma-Aldrich), followed by horseradish-peroxidase- (HRP-)
labeled secondary antibodies (Cytiva). Signal was developed using enhanced
chemiluminescence and exposed to X-ray films.

3.4. FLOW CYTOMETRY MEASUREMENTS OF CIRCULATING
LEUKOCYTE SUBSETS

3.4.1.Sample preparation

10 pl peripheral blood was sampled from tail vein incisions with heparinized pipette
tips into ice cold phosphate buffered saline (PBS) supplemented with 5% fetal calf serum
(FCS) and 2% heparin. Samples were then mixed on ice with fluorophore-conjugated
antibodies against cell surface markers for 40-60 minutes, washed and resuspended with
500 ul FACS Lysing Solution (BD Biosciences) to lyse red blood cells and fix samples.

The following antibodies were used for cell surface marker staining, all purchased
from BD Biosciences: B220 (clone RA3-6B2), CD11a (M17/4), CD11b (M1/70), CD18
(C71/16), CD3 (17A2), CD45 (30-F11), CD45.2 (104), FcyRIVIII (2.4G2), FcyRIV
(9E9), Ly6C (AL-21), Ly6G (1A8), Siglec F (E50-2440).

In case of intracellular PLCy2 staining, cells were fixed and permeabilized (Thermo
Fischer Fixation & Permeabilization Buffer Set) after cell-surface labeling and incubated
with anti-PLCy2 antibodies (Q20) followed by fluorophore-conjugated anti-rabbit
secondary antibodies.

3.4.2.Flow cytometry and gating strategy

Flow cytometry was performed using a FACS Calibur flow cytometer (BD
Biosciences) and analyzed by FCS Express 6 (De Novo Software). Specified volumes
were used throughout sample preparation. We performed each measurement for a defined
time and with known sampling velocity in order to precisely determine absolute cell
counts. The different leukocyte populations were identified based on their typical
distribution on the forward and scatter-side scatter diagram, and their specific cell surface
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marker expression according to the followings (Figure 10):
— neutrophils: medium sized, quite granulated, CD11b*Ly6G"Siglec-F,
— eosinophils: medium sized, highly granulated, CD11b*Ly6G Siglec-F,
— monocytes: bigger, not granulated, CD11b*Ly6G Siglec-F,
— T cells: small, not granulated, CD3* and

— B cells: small, not granulated B220" cells.
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Figure 10. Gating strategy of circulating leukocyte subsets.

Leukocytes obtained from peripheral blood were gated based on their typical
distribution on the forward and side scatter. CD11b" cells were gated as myeloid
cells. Within the myeloid cell gate, eosinophils were identified as Siglec-F*
(orange), and neutrophils as Ly6G" cells (magenta). Double negative population
was identified as monocytes (light blue). Within the cell gate, CD3" population
was considered as T cells (green), while B220" population as B cells (blue).

3.5. PRODUCTION OF TAGGED C7 FUSION PROTEINS

Plasmids coding a 698 bp long immunodominant fragment of murine C7 (mC7Cr)
were obtained from Cassian Sitaru (Freiburg, Germany). Primer sequences used for PCR
amplification of mC7Cr cDNA fragments were described in [162]. mC7Cr was expressed
in E.coli either tagged with glutathione-S-transferase-(GST-) or with a 6xHis affinity tag
in order to easily purify them from the bacteria. The use of two different tags was
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necessary because of the following. We immunized rabbits against the GST-tagged
fragment and we tested the presence of antibodies recognizing specifically the mC7Cr
fragment in immunized rabbit sera by a custom-made ELISA, where His-tagged mC7Cr

served as the capturing antigen. Thus, we could avoid measuring antibodies against GST.

3.5.1. Production of GST-C7 and C7

pGEX-mC7Cr recombinant vector was used to generate GST-C7 fragments. Plasmids
were transformed into a BL21 Rosetta competent Escherichia coli strain with heat shock.
Transformed bacteria were selected on agarose plates containing ampicillin. The presence
of recombinant vectors were checked with Sanger sequencing (Eurofins Genomics).

Expression of the GST-C7 fusion protein was induced in BL21 Rosetta E. coli by
isopropyl B-d-1-thiogalactopyranoside (IPTG). Bacterial cell lysis was performed by
sonication with 40% capacity for 45 sec 3 times. The lysis buffer contained 50 mM Tris-
Cl pH 7,6, 50 mM NaCl, 5 mM MgClz, 1 mM dithiothreitol and 1 mM EGTA, pH 7,4. It
was also supplemented with the following protease inhibitors:2 uM pepstatin A, 10 uM
leupeptin, 10 ug/ml aprotinin and 1 mM PMSF.

After high speed centrifugation, soluble fraction was preserved and GST-C7 fusion
protein was purified by glutathione-based affinity chromatography. Namely, cell lysate
was incubated for 30 min with Glutathione Superflow Agarose (Thermo Scientific) resin.
After washing out unbound proteins with lysis buffer, resin-bound GST-C7 was eluted
with soluble glutathione-containing buffer. Eluted GST-C7 was placed into Slide-A-
Lyzer™ G2 Dialysis Cassette (Thermo Scientific) with 2 kDa molecule weight cut-off
semi-permeable membrane and dialyzed overnight with PBS to remove glutathione and
other possible salt contamination. Purity of the solution was checked with Coomassie
staining after SDS-PAGE (single 50 kDa band appearing on the gel).

To retrieve C7 fragment alone without any tags, GST-C7 fusion protein was cleaved
using PreScission protease (Cytiva). Here, GST-C7 protein bound to glutathione-
containing resin was incubated with PreScission Protease at 4°C in a cleavage buffer
containing 50 mM Tris-HCI pH 7.0, 150 mM NaCl, 1 mM EDTA and 1 mM
dithiothreitol. Following incubation, the GST moiety of the tagged protein and the
PreScission Protease remained bound to the glutathione-containing beads, while C7

fragment eluted to the supernatant.
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3.5.2. His-C7 production

In order to produce His-tagged C7 fragment, we started working with the pQE41-
mC7Cr plasmid coding C7 fragment with a 6xHis affinity tag (obtained from Cassian
Sitaru). Since we could not express His-C7 efficiently enough, we cloned C7 fragment
into a pLATE3L1 vector using the aLICator Ligation Independent Cloning and Expression
Kit (Thermo Scientific).

pPLATE31-mC7Cr was transformed into BL21 Rosetta E.coli. Induction of His-C7
expression and bacterial lysis was achieved with the same method as described in 3.5.1.

Purification of His-C7 was performed with immobilized metal affinity
chromatography using HisPur Ni-NTA Superflow Agarose (Thermo Scientific). Bacterial
cell lysate solution was first incubated with nitrilotriacetic acid (NTA) chelator-activated
agarose resin charged with divalent nickel (Ni?*) ions in an equilibration buffer (pH 8)
containing 20 mM NaH2POas, 300 mM NaCl and 10 mM of imidazole. This low imidazole
concentration was sufficient for the binding of His-tagged protein with high affinity to
the resin, but still interfered with the possible weak binding of other proteins. After
washing out unbound proteins, resin was resuspended with a buffer containing high
concentration of (300 mM) imidazole. It led to the elution of His-C7 by competing for
the binding to the Ni%*-charged resin. Eluted fraction was then dialyzed overnight. Purity
was checked using SDS-PAGE (a single 25 kDa band appearing on the gel). Protein

concentration was measured with NanoDrop (Thermo Scientific).

3.6. PRODUCTION OF ANTI-C7 ANTIBODIES

Polyclonal anti-C7 antibodies were produced by immunizing New Zealand white
rabbits with GST- C7 at the Hungarian National Agricultural Innovation Center, Godol116,
Hungary. A classical immunization protocol was applied with the subcutaneous injection
of 200 pg purified GST-C7 together with complete Freund adjuvant (1:1). After 2 and 4
weeks, 2 booster injections were applied in incomplete Freund adjuvant. Blood samples
were taken from marginal veins of ears before every injection to monitor antibody-
production. After 6 and 10 weeks from the first shot, approximately 40 ml of blood were
taken. We always paid attention not to withdraw more than 1% of the total body weight

of the rabbits due to ethical reasons. Final bleeding occurred usually 14 weeks from start.
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Sera were obtained by centrifugation after blood clotting.

Anti-C7 titer of immunized rabbit sera was checked using our custom-made ELISA. 1
pug/ml His-C7 was bound to the bottom of Nunc Maxisorp 96-well plates (Thermo
Fischer) serving as antigen. Thus, we were able to exclude measuring anti-GST
antibodies. After blocking non-specific binding with 10% FCS in PBS, preimmune and
immunized sera were applied to the wells in a dilution series. Then, HRP-labeled
secondary antibodies against rabbit 1gG were added. Signal was developed using the
HRP-substrate o-phenylenediamine dissolved in a citric acid and H202 containing buffer
(pH 5). Optical density of a yellow product was measured photometrically at 492 nm by
a plate reader.

Total 1gG was purified from those immunized rabbit sera that had high anti-C7 titer
(usually more than 1:100 000). Agarose beads containing recombinant form of the
streptococcal 1gG binding protein G (Thermo Scientific) were incubated with rabbit sera
diluted in commercially available Binding Buffer (Thermo Scientific) for 4 hours. After
washing out unbound serum components, IgG was eluted utilizing low pH (Elution
Buffer, commercially available, Thermo Scientific). The neutral pH of the elute was
immediately restored using 1 M Tris-Cl (pH 8). Eluted IgG solution was concentrated by
centrifugation and stored in -20°C until use. | will use the term “anti-C7 antibodies” in

the followings to such purified total IgG solution obtained from immunized rabbit sera.

3.7. ANTI-C7-INDUCED SKIN BLISTERING IN MICE

We used a mouse model mimicking the effector phase of the inflammatory form of
EBA first described by Sitaru et al (see in detail in section 1.5.2) [154]. Here, autoimmune
skin blistering was induced by repeated subcutaneous injections of pathogenic anti-C7

antibodies recognizing the immunogenic epitope of murine collagen type VII (C7).

3.7.1. Disease induction

In experiments using wild-type and Plcg2~~mice (section 4.2 and 4.3), 12 mg anti-C7
antibodies were injected subcutaneously under isoflurane anesthesia every second day
from Day 0 to Day 8 (5 injections in total, 60 mg anti-C7). Control group received normal
rabbit 1gG or PBS. Since it was shown that lower antibody-concentrations can also

reliably induce disease and its severity correlates with the amount of anti-C7 antibodies
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injected [154], in experiments conducted later on (sections 4.5 and 4.7) we used 10 mg
anti-C7 per injection with the same regimen to a total of 50 mg anti-C7 per mice. This
slightly reduced amount was still capable of consistently generating a robust skin
blistering phenotype in wild-type mice. Titer of circulating anti-C7 antibodies in mice
were checked on Day 0, Day 8 and Day 14 by custom-made ELISA described in section
3.6.

In experiments using inhibitors, wild-type C57BL/6 mice were treated with 0.4 or 1
mg tofacitinib (Selleck Chemicals) twice daily (bid) from Day —1 (one day before the first
anti-C7 injection) until Day 13. Since the body weight of the mice were around 25 g, this
amount served as 16 and 50 mg/kg of bodyweight, respectively. Inhibitor was dissolved
in tap water containing 0,05% methylcellulose and administered by intragastric gavage.

Control mice were treated similarly with vehicle (0,05% methylcellulose in tap water).

3.7.2. Evaluation

Disease onset and progression was followed every second day for 2 weeks by assessing
the following parameters macroscopically:

Table 3. Percentage of individual skin areas

— Size of total affected skin area
Body part Total body surface (%)
We evaluated the whole body surface
. . . Ear 2.5
of mice divided to smaller regions = 0F
e .
shown in Table 3. The ratio of affected Y
) ) 4 and Snout
areas in every region were assessed an :
yreg Forelimb
then added together. Hind limb 10
— Severity score Head 10
Here, we took into consideration both Neck 9
the extent and the severity of lesions. | Trunkand tail 40

The following symptoms developed usually (but not necessarily) in the order of
increasing severity: alopecia, scaling, induration, erosion and crust formation. These
symptoms received a score from 0.1, 0.2 and so on to 0.5, respectively. Scores of all
symptoms present were summed in a given region (maximal value was set to 1). Then it
was weighted by the extent. Thus, maximal severity score (100) theoretically could be

reached when 100% of the surface is affected in every region with multiple severe lesions.
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However, due to ethical reasons, in order to avoid unnecessary suffering, animals would
be euthanized if reached a severity score of 60 (importantly, it has not happened in any
of the mice we used).
— Size of erosions alone

Erosion is the most direct sign of blister eruptions without the masking effect of other,
more severe secondary elementary lesions. We were not able to detect blisters in
particular in most of the cases, presumably due to the massive scratching behavior of
mice. Therefore, we measured the extent of erosions alone in every region and then
summed.
— Ear thickness

As a more objective parameter, ear thickness was measured by a spring-loaded caliper.

3.8. HISTOLOGICAL ANALYSIS OF THE EAR TISSUE

Control and anti-C7-treated mice were sacrificed on Day 8, at the peak of acute lesions.
Ear tissue was removed, fixed in 4% paraformaldehyde, dehydrated in uprising ethyl-
alcohol series (50, 70, 95 and 100%) and embedded in paraffin using a Leica EG1150H
embedding station. 6-8 um sections were made with a microtome (HM340E, Thermo
Scientific). Sections were either stained with hematoxylin and eosin (H&E) or underwent
immunostaining. In the latter case, we blocked non-specific binding with 10% goat-serum
in PBS 0.5% Tween 20, then incubated samples with anti-Ly6G antibodies (diluted 1:50)
overnight at 4°C. Finally, Alexa Fluor 488-labelled secondary antibodies were added
(1:250) and incubated for 1 hour at room temperature. Sections were coated with 4',6-
Diamidino-2-phenylidole (DAPI)-containing mounting medium to visualize nuclei.

For assessing anti-C7 deposition in the skin, mice were injected once with 4 mg anti-
C7 or normal rabbit 1gG as control. Mice were sacrificed after 24 hours, ears were
removed and frozen in optimal cutting temperature compound (Tissue-Tek). 5 um
cryosections were made using Epredia™ Cryotome. Samples were blocked and
immunostained with Alexa Fluor 488-conjugated anti-rabbit 1gG or irrelevant anti-rat IgG
as control. Sections were coated with DAPI-containing mounting medium.

Microscopic images were taken and evaluated by an ECLIPSE Ni-U microscope
(Nikon Instruments) connected to Nikon DS-Ri2 camera using NIS-Elements Imaging
Software (Nikon, version BR 4.60.00).
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3.9. ANALYSIS OF LEUKOCYTE INFILTRATION AND
INFLAMMATORY MEDIATORS

Control and anti-C7-treated mice were sacrificed on Day 8. Ear tissues were digested
with 200 pg/ml Liberase Thermolysin Medium enzyme mixture (containing highly
purified collagenase | and 11, obtained from Roche) in HBSS/H containing Ca?* and Mg?*
for 1 hour at 37°C with continuous stirring in a shaker. Single cell suspension was
obtained by filtering digested samples through a 70 pum cell strainer. Cell suspension was
then washed and resuspended in PBS 5% FCS. Samples were diluted and fluorescently
labeled for flow cytometric analysis using antibodies against CD11b, CD45.2, Ly6G and
Siglec F. Samples were measured and analyzed as described in section 3.4.2.

Cell free supernatant of digested ear tissue was used to test the concentration of
different proinflammatory mediators using a mouse cytokine antibody array kit (Panel A)
or commercial IL-1p, MIP-2 and LTB4 ELISA kits (all from R&D Systems) according to

manufacturer’s instructions.

3.10. COMPETITIVE IN VIVO MIGRATION ASSAY

We assessed intrinsic migrating capacity of myeloid cells in vivo in mixed bone-
marrow chimeras. Generation of such chimeras was described in section 3.1.2.1. WT:WT
and WT: Plcg2 chimeras were treated with repeated injections of anti-C7. Usually all
mice developed skin blistering, since wild-type leukocytes were present in every mouse.

On Day 8, blood samples were obtained, mice were sacrificed and ear tissue was
digested as described above. Next, we prepared the blood and ear samples for flow
cytometric analysis using antibodies against CD45.2, CD11b, Ly6G and Siglec F. After
gating the major myeloid-cell populations (neutrophils, eosinophils and
monocytes/macrophages), the percentage of CD45.2-expressing cells were calculated in
blood and ears. Those CD45.2* cells were wild-type in WT:WT and Plcg2” in WT:
Plcg2 chimeras.

Relative migration of CD45.2* neutrophils, eosinophils and monocytes/macrophages
were calculated according to the following formula:

( % of CD45.2%cells in ears )

% of CD45.2%cells in blood

( % of CD45.2-cells in ears )
% of CD45.2 cells in blood

relative migration =
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3.11. IN VIVO CHEMILUMINESCENCE ASSAY

In vivo myeloperoxidase (MPO) activity was detected using a chemiluminescence
assay at the Small Animal Imaging Core Facility of the Szentagothai Research Centre of
the University of Pécs with the kind help of Adam I. Horvath [234].

Control and anti-C7-treated chimeras were injected intraperitoneally with 150 mg/kg
luminol sodium salt (Gold Biotechnology) on Day 8. Luminescence images were
captured 10 minutes after injection by IVIS Lumina Il imaging system (PerkinElmer, 120
sec acquisition, Binning=8, F/Stop=1) under 120/6 mg/kg intraperitoneal ketamine-
xylazine anesthesia. For quantitative analysis, total radiance values (total photon flux/sec)
were used from standardized regions of interest of the ears using the Living Image

software (PerkinElmer).

3.12. IN VITRO EXPERIMENTS USING MURINE NEUTROPHILS

3.12.1. Isolation of murine neutrophils

To isolate mouse neutrophils, wild-type and Plcg2”- mice were sacrificed and femurs
and tibias were taken. Bone marrow was opened and flushed as described in 3.1.2.

Bone marrow cell suspension was centrifuged and pellet were reconstituted with
hypotonic (0.2%) NaCl solution in order to lyse red blood cells. After 40 sec, osmotic
conditions were set back to physiological with equal volume of 1.6% NacCl.

After a wash step, cell suspension in HBSS/H was pipetted onto 62% Percoll gradient
(GE Healthcare) and centrifugated with 2500 rpm for 30 min with slow acceleration and
deceleration. After gradient centrifugation, mononuclear cells (such as lymphocytes and
monocytes) appeared on the border of the two solution phases, while neutrophils were
able to sediment, creating a cloudy pellet at the bottom of the falcon. Therefore, we could
obtain neutrophil suspension of more than 90% purity based on our previous results [57].

After some washing steps, cells were counted in Boyden chambers and immediately
used in the following experiments. Cells were kept at room temperature in media lacking

any Ca®* and Mg?* throughout the preparation period in order to avoid preactivation.

65



3.12.2. Invitro Transwell migration assay

Transwell inserts (Corning) containing a polycarbonate membrane with 5 um pore size
at the bottom were precoated with 10 ug/ml fibrinogen for 1 hour. After washing with
HBSS/H, they were filled with isolated neutrophils in 10%/ml concentration in HBSS/H
supplemented with Ca?* and Mg?* immediately before start. Transwell inserts were then
placed into wells of a 24-well plate filled with media containing 100 ng/ml MIP-2
(PeproTech GmbH), 50 ng/ml LTB4 (Santa Cruz Biotechnology) or media alone and
incubated for 1 hour at 37°C. Migration was stopped on ice, plates were centrifuged and
ratio of cells that migrated out from the inserts were determined using an acid phosphatase
assay. Cells were lysed in an acid-phosphatase buffer (pH 5) containing 10 uM p-
nitrophenyl phosphate (pNPP) for 10 min on ice. Lysates were transferred to a new 96-
well plate and incubated further for 90 min at 37°C. Reaction was stopped with 5 N NaOH
and yellow color was determined photometrically at 405 nm in a plate reader. To calculate
the amount of cells transmigrated, a calibration curve was set using the data of known
amount of neutrophils (100%, 50%, 25%, 12.5% and 0%).

3.12.3. Invitro immune complex-induced proinflammatory mediator release

For the in vitro mimicking of immune complex formation during anti-C7-induced skin
blistering, we created immobilized C7/ anti-C7 immune complex surfaces on Nunc
MaxiSorp 96-well plates. Namely, 20 pug/ml C7 in carbonate buffer was bound to the
bottom of wells, blocked in 10% FCS in PBS and then treated with 300 pg/ml anti-C7 in
10% FCS in PBS. Control wells were treated with C7 alone.

Isolated neutrophils were diluted to 3x10%/ml. For the analysis of MIP-2 production,
cells were plated onto the wells in Ca?* and Mg?* supplemented HBSS/H and incubated
for 4 hours at 37°C. For testing LTBa4 release, cells were suspended in RPMI medium and
incubated on immune complex surfaces for 1 hour. Reaction was stopped on ice and
supernatant was stored at -20°C. Concentration of MIP-2 or LTB4 in the supernatants

were measured by commercial ELISA Kits.
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3.13. EXPERIMENTS USING HUMAN CELLS AND TISSUE

All experiments on human samples were approved by the Scientific and Research
Ethics Committee of the Medical Research Council of Hungary (Ethical approval ID:
1V/3052-1/2021/EKU). All human subjects provided their written informed consent.

3.13.1. Isolation of human neutrophils

Human neutrophils were isolated from the peripheral blood of healthy volunteers.
Blood was taken into a falcon containing PBS with 5% heparin with a 18 gauge needle.
It was important to prevent physical distress, like vacuum that would activate neutrophils.
Sedimentation of red blood cells was increased by the addition of 0.4% dextran. After 20
min, leukocyte-rich supernatant was centrifuged and pellet was resuspended in HBSS/H.
The supernatant was also used as fresh human plasma as a source of complement
components later in our experiments.

Human neutrophils were separated by gradient centrifugation using Ficoll gradient
(GE Healthcare). Residual red blood cell contamination was removed by hypotonic lysis.

Isolated neutrophils were then counted and proceeded for experiments. Similarly to
murine ones, human neutrophils were also handled carefully to avoid preliminary
activation by using endotoxin, Ca?* and Mg?* free solutions at room temperature

throughout the preparation.

3.13.2. Exvivo human skin separation assay

Neutrophil-mediated dermal-epidermal separation of human skin was performed
based on Gammon et al [160]. Schematic experimental setup is presented in Figure 11.

Healthy human skin samples were obtained from surgical interventions at the
Department of Dermatology, Venereology and Dermatooncology, Semmelweis
University. Samples were frozen in optimal cutting temperature compound by liquid
nitrogen. 5 um cryosections were made and incubated with 6 mg/ml anti-C7 or normal
rabbit IgG as control for 1.5 hours at 37°C. PLC inhibitor U73122 (Selleck Chemicals)
was dissolved in dimethylformamide (DMF). Isolated neutrophils were diluted to 107/ml
in RPMI (Biosera) in the presence of fresh normal human plasma (1:4) as a source of
complement proteins. Next, neutrophils were preincubated with either 10 uM U73122 or

vehicle alone for 20 min at 37°C. Final samples contained 0.05% DMF.
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Figure 11. Ex vivo skin separation model. Created in BioRender.

Chambers were assembled above the anti-C7-treated cryosections and filled with
approximately 500 ul of preincubated neutrophil suspension. Chambers were incubated
for 1.5 hours at 37°C then washed, fixed in 4 % paraformaldehyde and stained with H&E.

Microscopic images were taken with ECLIPSE Ni-U microscope (Nikon Instruments)
connected to Nikon DS-Ri2 camera. Dermal-epidermal separation was quantified using
NIS-Elements Imaging Software (Nikon, version BR 4.60.00).

3.14. PRESENTATION OF THE DATA AND STATISTICAL ANALYSIS

Experiments were performed the indicated number of times discussed at figure
legends. All macroscopic pictures and microscopic images are representative of the
indicated number of independent experiments. Quantitative graphs and kinetic curves
show mean and standard error of the mean (SEM) from all individual mice or samples
from the indicated number of experiments.

Statistical analyses were carried out by the STATISTICA software using two-way
(factorial) analysis of variance (ANOVA). Treatment and genotype were the two
independent variables. One-way ANOVA was used to evaluate in vivo migration
experiments. Area under the curve was used for statistical analysis in Kkinetic
measurements. p values were indicated in figure legends and p below 0.05 were

considered statistically significant.
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4. RESULTS

4.1. GENERAL CHARACTERIZATION OF Plcg2”- MICE

As a first step towards the detailed analysis of PLCy2 deficiency during autoantibody-
induced skin blistering, we carried out a general characterization of Plcg2™ mice.
Plcg2™ transgenic animals were maintained by heterozygous breeding due to the
reported male infertility of Plcg2” males [232], and limited availability of Plcg2”’
females. Offspring were genotyped at weaning (2-3 weeks of age) by allele-specific
polymerase chain reaction (PCR). Namely, amplified products were run on an agarose
gel to separate 340 base pair-long wild-type alleles (Plcg2®) from 700 base pair-long
Plcg2- knockout alleles (Figure 12).

We also calculated the distribution

Plcg2* Plcg2*~ Plcg2-
of genotypes at weaning age. Only 12% J g J

of the offspring were Plcg2~"~, contrary Plcg2-

(700 bp) —

to the expected 25% ratio from

heterozygous breeding (Figure 13A).

This suggests a survival defect in (gi%gép) - =
Plcg2”™~ mice during embryonal

development or newborn life. After | Figure 12. Genotyping of Plcg2™
transgenic mice by allele-specific PCR.

weaning age, we found only a moderate Representative DNA gels of more than 3

deficit in the survival of adult Plcg2” | independent experiments.
A B
% at weaning age 100 ﬁ%
Expected| Found S
[¢5)
T go 4 — Pleg2*
+/+ —
Plcg2 25 33 E — Plcg2*™
S — Plcg2”~
Pleg2 ™ | 50 55 3
J ? 60 . ; .
—/~ 25 12 0 2 4 6
Pleg2 Age (months)

Figure 13. Survival rate of Plcg2~”~ mice.

(A) Genotype distribution after heterozygous breeding at weaning age.
(B) Survival rate after weaning. Data show more than 200 mice per group.
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mice compared to Plcg2*"* or Plcg2*" animals until 6 months of age (Figure 13B).

In the following steps,

we used Plcg2~~ offspring in

our experiments. Plcg2** or C57BL/6 mice served as

controls (collectively referred to as wild-type mice).

We analyzed the presence of PLCy2 in hematopoietic

cells. As a first approach, we measured the expression

of PLCy2 protein in unfractionated bone marrow cell

lysates. Wild-type cell lysates but not Plcg2™ samples

showed signal in immunoblots (Figure 14). This

confirms that PLCy2 is expressed in the hematopoietic

WT  Plcg2 ™

PLCy2 |we—

B-actin —— S—

Figure 14. PLCy2
expression in total bone-
marrow cell lysates.

Representative blot from 3
independent experiments.

compartment. However, this bulk technique is not useful for analyzing the expression

profile in different leukocyte lineages.

Therefore, we used flow cytometry to measure intracellular PLCy2 expression in
circulating leukocytes. We identified different leukocyte subsets based on their specific

surface protein expression pattern. Wild-type neutrophils, eosinophils, monocytes and B

cells showed higher PLCy2 fluorescence intensity than cells obtained from Plcg2~~ mice

(Figure 15). We found no difference regarding T cells (Figure 15). This indicates that

PLCy2 is expressed in all myeloid cells and B cells, but not in T cells.

Neutrophils Eosinophils Monocytes
(Ly6G™) (Siglec F*) (CD11b*, Ly6G-, Siglec F)
50, 12, 50,
= — Wild-type
3 — Plcg2™-
© 254 61 25
o
O
O-teeer g - o] . - 04— - -
1 2 3 1 2 3 1 2 3
10 10 10 10 10 10 10 10 10
PLCy?2 fluorescence intensity
T cells . L.
(I?BSS(I)F; (CD3") Figure 15. PLCy2 expression in
140, 30y circulating leukocyte subsets.
5 Wild-type neutrophils, eosinophils,
§ monocytes and B cells showed
3 7 19 higher PLCy2 staining than Plcg2~~
counterparts. There was no such
o o difference in case of T cells.
0t 102 10° 10' 10° 10° Representative histograms from
PLCy2 fluorescence intensity 9-18 mice per group.
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Next, we wanted to check the effect of PLCy2 deficiency on the absolute number of
circulating leukocytes and on the expression of different maturation and functional cell
surface markers on myeloid cells. We found no substantial difference between cell counts
of wild type and Plcg2~~ neutrophils, eosinophils, monocytes, B cells or T cells in the
blood (Figure 16).

4 -
. = Wild-type
E g 31 Plcg2 ™
022 -
23
g S 1 _ '—'
Z N—r
O 1 T -i T T
Neutrophils Eosinophils Monocyes B cells T cells
Figure 16. Number of leukocyte subsets in wild-type and Plcg2~-mice.
Bar graphs show mean and SEM of 9-18 mice per group. p= 0.10-0.75

Regarding the expression profile of myeloid cells, the Plcg2”~ mutation had no effect
on the expression of the major integrin chains (CD11a, CD11b, and CD18) or Fcy
receptors (FcyRII/III and FcyRIV) on circulating neutrophils, eosinophils and monocytes
(Figure 17). FcyRIV expression on eosinophils could not be tested due to interference
between available reagents. Plcg2”~ mice also showed normal expression of the Ly6G
maturation marker on neutrophils and the Siglec F maturation marker on eosinophils, and
normal distribution of the Ly6C polarization marker on monocytes (Figure 17).

Taken together, we found that PLCy2 deficiency resulted in a survival defect in
embryos and/or newborn pups. PLCy2 was present in every major leukocyte subsets
except T cells. Its absence neither caused significant reduction in circulating leukocyte
numbers, nor affected the expression of maturation markers, integrins and FcyRs on

myeloid cells.

4.2. SETTING UP THE ANTI-C7-INDUCED SKIN BLISTERING MODEL

We chose a widely used passive-transfer model of epidermolysis bullosa acquisita,
initially described by Sitaru et al [154]. To this end, we injected polyclonal 1gG obtained
from rabbits immunized against the immunogenic epitope of murine type VII collagen

(C7, see in detail in section 1.5.2).
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Figure 17. Cell surface marker expression profile of circulating myeloid cells.

Expression of major integrin chains (CD11a, CD11b and CD18), Fcy receptors
and maturation markers (Ly6G on neutrophils, Siglec F on eosinophils and
polarization marker Ly6C on monocytes) were measured in myeloid cells by flow
cytometry. Histograms are representative of 3 independent experiments.
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Our workgroup have used this model in collaboration with Cassian Sitaru before [8, 9,
28, 205]. However, multiple aspects were not completely elaborated in our hands. Here,
I mention some main steps, describing how we fine-tuned the model mentioned above. A

more general description of the method can be found in sections 3.5-3.7.

4.2.1.Purification of antigens and antibodies

First, we set up the expression and purification of GST-tagged and His-tagged fusion
proteins of C7. We expressed fusion proteins in E. coli bacteria followed by affinity
purification. We used glutathione-based or metal-based column chromatography in case
of GST-C7 and His-C7, respectively. Purity of the antigen solutions were checked by
running them on SDS-PAGE followed by Coomassie staining, shown in Figure 18.
Sample “GST alone” was purified from lysed E. coli transformed with empty pGEX
plasmid (expressing only GST upon induction). GST-C7 sample was purified from E. coli
transformed with pGEX-mC7Cr recombinant vector. C7 samples were obtained after
cleavage of gluthathione-bound GST-C7 with PreScission protease. GST and C7 both
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have a molecular weight around

25 kDa, while GST-C7 fusion = %‘°§Z <@
protein is around 50kDa. | L/_/%
Next, we produced
polyclonal anti-C7 antibodies | 50 kDa — : oh :
by immunizing rabbits against oy ad
GST-C7 at the Hungarian 25 kDa — ;- . -
-

University of Agriculture and

Fi 18. Purity of GST-C7 and C7 solutions.
Life Sciences, Go6dolls. We rgure unty o an solutions

Purified GST (~25 kDa), GST-C7 (~50 kDa) and
performed custom-made | C7 (~20 kDa) samples were run on SDS-PAGE

ELISA in order to test the followed by Coomassie staining. Representative
gel from at least 3 independent experiment.

reactivity of immunized rabbit

sera (Figure 19A). We used His-C7 as capturing antigen to exclude anti-GST signals.
Compared to the preimmune serum, optical density of immunized sera already
increased after 2 weeks of the first GST-C7 injection, which was maintained throughout
the bleeding period (Figure 19B). This indicated the appearance of specific anti-C7
antibodies. Then, we purified total 1gG from immunized rabbit sera by protein G-based
affinity chromatography. Later on, | am referring to such purified total 1gG as anti-C7.

A B U Preimmune
47 8 After 2 weeks

_ HRP-conjugated 3 B Large bleed

secondary antibody o, B Final bleed

_ anti-C7 antibody ~ ©

in rabbit sera 1 - HII
0 . . HI.—.

10000 30000 100000 300000
Dilution of rabbit serum (-fold)

Figure 19. Reactivity of immunized rabbit sera.

A. Design of our custom-made ELISA. B. Optical density (OD) of immunized
sera obtained from a representative rabbit. Serum samples were taken at the
beginning (preimmune serum), 2 weeks, 6 weeks (large bleed) and 14 weeks (final
bleed) after the first GST-C7 injection.

73



4.2.2. Disease induction

We induced skin blistering by the subcutaneous injections of 12 mg anti-C7 on Days
0, 2, 4, 6 and 8 (60 mg total IgG/mouse). The timeline is present in Figure 20.

GST-C7 CUaL antiCT
™ } \U‘x\
%\ .
 —  —
Immunization Purification of Disease induction

total 19G (anti-C7)

- N

Days: 0 2 4 6 8 10 12 14

Macroscopic evaluation

Ear samples Photographs

Figure 20. Timeline of anti-C7-induced skin blistering.

Disease was induced by the passive transfer of anti-C7 antibodies purified from
immunized rabbit sera. 12 mg anti-C7 was injected subcutaneously on Days 0, 2,
4, 6 and 8 (60 mg/mouse). We evaluated macroscopic phenotype every second day
for 2 weeks. Photographs were made on Day 14. In some cases, mice were
terminated and ear samples were taken on Day 8. Created in BioRender:

In our first experiments, we used purified normal rabbit 1gG as control treatment. As
shown in Figure 21, repeated systemic injection of anti-C7 antibodies triggered a severe
disease phenotype involving signs of alopecia, scaling, erosions, and crust formation in
the skin of wild-type mice. Symptoms were most prominent on the ears, head and limb
regions, but appeared at various areas on the neck and trunk, as well. Importantly, normal
rabbit 1gG induced no such changes in the skin of wild-type animals. We observed that
the injected massive amount of systemic IgG induced a transient joint swelling
irrespective of the specificity of the antibodies. Importantly, joint swelling disappeared
3-5 days from start and did not involve the skin.
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Since preparation of normal rabbit 1gG was quite time- and animal-consuming, after
ruling out the skin blistering-causing effect of rabbit IgG itself, in our following

experiments, we chose to use PBS as control treatment.

Normal . Normal . Normal anti-C7
rabbit Igc  AMCT abpitige AMC7 rabbit 1gG

Figure 21. Autoantibody-induced skin blistering in wild-type mice.

Total 1gG from immunized rabbit sera (anti-C7), but not normal rabbit 1IgG was able
to induce autoimmune skin blistering in wild-type mice. Photographs are
representative of 3-4 mice from 2 independent experiments.

4.3. THE ROLE OF PLCy2 IN ANTIBODY-INDUCED SKIN BLISTERING

After we generally characterized the phenotype of Plcg2” mice and have been able to
reproducibly induce skin blistering in mice, we started to include Plcg2~~ animals in this
model. The majority of our following results were published in Szilveszter et al., J Invest
Dermatol, 2021 [3], as indicated in the figure legends.

4.3.1. Anti-C7-induced skin blistering in intact Plcg2--mice

First, we repeatedly injected intact wild-type and Plcg2 ' mice (i.e non-transplanted,
see below) with anti-C7 or with PBS as control. Similar to our initial experiments, wild-
type mice developed severe skin disease upon anti-C7 treatment with erosions, crust
formation and signs of cutaneous inflammation (Figure 22A). Contrarily, Plcg2”~ mice
showed no such signs of skin pathology after anti-C7 treatment. Representative pictures
(presented in Figure 22A) were taken on the 14" day from the first anti-C7 injection.

We followed the time course of the disease for two weeks by measuring the extent of
affected skin area (Figure 22B) and by calculating a severity score taking into account
both the size and the severity of the lesions (Figure 22C). More specifically, alopecia,
scaling, induration, erosion and crust formation were considered as increasingly severe
lesions. We also quantified areas showing erosions as signs of blister eruption without

any more severe secondary lesions (Figure 22D). Upon anti-C7 treatment, wild-type
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mice showed a robust increase in the extent and severity of the lesions over time. The
extent of erosions, in particular, also gradually increased after anti-C7 treatment. In
contrast, Plcg2”~ mice failed to develop any signs of skin lesions during the entire
investigation period (Figure 22B-D).
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Figure 22. Autoantibody-induced skin blistering in wild-type and Plcg2-"-
intact mice.

Skin blistering was induced by repeated injections of anti-C7 on Days 0, 2, 4, 6
and 8. (A) Macroscopic phenotype on Day 14. Green arrows indicate erosions. (B)
Extent of affected skin area, p = 0.0011. (C) Severity score, p = 1.2x1078. (D)
Percentage of erosions in particular, p= 0.042. (E) Evaluation of ear thickness,
p = 5.2x107°. Representative photographs and quantitative data show mean and
SEM from, 5-9 mice per group from 4-5 individual experiments except control-
treated Plcg2~ mice, where data of 3 mice from 2 experiments are shown due to
the limited availability of Plcg2~~ animals. [3]

As a more objective parameter of disease development, ear thickness was also
measured. Ears of wild-type mice robustly thickened from Days 2-4 until the end of the
experiment, whereas Plcg2~ mice completely failed to develop ear thickening upon anti-
C7 treatment (Figure 22E). Taken together, Plcg2”~ mice remained completely protected
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from the development of any clinical signs and quantitative measures of anti-C7-induced

skin disease.

4.3.2. Anti-C7-induced skin blistering in Plcg2- bone-marrow chimeras

The limited number of Plcg2~~ mice (due to their survival defect and male infertility
mentioned in Section 4.1) prompted us to generate bone-marrow chimeras with a

Plcg2 - hematopoietic system.
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Figure 23. Checking the replacement of circulating leukocyte subsets in wild-
type and Plcg2~~ bone-marrow chimeras 4 weeks after transplantation.

Recipient mice carrying CD45.1 leukocyte marker were transplanted with
unfractionated bone marrow cells of wild-type or Plcg2”~ donors, expressing
CD45.2. Histograms are representative of 2-3 individual experiments, involving 12-
23 bone-marrow chimeras per group. Histograms showing neutrophils, eosinophils
and monocytes are from [3].

Cell count
w

Replacement of the hematopoietic compartment was tested by flow cytometry, based
on the CD45.2 expression profile of circulating leukocytes. Figure 23 shows
representative histograms of cells obtained from a donor and a recipient mouse before
transplantation (in green and black, respectively) along with leukocytes obtained from
wild-type and Plcg2”~ bone-marrow chimeras (marked with blue and red). 4 weeks after
transplantation, practically all circulating leukocytes (CD45" cells), were of donor origin
expressing CD54.2, including all neutrophils, eosinophils, monocytes, B cells and the

majority of T cells. This was irrespective of the presence of PLCy2 (Figure 23).
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Next, we subjected such bone-marrow chimeras to autoantibody-induced skin
blistering. Repeated anti-C7 injections induced a massive, severe disease phenotype in
wild-type chimeras with erosions, crust formation and dermal inflammation affecting
significant areas of the skin involving the ears, cheeks and forelimbs (Figure 24A-E). In
line with our findings with intact mice, Plcg2”~ bone-marrow chimeras were also
completely protected from any macroscopic signs of disease development (Figure 24A)
and quantitative measures of skin blistering during the entire investigation period,
including the extent of affected skin surface, severity score, the extent of erosions, and
ear thickening (Figure 24B-E).
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Figure 24. Autoantibody-induced skin blistering in wild-type and Plcg2--
bone-marrow chimeras.

Skin blistering was induced by repeated injections of anti-C7 on Days 0, 2, 4, 6
and 8. (A) Macroscopic phenotype on Days 12-14. Green arrows indicate erosions.
(B) Extent of affected skin area, p = 6.9x107. (C) Severity score, p = 9.3x107,
(D) Percentage of erosions in particular, p = 0.0061. (E) Evaluation of ear
thickness, p = 0.0063. Representative photographs and quantitative data show
mean and SEM from, 5-12 mice per group from 3-5 individual experiments. [3]
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Since we were able to generate a large number of Plcg2~~ chimeras in a reproducible
manner, we performed the following experiments using Plcg2”~ bone-marrow chimeras.

First, we analyzed histological aspects of skin blistering and inflammation in ear
samples obtained from wild-type and Plcg2 - chimeras on Day 8 after disease induction.
We chose this time point because acute inflammatory lesions and erosions peaked usually
at this time point.

Anti-C7 treatment resulted in massive ear thickening in wild-type mice. This affected
both the epidermal and dermal layers. We observed hyperplasia of keratinocytes and
robust dermal infiltration of inflammatory cells (Figure 25A). We also found split
formation in several places between the epidermal and dermal layers in H&E-stained
sections of wild-type ear samples. Contrarily, ear samples obtained from anti-C7-treated
Plcg2~~ chimeras showed normal microscopic structure similar to samples obtained from
control-treated littermates (Figure 25A). Quantification revealed that significant dermal-
epidermal separation occurred upon anti-C7 treatment in the ears of wild-type mice,
indicating blister formation. Contrarily, this was completely absent in Plcg2”~ samples
(Figure 25B).

Taken together, mice with a Plcg2” hematopoietic system are protected from
macroscopic and microscopic development of anti-C7-induced skin disease, including

macroscopic erosions, as well as histological separation along the DEJ.
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Figure 25. Microscopic analysis of anti-C7-induced skin blistering.

Ear samples were obtained from wild-type and Plcg2~~ chimeras 8 days after the first
anti-C7 injection. (A) H&E stained paraffin-embedded sections. Black arrows
indicate dermal-epidermal (D-E) separation. Scale bar: 100 um. (B) Extent of D-E
separation, p = 0,012. Histological images are representative of and data show mean
and SEM from, 5-8 chimeras per group from 3 independent experiments. [3]
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4.3.3. Circulating anti-C7 levels and antibody deposition

Next, we wanted to exclude the possibility that the Plcg2”’~ mutation reduces the
circulating amount and/or the skin deposition of injected anti-C7 antibodies. Therefore,
we measured anti-C7 levels in the serum of animals by ELISA and investigated its
deposition along the dermal-epidermal junction by immunostaining.

Serum anti-C7 levels increased both in wild-type and Plcg2 " chimeras on Day 8 and
showed a decreasing tendency at the end of the experiment on Day 14 (Figure 26). PLCy2
deficiency even moderately increased the circulating levels of anti-C7 on Day 8 compared
to the wild-type genotype. Anti-C7 level also remained higher on Day 14 in Plcg2”

samples, possibly due to the reduced “consumption” of antibodies in the skin.
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Figure 26. Circulating anti-C7 levels.

Serum anti-C7 level of wild-type and Plcg2”~ mice obtained on Days
0, 8 and 14 was measured by indirect ELISA. Bar graphs show mean
and SEM from 8 mice per group from 3 independent experiments. [3]

Serum anti-C7 level

We also analyzed frozen ear sections by immunostaining. Deposition of anti-C7 at the
dermal-epidermal interface (Figure 27, green fluorescence signal) was present in both
wild-type and Plcg2 ear samples after 24 hours of subcutaneous injection of 4 mg anti-
C7. Importantly, we could not detect any specific fluorescence signal, when we injected
mice with normal rabbit 1gG instead of anti-C7, or when we used irrelevant secondary

antibodies instead of anti-rabbit 19G (Figure 27).
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Figure 27. Anti-C7 deposition at the dermal-epidermal junction

Wild-type and Plcg2”~ chimeras were injected with 4 mg normal rabbit IgG or
anti-C7. Immunostaining of rabbit antibodies was obtained on cryosections of ears
after 24 hours. Histological images are representative of 3 independent
experiments. Scale bar: 60 pm. [3]

4.3.4. Dermal infiltration of leukocytes

The defective dermal cellular infiltration found in histological sections of Plcg2™
mice (Figure 25A) prompted us to analyze the tissue accumulation of different leukocyte
populations after anti-C7 treatment.

As a first approach, we applied immunofluorescence staining on histological sections
of the ears to detect neutrophils. To do so, we used antibodies against the neutrophil
marker Ly6G, followed by fluorescently labeled secondary antibodies in ear sections
obtained on Day 8. Specificity of green fluorescence signal was tested by applying
secondary antibodies alone.

We did not find any Ly6G-positive cells in control-treated ear sections (Figure 28). In
contrast, the dermis of anti-C7-treated wild-type sections were massively infiltrated with
green fluorescent Ly6G-positive cells, representing neutrophils. Importantly, we did not
find substantial green fluorescence signal in Plcg2” sections after anti-C7 treatment
(Figure 28).

Next, we wanted to analyze infiltration of neutrophils and other immune cell
populations that were previously implicated in the pathogenesis of autoantibody-induced

skin blistering in a more quantitative manner.
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Figure 28. Accumulation of neutrophils in the skin

Skin blistering was induced in wild-type and Plcg2~ chimeras. Ear sections were
made on Day 8 and stained with anti-Ly6G antibodies, followed by Alexa Fluor
488-labeled secondary antibody or secondary antibody alone. Green fluorescence
indicate Ly6G™ cells. DAPI shows nuclei in blue. Images are representative of
3-6 mice per group from 2 independent experiments. Scale bar: 30 um. [3]
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Therefore, we used flow cytometry on digested ear tissue samples obtained from Day
8. The total number of leukocytes increased dramatically after anti-C7 treatment in the
ears of wild-type mice compared to the control (Figure 29A).

Neutrophils (Figure 29B) consisted almost the half of the measured leukocytes, but
the absolute numbers of eosinophils (Figure 29C) and monocytes/macrophages (Figure

29D) also increased significantly upon disease induction in wild-type samples.
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Figure 29. Quantitative analysis of infiltrating leukocyte subsets in the ears

Skin blistering was induced in wild-type and Plcg2~ chimeras. Absolute number
of CD45" leukocytes (A, p = 7.7x107%), Ly6G* neutrophils (B, p = 9.1x107%),
Siglec F* eosinophils (C, p = 0.0097) and CD11b*, Ly6G", Siglec F
monocytes/macrophages (D, p = 0.0013) was measured by flow cytometry in
digested ear samples from Day 8. Data show mean and SEM from 3-10 mice per
group from 2-4 independent experiments. [3]
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Importantly, the infiltration of leukocytes and of all investigated myeloid subsets was
completely abrogated in Plcg2~'~ chimeras (Figure 29).
Taken together, PLCy2 deficiency completely prevented the accumulation of several

myeloid-cell populations at the site of antibody deposition in our model.

4.3.5. Intrinsic migratory capacity of leukocytes

Next, we wanted to test the mechanism of the infiltration defect upon PLCy2
deficiency found above. Since PLCy2 is involved in integrin-mediated signaling
processes, our first hypothesis was that PLCy2 might affect the intrinsic migratory
capacity of leukocytes, therefore they might fail to migrate out from the circulation to the
dermis. To measure the intrinsic migratory capacity of leukocytes in vivo, we generated
mixed bone-marrow chimeras. We obtained bone marrow cells from wild-type and Plcg2™
= donor mice, mixed them together in a certain ratio and transplanted into lethally
irradiated wild-type recipient mice. After transplantation, we could detect the genotype
of the circulating donor-derived cells based on their different allelic expression of the
common leukocyte marker CD45. Wild-type leukocytes expressed CD45.1 and Plcg2™~
cells expressed CD45.2.

Figure 30 shows the CD45.2 expression profile of circulating neutrophils obtained

from a representative
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Figure 30. CD45.2 expression profile of
circulating neutrophils in a WT:Plcg2-~ mixed
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/ o the neutrophil gate. Representative histogram from 9
Plcg2™ leukocytes within | mjce from 3 independent experiments [3].

the same animal.

approach also provided us the
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We then subjected such WT:Plcg2~~ mixed bone-marrow chimeras to our anti-C7-
induced skin blistering model. We used WT:WT mixed chimeras as control, where
CD45.1* wild-type (BoyJ) and CD45.2" wild-type (C57BL/6) hematopoietic cells were
transplanted into BoyJ recipients. All mice developed signs of skin blistering (data not
shown), presumably due to the presence of wild-type cells. As we investigated wild-type
and Plcg2~ hematopoietic cells within the same animal, cells of both genotypes were
subjected to the same chemotactic stimuli developing in the skin. This provided the
opportunity to investigate the cell-autonomous migratory capacity of leukocytes without
any other major influencing factors. To do so, we determined the ratio of CD45.1* and
CD45.2* cells in the blood and in the digested ear samples on Day 8.

Figure 31A-B show representative histograms of neutrophils. As expected, percentage
of CD45.2-expressing wild-type neutrophils in WT:WT chimeras was comparable both
in the blood and the ear tissues (Figure 31A). This suggests that CD45.2" cells can freely
migrate out from the circulation to the ear tissue. The observed decrease in the ear sample

compared to the blood was modest and possibly due to some technical issues.
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Figure 31. Migration of wild-type and Plcg2-- neutrophils from the blood to
the ears in mixed bone-marrow chimeras.
Skin blistering was induced in WT:WT and WT:Plcg2”~ mixed bone-marrow
chimeras. CD45.2 expression of neutrophils in WT:WT (A) and WT:Plcg2 '~
mixed chimeras (B) were analyzed in blood and digested ear samples from Day 8.
Percentages indicate ratio of CD45.2* cells within the neutrophil gate. Histograms
are representative of 3 independent experiments using 7-8 mice per group. [3]
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Surprisingly, CD45.2-expressing PLCy2-deficient neutrophils definitely appeared in
the skin of WT:Plcg2™ mixed bone-marrow chimeras at a similar ratio as in the blood
(Figure 31B). This indicates that Plcg2”~ neutrophils are capable of migrating from the
circulation to the dermis similarly to wild-type cells. This finding was sharply in contrast

to our previous result when all hematopoietic cells were Plcg2”~ (Figure 29).

We also plotted the average
percentage of different CD45.2*
leukocyte subtypes in the ears and
blood of anti-C7-treated mixed bone-
marrow  chimeras, as  shown
schematically in Figure 32. If the
percentage of CD45.2" cells in the

CD45.2" cells in ears (%)

blood and in the ear sample was similar,

the dots were aligning the 45° line on
] ) CD45.2" cells in blood (%)
the graph colored in yellow. This would

suggest that such CD45.2" myeloid | Figure 32. Evaluation of intrinsic

cells can freely migrate into the migratory capacity of leukocytes in vivo.

] ] ) For detailed explanation, see main text.
inflamed tissue from the blood, in other

words, their endogenous migrating capability is maintained.

This approach is suitable to detect higher or lower intrinsic migrating capacity of a
given cell population according to the following way: Theoretically, if the percentage of
CD45.2* cells in the blood was higher than its ratio in ears, the dots would appear in the
blue colored areas on the graph in Figure 32. This would implicate that CD45.2" cells
have trouble migrating towards the inflamed tissue compared to CD45.1" wild-type cells
within the same animal. Since they probably received the same chemotactic stimulus from
the tissue, this scenario would implicate impaired intrinsic migratory capacity of CD45.2*
cells compared to CD45.1" WT cells. If the ratio of CD45.2" cells was reduced in the
blood compared to the ears (appearing in the green area in Figure 32), this would imply
that CD45.2" cells could migrate more readily than CD45.1* wild-type cells under the
same circumstances, suggesting increased migratory capacity.

Going back to our initial experiment, we measured the percentage of different CD45.2*

leukocyte subtypes in the ears and blood of anti-C7-treated mixed bone marrow chimeras
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on Day 8. Figure 33A shows the ratio of CD45.2" neutrophils in all conducted
experiments. Each dot represents the average ratio of CD45.2" neutrophils in one
individual mouse. Black dots of WT:WT chimeras distributed along the 45° oblique line,
indicating equal ratios of CD45.2" cells in the blood and the inflamed ear tissue. Similarly,
red dots of WT:Plcg2~~ chimeras aligned nicely along the 45° dashed line. This indicates
that intrinsic migratory capacity is not different between WT and Plcg2~- neutrophils.

Eosinophils and monocytes/macrophages of such mixed chimeras were also tested in
a similar manner. We found no differences in the ratios of wild-type and Plcg2’~
eosinophils or monocytes/macrophages in the blood and ear tissues, since black and red
dots also tended to distribute along the 45° line (Figure 33B-C).
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Figure 33. Intrinsic migratory capacity of wild-type and Plcg2-- leukocytes
in mixed bone-marrow chimeras

Skin blistering was induced in WT:WT and WT:Plcg2”’~ mixed bone-marrow
chimeras. CD45.2 expression of different myeloid subsets were analyzed in blood
and digested ear samples from Day 8. Ratio of CD45.2" neutrophils (A),
eosinophils (B) and monocytes/macrophages (C) in blood and in ears, with each
dot representing one mixed chimera. Panel D shows calculated relative migration
of CD45.2* wild-type or Plcg2/~ cells compared to CD45.2- wild-type cells within
the same animal. Data shows mean and SEM from 7-8 mixed chimeras per group
from 3 independent experiments. Panel D is from [3].
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We also quantified the relative migration of CD45.2* wild-type and Plcg2” cells
compared to CD45.1* wild-type cells within the same animal. The precise formula is
presented in Section 3.10. We found that intrinsic migratory capacity of both wild-type
and Plcg2~" neutrophils, eosinophils and monocytes/macrophages were around 1 in all
cases (Figure 33D). This means that such CD45.2" cells can migrate similar to CD45.1*
wild-type cells, so their intrinsic migratory capacity is maintained, so PLCy2 deficiency
did not impair the intrinsic migratory capacity of the investigated myeloid cells (if the
relative migration would be below 1, it would implicate impaired endogenous migrating
capacity of CD45.2" cells).

Taken together, the observed protection against skin blistering and defective leukocyte
accumulation in total Plcg2”~ chimeras is presumably not due to a cell-autonomus

migration defect of myeloid cells.

4.3.6. Development of the proinflammatory microenvironment in vivo

An alternative explanation for the defective leukocyte accumulation in the absence of
PLCy2 might be related to the development of the inflammatory microenvironment upon
anti-C7 deposition in the skin. To test this, we measured the concentration of different
proinflammatory mediators in the ear tissue of wild-type and Plcg2~~ chimeras on Day 8
after the induction of skin blistering.

First, a wide variety of different chemokines and cytokines was measured by a
semiquantitative approach, using a commercial cytokine array kit. Following anti-C7
treatment, a robust signal emerged in a large number of mediators in those membranes
that were incubated with supernatant of digested ear samples of wild-type animals
(Figure 34A).

The array map is shown in Figure 34B. On the other hand, there was no difference
between samples obtained from anti-C7-treated and control-treated Plcg2”~ chimeras.
We also quantified these data by densitometry and confirmed that the concentration of
several chemokines and cytokines increased in the ears of wild-type but not Plcg2”~mice
after anti-C7 treatment. Figure 34C shows mediators with at least 5-fold increase in anti-
CT7-treated wild-type samples compared to wild-type control samples. It included
complement component C5/C5a; well-known proinflammatory cytokines like IL-1p and

TNF-0; and neutrophil chemoattractants like keratinocyte-derived chemokine (KC),

87



monocyte chemoattractant protein 1 and 5 (MCP-1, MCP-5), and macrophage-
inflammatory protein 1o and 2 (MIP-1a and MIP-2). Table 4 shows normalized data of

all measured mediators.
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Figure 34. Presence of different chemokines and cytoklnes in ears durlng
autoantibody-induced skin blistering.

Cell-free supernatants of digested ear samples of wild-type and Plcg2 bone-
marrow chimeras were analyzed by cytokine array kit. Samples were obtained 8
days after disease induction. (A) Representative images of developed cytokine
array membranes. (B) Layout of analytes. (C) Integrated densitometry values of
mediators with at least 5-fold change normalized to wild-type control samples.
Data show mean + SEM from 2 independent experiments. [3]
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Table 4. Integrated densities of all mediators measured in the ears.

Cell-free supernatants of digested ear samples of wild-type and Plcg2” bone-
marrow chimeras was analyzed by cytokine array kit. Samples were obtained 8 days
after disease induction. Table show mean and SEM from 2 independent experiments.
Mediators highlighted in bold have at least 5-fold change in anti-C7-treated WT
samples compared to control-treated WT samples (also shown in Figure 34C).

Integrated density
Wild type Plcg2 ™
Control Anti-C7 Control Anti-C7
Mean | SEM | Mean | SEM [Fold change] Mean | SEM | Mean | SEM [Fold change
BLC 57 05 6,9 18 12 49 14 2,6 05 0,5
C5/C5a | 3,0 0,6 | 150,0| 9,6 50,6 3,3 0,3 2,7 0,2 0,8
CCL1 24 0,2 31 31 13 23 04 18 0,2 08
CCL11 2,6 05 28 0,2 11 20 0,2 16 0,2 0,8
CXCL11| 40 08 6,7 06 17 33 03 2,6 03 08
G-CSF 34 0,6 9,0 03 2,7 20 01 21 0,2 11
GM-CSF| 23 | 194 33 53 14 25 | 123 14 259 0,6
IFNy 321 | 169 9,2 2,7 0,3 45 01 32 13 0,7
IL-10 18 | 202 28 152 16 18 05 13 16 0,7
IL-12p70| 29 0,7 48 14,7 17 19 04 11 03 0,6
1L-13 55 04 12,2 253 2,2 39 0,6 43 16 11
IL-16 48 04 73 12 15 34 0,2 18 25 0,5
IL-17 30 0,2 73 04 25 18 03 11 05 0,6
IL-IRA | 45 0,2 | 58,0 0,9 13,0 4,2 0,0 2,7 0,3 0,6
IL-1a 86,8 01 86,9 01 1,0 1065 | 04 | 1048 | 03 1,0
IL-1p 3,2 0,7 | 32,3 0,2 10,0 2,3 0,1 1,5 0,0 0,6
IL-2 34 08 34 08 1,0 39 04 54 02 14
1L-23 2,2 0,6 2,7 0,2 12 20 01 0,6 03 0,3
IL-27 11 11 25 34 2,2 2,3 0,2 12 15 0,5
IL-3 33 05 3,7 11 11 25 0,6 19 03 0,8
IL-4 23 01 79 35 238 2,7 0,7 2,2 05 038
IL-5 2,7 0,7 43 29 16 18 04 22 0,2 13
IL-6 19 08 42 13 2,2 2,2 0,7 18 04 08
IL-7 17 0,2 3,7 11 2,2 23 04 16 05 0,7
IP-10 33 02 59 23 18 26 03 22 05 09
KC 2,2 0,7 45,9 1,9 20,8 1,9 0,1 2,1 0,3 11
MCP-1 | 2,0 04 | 42,6 | 28,9 21,2 2,0 0,5 1,1 0,1 0,5
MCP-5 | 0,3 15 | 383 | 199 116,3 1,6 0,0 1,3 0,1 0,8
M-CSF | 4,0 0,7 45,0 | 25,8 11,3 3,5 0,3 3,2 0,1 0,9
MIG 2,7 11 45 211 17 23 01 19 01 0,8
MIP-1a | 2,6 0,4 89,1 1,3 33,7 1,6 0,2 0,4 0,3 0,3
MIP-18| 2,8 0,6 | 47,6 | 33,6 17,0 1,0 0,5 0,9 0,2 0,9
MIP-2 | 2,3 0,6 | 113,2| 32,1 48,8 1,4 0,3 0,6 0,2 0,5
RANTES| 18 09 2,7 309 15 11 05 05 01 04
SDF-1 | 339 08 56,4 13 17 336 08 31,3 04 09
SICAM-1| 1243 | 9,7 166,9 | 292 13 1262 | 105 | 1166 | 114 09
TARC 47 03 53 12 11 48 08 49 09 1,0
TIMP-1| 3,2 0,4 96,1 18,3 30,4 3,5 0,2 2,3 0,2 0,7
TNFa 2,8 1,0 | 20,7 | 10,9 7,5 2,9 0,1 2,5 0,3 0,9
TREM-1] 11 0,8 |120,9| 14,8 112,4 2,1 0,2 1,7 0,2 0,8
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In addition, we quantified more precisely the accumulation of some mediators using
ELISA technique. More specifically, we measured a well-known proinflammatory
cytokine IL- 1B, the neutrophil chemokine MIP-2 (which is thought to be the murine
analog of human IL-8) and the lipid mediator LTBa4. All of these proinflammatory
mediators have been implicated in the pathogenesis of pemphigoid diseases [191, 193,
194, 235]. Accordingly, we found high concentrations of all three substances in the ears
of anti-C7-treated wild-type mice compared to the control. In sharp contrast,
accumulation of these mediators were completely abrogated in Plcg2~ chimeras (Figure
35).
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Figure 35. Concentration of proinflammatory mediators in the ears.

Cell-free supernatant of digested ears from wild-type and Plcg2~- chimeras were
analyzed by ELISA on Day 8. Concentration of IL-1p (A), MIP-2 (B) and LTB4 (C)
were measured. Data show mean and SEM from 5-6 chimeras per group from 3
independent experiments. p = 0.044 (A), 0.0046 (B), 1.1x10* (C). [3]

Besides of cytokines, chemokines and lipid mediators, reactive oxygen species (ROS)
have also been described to participate in autoantibody-induced skin pathology [189].
Therefore, we also tested in vivo ROS production in mice 8 days after disease induction.
Namely, we measured MPO activity with a chemiluminescence-based in vivo imaging
method. As shown in Figure 36A, anti-C7 treatment led to a significant increase in MPO
activity in wild-type mice. Increased MPO activity was visible mostly in regions of ears,
shoulder region and paws. This was in sharp contrast to Plcg2’~ chimeras, whose MPO
activity was consequently below the detection limit. We also quantified MPO activity in
defined regions of the ears. This further confirmed that production of reactive oxygen
species was increased in wild-type but completely abrogated in Plcg2~~ mice during skin

blistering in our model (Figure 36B).
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Figure 36. In vivo production of reactive oxygen species during anti-C7-
induced skin blistering.

Wild-type and Plcg2 /- chimeras were subjected to skin blistering. Myeloperoxidase
activity was measured on Day 8 with chemiluminescence-based in vivo imaging.
Images (A) are representative of and quantitative data (B) show mean and SEM from
7-8 chimeras per group from 2 independent experiments. p = 3.3x10~ [3]

To summarize this part of our experiments, we found that PLCy2 is essential for the
development of autoantibody-induced skin disease, including erosion formation, dermal-
epidermal separation and leukocyte infiltration. PLCy2 probably influences the
development of the proinflammatory microenvironment without affecting cell-
autonomous migration of myeloid cells. However, we do not know which cell type, or
cell types are crucial to express PLCy2 in order to drive anti-C7-induced skin blistering

and inflammation.
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44. IN VITRO FUNCTIONAL RESPONSES OF PLCy2-DEFICIENT
NEUTROPHILS

Neutrophils were massively accumulated in the skin of wild-type mice after anti-C7
administration (Figure 28 and Figure 29B) and have been implicated by several studies
to mediate autoimmune skin blistering in this model ([189, 205], discussed in section
1.5.3.5). Moreover, it has been shown that wild-type neutrophils can respond to immune
complex stimuli by superoxide production and spreading [9], and may contribute to the
development of the proinflammatory microenvironment, as well [236, 237]. However,
there have been no studies so far investigating the role of PLCy2 specifically in
neutrophils regarding the pathogenesis of autoimmune skin blistering. Therefore, we
continued our work to analyze in vitro functional responses of PLCy2-deficient
neutrophils relevant to skin blistering.

During these studies, we worked with primary bone marrow-derived neutrophils
isolated from wild-type or Plcg2™~ mice. We subjected neutrophils to chemotactic or
immune-complex stimuli relevant in autoimmune skin blistering. After that, we measured
parameters that we also analyzed in our in vivo mouse model, namely their migratory

capacity and ability to produce proinflammatory mediators (Sections 4.3.4 and 4.3.6).

4.4.1. Migration capacity

We tested neutrophil migration in a Transwell migration assay. Freshly isolated bone
marrow-derived neutrophils were placed into Transwell inserts with 5 pm pores. Inserts
were then placed into wells containing media supplemented with or without
chemoattractants that were found in increased concentration in the ears of mice during
skin blistering (namely MIP-2 and LTBg4). After 1 hour incubation at 37 °C, the amount
of transmigrated neutrophils was determined in the lower compartment by an acid
phosphatase assay. Although there was some spontaneous migration in the control-treated
wells lacking any chemoattractants (Figure 37A), migration of wild-type neutrophils
towards media containing 100 ng/ml MIP-2 was increased. Plcg2 '~ neutrophils were also
able to migrate towards MIP-2 to a similar extent as wild-type cells. When we used 50
ng/ml LTB4as chemoattractant, we found again no significant difference in the migrating

ability between wild-type and Plcg2~~ neutrophils (Figure 37B).
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Figure 37. In vitro migration of Plcg2~~ neutrophils.

Bone marrow-derived wild-type and Plcg2 neutrophils were tested in a Transwell
migration assay towards MIP-2 (A) or LTBa4 (B). Bar graphs show mean and SEM
from 3 independent experiments. p = 0.87 (A) and 0.33 (B). [3]

4.4.2. Immune complex-induced release of proinflammatory mediators

We also investigated the production of different proinflammatory mediators by
neutrophils, after we plated them onto immobilized C7/anti-C7 immune-complex
surfaces. In these experiments, antigen (C7) treatment alone served as control. Thus, we
mimicked immune-complex formation along the basement membrane occurring in vivo
upon anti-C7 treatment.

When plated onto C7/anti-C7 surfaces, wild-type neutrophils produced significant
amounts of MIP-2 after 4 hours of incubation. In sharp contrast, concentration of MIP-2
in supernatants of Plcg2 - neutrophils remained beyond the detection limit (Figure 38A).
In case of LTB4, wild-type cells again released a massive amount of the lipid mediator
upon immune complex stimuli. However, Plcg2” neutrophils completely failed to
release LTB4 under such conditions (Figure 38B).

According to our in vitro studies, Plcg2 '~ neutrophils had preserved migration ability
towards chemoattractants which were present also in the inflamed tissue in our EBA
model. However, Plcg2”~ neutrophils were unable to produce those important
inflammatory mediators upon C7/anti-C7 immune-complex stimulation. These findings
are in line with our previous results that the intrinsic migration of neutrophils was not
disturbed by PLCy2 deficiency but the proinflammatory milieu failed to develop in Plcg2~

"~ mice after anti-C7 treatment (Figure 33 and Figure 35).
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Figure 38. C7/anti-C7 immune complex-induced release of proinflammatory
mediators from neutrophils.

Wild-type and Plcg2~- neutrophils isolated from bone marrow were plated onto
C7/ anti-C7 immune complex coated surfaces or antigen (C7)-coated surfaces as
control. The release of MIP-2 (A) and LTBa4 (B) was measured from the supernatant
by ELISA after 4 and 1 hour of incubation, respectively. Data show mean and SEM
from 3 independent experiments. p = 0.027 (A) and 1.3x1077 (B). [3]

4.5. LINEAGE-SPECIFIC ANALYSIS OF PLCy2 IN ANTI-C7-INDUCED
SKIN BLISTERING

The above in vitro results support the possibility that PLCy2 expressed in neutrophils
may be important during the effector phase of autoimmune skin blistering. Therefore, we
next aimed to analyze the role of PLCy2 specifically in neutrophils in our EBA model.

We chose again a transgenic approach to investigate which cell types are important to
express PLCy2 for the development of skin blistering. Namely, we utilized the Cre-loxP
system to generate lineage-specific conditional knockout animals. Here, mice expressing
Cre recombinase driven by a lineage-specific promoter are crossed with animals
containing Plcg2 alleles flanked by loxP sequences. Thus, Cre recombinase expressed
only in certain cell lineages in the offspring, where the promoter is active, cleaves the
DNA specifically at loxP sequences flanking Plcg2. This results in the deletion of the
Plcg2 allele. Based on our previous results, we aimed to test the effect of neutrophil-
specific deletion of PLCy2 in our model. Therefore, we used Cre recombinase driven by
the neutrophil-specific promoter myeloid-related protein 8 (MRP8) to generate
neutrophil-specific PLCy2-deficient mice (Figure 39). The genotype of these mice were
MRP8-Cre* Plcg2fiovflox referred to as Plcg24”N mice. The following results have not

been published yet.
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Figure 39. Generation of mice with neutrophil-specific Plcg2 deletion.

expressed in neutrophils, leading to neutrophil-specific deletion of Plcg?.

Mice expressing Cre recombinase driven by the neutrophil-specific promoter
(MRP8) were crossed with animals containing Plcg2 flanked by loxP sequences.
In the offspring (Plcg2”N mice), we assume that Cre recombinase is only

4.5.1. Efficacy and specificity of Plcg2 deletion in Plcg24”"N mice

First, we wanted to check the efficacy of Cre-mediated Plcg2 deletion in neutrophils

in Plcg24”MN mice. In addition, we also wanted to test whether there was any unspecific

Plcg2 deletion in other cell types. Therefore, we checked PLCy2-expression in various

circulating leukocyte populations using flow cytometry. These experiments were

performed as a part of a study where we investigated Plcg24”N mice in an autoantibody-

mediated arthritis model [2]. In this paper, Krisztina Futosi and Orsolya Kasa did the

majority of the experiments. My contribution was to test the efficacy and specificity of

Plcg2 deletion in Plcg24”MN mice with flow cytometry.

As shown in Figure 40A, we compared PLCy2 fluorescence intensity in circulating

neutrophils, eosinophils, monocytes, B cells and T cells obtained from wild-type,

Plcg2 and Plcg24”“N mice.
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Figure 40. PLCy2 expression in Plcg24PMN neutrophils, monocytes and B cells.

Expression of PLCy2 was measured in circulating neutrophils, monocytes and B cells
of wild-type, Plcg2- and Plcg2/PMN mice, using flow cytometry. Histograms (A) are
representative of and relative mean fluorescence intensity (MFI) data (B) show 3-7
mice per group from 3 independent experiments. WT vs. Plcg24PMN p = 1.9x107°
(Neutrophils), p = 0.065 (Monocytes) and p = 0.68 (B cells) [2].

PLCy2 staining of Plcg2”~ neutrophils, eosinophils, monocytes and B cells was
strongly reduced compared to wild-type cells, similar to results seen in Figure 15.
Regarding Plcg24”N neutrophils, we observed a strong reduction in PLCy2 staining
compared to wild-type neutrophils. Nevertheless, the histogram of Plcg247N neutrophils
remained shifted to the right compared to the histogram of Plcg2 '~ neutrophils (Figure
40A). Circulating monocytes and B cells of Plcg247N mice, however, showed practically
completely overlapping PLCy2 staining with wild-type cells. We also quantified these
results by measuring the mean fluorescent intensity (MFI) and normalizing it to the
PLCy2 staining of wild-type cells (Figure 40B). Relative MFI of PLCy2 was efficiently
reduced in neutrophils of Plcg24”N mice compared to wild-type cells. Importantly, there
was no substantial difference in other leukocyte subsets.

We also measured the expression of PLCy2 in circulating eosinophils and T cells, in
order to exclude Cre-mediated Plcg2 deletion in these subsets (Figure 41). Eosinophils
of Plcg24PMN mice showed completely overlapping PLCy2 staining with wild-type cells.

Circulating T cells, however, showed negative PLCy2 staining in all genotypes.
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Figure 41. PLCy2 expression in eosinophils and T cells.

Expression of PLCy2 was measured in circulating eosinophils and T cells of wild-
type, Plcg2”’ and Plcg2/PMN mice using flow cytometry. Histograms are
representative of 4-10 mice per group from 3 independent experiments.

Overall, these results showed that neutrophil-specific deletion in Plcg24”N mice is

efficient and specific, although not entirely complete.

4.5.2. Anti-C7-induced skin blistering in Plcg24?N mice

Next, we subjected Plcg24”N mice to our anti-C7-induced skin blistering model.
Wild-type and Plcg2~ animals served as controls. As shown in Figure 42A, wild-type
mice consistently developed severe skin lesions upon anti-C7 treatment until Day 14. In
contrast, Plcg24”MN animals did not show any signs of skin blistering, nor inflammation,
similar to control-treated littermates.

To quantify the clinical phenotype over time, we measured the extent of affected skin
area, severity of the lesions, the extent of erosions, as well as the ear thickness every
second day. All these evaluated parameters increased over time in wild-type mice, while
Plcg2 animals (used as a control in these experiments) remained fully protected, as
expected (Figure 42B-E). Plcg2/”MN animals were also almost completely protected
regarding extent and severity of the disease. Only few of them developed some milder
and smaller lesions in later phases of the experiment (Figure 42B-C). Neutrophil-specific
PLCy2-deficient mice were practically free from erosions, as well, similar to total PLCy2-
deficient mice. Ear thickening was also radically impaired in anti-C7-treated Plcg247N
animals compared to the wild-type mice, showing only a slight increase over time.

Regarding microscopic signs of anti-C7-induced pathology, wild-type mice developed

a massive epidermal hyperplasia and dermal infiltration on Day 8, suggesting severe
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inflammation. In addition, we also observed the detachment of the epidermal layer at
several parts of the ears, as a sign of blister formation (Figure 43). Compared to that,
H&E stained ear sections of anti-C7-treated Plcg24”N mice showed an overall normal
microscopic phenotype. The epidermal layer was thin and only a few cells were found in
the dermis (Figure 43A). Neutrophil-specific deletion of PLCy2 also resulted in the
massive reduction of anti-C7-induced D-E separation at the microscopic level, in contrast

to wild-type mice (Figure 43B).
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Figure 42. Impact of neutrophil-specific Plcg2-deletion on autoantibody-
induced skin blistering.

Skin blistering was induced by repeated injections of anti-C7 on Days 0, 2, 4, 6
and 8 in wild-type, Plcg2- and Plcg2/"MN mice. (A) Macroscopic phenotype on
Day 14 of wild-type and Plcg24°MN mice. Green arrows indicate erosions. (B)
Extent of affected skin area, p = 3.40x107%°, (C) Severity score, p = 3.55x107%3,
(D) Percentage of erosions in particular, p = 4.59x1073. (E) Evaluation of ear
thickness, p = 3.16x1073. Representative photographs and quantitative data show
mean and SEM from, 5-8 mice per group from 4-5 individual experiments except
Plcg2™ mice where data of 2-3 mice from 2 experiments are shown due to the
limited availability of Plcg2”~ animals.
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Figure 43. Microscopic phenotype of Plcg24°MN mice during anti-C7-induced
skin blistering.

Ear samples were obtained from wild-type and Plcg24°MN mice 8 days after the
first anti-C7 injection. (A) Paraffin-embedded sections stained with H&E. Scale
bar: 100um. (B) Percentage of dermal-epidermal (D-E) separation,
p = 4.40x107°. Histological images are representative of and quantitative data
show mean and SEM from, 3-5 mice per group from 3 individual experiments.

4.5.3. Infiltration of leukocytes in Plcg24”N mice

In order to quantitatively check the amount of accumulating leukocytes after anti-C7
treatment, ear tissue was removed on Day 8, digested, and analyzed by flow cytometry.
As expected, the ears of wild-type mice became massively infiltrated with leukocytes.
Among leukocytes, neutrophils were the dominant subset, but eosinophils and
monocytes/macrophages were also recruited upon anti-C7 treatment (Figure 44). In case
of total PLCy2 deficiency, accumulation of all analyzed leukocyte subsets were absent in
the ear samples. When PLCy2 was deleted only from neutrophils, infiltration of all
leukocytes was impaired, however not significantly reduced compared to the wild-type
genotype (Figure 44A). The same partial reduction was observed regarding the
infiltration of neutrophils and eosinophils, as well (Figure 44B-C). Infiltration of the
monocytes/macrophage population in ears of Plcg24”N mice was more similar to wild-
type littermates (Figure 44D).

Taken together, our results showed that neutrophil-specific deletion of PLCy2 resulted
in an almost completely protected clinical phenotype of anti-C7-induced skin blistering,
very similar to the phenotype of Plcg2”~ mice. Microscopic signs were also severely

impaired if PLCy2 was absent only in neutrophils. However, quantitative analysis of
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infiltrating leukocytes showed only a tendency of reduced accumulation of myeloid
subsets at the site of antibody deposition. This might be partly explained by the

incomplete Cre-mediated deletion of PLCy2 in neutrophils, as observed in Figure 40.

All leukocytes Neutrophils
(CD45.2%) (Ly6G*)

[

N

o

o
1

[ Control
M anti-C7

400 A

WT  Plcg2” Plcg24PvN WT  Plcg2”~ Plcg24°MN

[}

o

o
L

I

o

o
L

o
1
o

Infiltrating cells
(thousand cells/ear)

C . . D Monocytes/Macrophages
Eosinophils (CD11b*, Ly6G-, Siglec F)
(Siglec F*)
200

150 ~
100 A
20 A
i 50 A
0 == . 0 4

WT  Plcg2” Plcg2 ™™V WT  Plcg2” Plcg2 "N

60

Infiltrating cells
(thousand cells/ear)

Figure 44. Quantitative analysis of infiltrating leukocyte subsets in the ears

Skin blistering was induced in wild-type and Plcg2”~ chimeras. Absolute number
of CD45" leukocytes (A, p = 0,289), Ly6G™ neutrophils (B, p = 0.487), Siglec F*
eosinophils (C, p=0.213) and CD11b*, Ly6G, Siglec F- monocytes/macrophages
(D, p =0.691) was measured by flow cytometry in digested ear samples from Day
8. Data show mean and SEM from 2-6 mice per group from 3 independent
experiments.

4.6. HUMAN EX VIVO DERMAL-EPIDERMAL SEPARATION

To extend our previous findings to human settings, we started to translate our studies
and investigate human pathology. Namely, we set up a human neutrophil-mediated ex
vivo dermal-epidermal separation assay. We investigated the effect of PLC inhibition in
this model by a pharmacologic approach. In this assay, we preincubated cryosections of
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healthy human skin with anti-C7 antibodies (same as the ones used to induce disease in
mice) or normal IgG. After that, we treated the samples with freshly isolated human
neutrophils obtained from healthy volunteers in the presence of the PLC inhibitor U73122
compound or vehicle.

After 1.5 hours of incubation, neutrophils accumulated at the DEJ and anti-C7-treated
skin samples in the presence of vehicle alone. Moreover, separation could be observed
between the dermal and epidermal layers of the skin, presumably at the site of anti-C7
deposition (Figure 45A). Importantly, we found no neutrophil accumulation or dermal-
epidermal (D-E) separation in skin samples upon normal IgG treatment.

When we applied the PLC inhibitor U73122 during the coincubation of neutrophils
and skin sections, we detected less neutrophils along the DEJ and rarely found any D-E
separation in H&E stained skin sections (Figure 45A). Quantification of D-E separation
along the entire length of the D-E interface revealed that anti-C7 preincubation led to a
severe separation of the skin along the DEJ in vehicle-treated skin samples. 10 uM

U73122 treatment was able to strongly reduce neutrophil-mediated D-E separation after
anti-C7 treatment (Figure 45B).
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Figure 45. Effect of PLC inhibition on human ex vivo dermal-epidermal
separation.

Freshly isolated human neutrophils were coincubated with cryosections of human
skin pretreated with anti-C7 or normal 1gG as control in the presence of a PLC
inhibitor U73122 (10 uM) or vehicle alone (0.05% DMF). Ex vivo dermal-
epidermal separation was evaluated after H&E staining. Microscopic images are
representative of and quantitative data show mean and SEM from 4 independent
experiments. p = 0.020. Scale bar: 50 um [3].
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Taken together, our results suggest that PLC enzymes have an important role in
autoantibody-induced blister formation in human pemphigoid diseases, as well.

4.7. EFFECT OF TOFACITINIB TREATMENT ON ANTI-C7-INDUCED
SKIN BLISTERING

Several lines of evidence showed, that immunoreceptor signaling is essential in the
development of anti-C7-induced skin blistering. In this pathway, our workgroup have
already described the indispensable role of Src-family kinases and the Syk tyrosine
kinase. In this thesis, we presented and characterized the crucial role of PLCy2 in anti-
C7-induced skin blistering. Since therapeutic approaches are rather limited and quite
unspecific in these disease entities, these molecules might serve as potential therapeutic
targets, as well.

This line of thinking about possible therapeutic targets led us to another tyrosine kinase
signaling pathway, namely Jak-Stat signaling. Janus kinases are involved in downstream
signaling of various cytokine receptors. Nowadays, this pathway has been standing in the
center of attention in clinical research [12]. Specific small molecule inhibitors are
available blocking Jaks. They showed efficacy in immune-mediated disorders like
rheumatoid arthritis, ulcerative colitis and atopic dermatitis, leading to the approval of
tofacitinib for instance to treat severe forms of these diseases [12]. Jak inhibitors have
been investigated in multiple other inflammatory skin diseases, as well, where the
pathogenic role of several cytokines has been long established (see in detail in Section
1.4 and Szilveszter et al [1]).

In case of autoimmune blistering skin diseases, we found (in line with literature data
discussed in section 1.5.3) that there is a complex proinflammatory milieu developing
after anti-C7 treatment in the skin (Figure 34). This proinflammatory milieu involved the
presence of multiple cytokines that signal through the Jak-Stat pathway, like G-CSF, IL-
4 and IL-6. However, there are no clinical studies, nor preclinical data published so far
about the effect of Jak inhibition on autoimmune blistering skin diseases. Based on these,
we aimed to test Jak inhibition in the anti-C7-induced mouse model of EBA.

We treated wild-type mice twice a day (bid) with 0.4 mg or 1 mg tofacitinib by oral
gavage. The drug was dissolved in 0.05% methylcellulose-containing tap water. Control

mice received vehicle alone. Treatments started one day before the first anti-C7 injection
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(on Day —1) and were carried on throughout the whole 14 days of the experiment.

Macroscopic phenotype of a representative vehicle-treated and a 0.4 mg tofacitinib-
treated mouse from Day 14 is shown in Figure 46A.

Anti-C7 treatment resulted in a massive and severe disease phenotype in vehicle-
treated wild-type mice, similar to what we usually observed. We found regions covered
with alopecia, induration, erosion and crust formation in extended, confluent areas of the
skin, usually most prominently in the ears and cheeks. In the 0.4 mg tofacitinib-treated
group, the majority of mice developed milder skin symptoms following anti-C7
injections. Usually alopecia, scaling and induration occurred, but these were found in
smaller areas of the skin. In some cases, we did not find areas containing erosions or
crusts on Day 14 at all.

We also quantified different aspects of visible signs of skin blistering every second
day for 14 days. As expected, the affected skin area and the severity of lesions increased
robustly over time in case of vehicle- and anti-C7-treated mice (Figure 46B and C).
Tofacitinib-treatment was able to diminish, in a dose-dependent manner, both the extent
and the severity of the lesions induced by anti-C7 injections (Figure 46B and C). The
affected skin area was significantly reduced in the 1 mg tofacitinib-treated group. Both
0.4 mg and 1 mg tofacitinib bid was able to significantly reduce the severity score
compared to the vehicle-treated mice. We found that the extent of erosions also tended to
be reduced in a dose dependent manner upon tofacitinib treatment. This suggests that
blister formation itself might be influenced by tofacitinib. However, those differences did
not become significant, probably due to the small number of animals used so far (Figure
46D). Lastly, there was no significant difference between the average ear thickening of
anti-C7-treated groups over time. This means that tofacitinib treatment could not reduce
ear thickening, in particular (Figure 46E).

Taken together, in this small study we found that tofacitinib treatment was able to
reduce the extent and severity of skin lesions in a mouse model of anti-C7-induced skin
blistering in a dose dependent manner. It further supports the need for additional studies

to delineate the role of Jaks in the pathogenesis of autoimmune skin blistering.
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Figure 46. Effect of tofacitinib on autoantibody-induced skin blistering.

Skin blistering was induced by repeated injections of anti-C7 on Days 0, 2, 4, 6
and 8 in wild-type mice treated with vehicle, 0.4 mg or 1 mg tofacitinib bid
throughout the experiment. (A) Macroscopic phenotype on Day 14. Green arrows
indicate erosions. (B) Extent of affected skin area, p = 0.059 (vehicle vs. 0.4 mg
tofacitinib), p = 0.011 (vehicle vs. 1 mg tofacitinib). (C) Severity score, p = 0.022
(vehicle vs. 0.4 mg tofacitinib), p = 0.0078 (vehicle vs. 1 mg tofacitinib).
(D) Percentage of erosions in particular, p = 0.153 (vehicle vs. 0.4 mg tofacitinib),
p = 0.304 (vehicle vs. 1 mg tofacitinib). (E) Evaluation of ear thickness, p = 0.182
(vehicle vs. 0.4 mg tofacitinib), p = 0.168 (vehicle vs. 1 mg tofacitinib).
Representative photographs and quantitative data show mean and SEM from, 3-4
mice per group from 2-3 individual experiments. Only one mouse was measured

in the 1 mg tofacitinib-treated control group due to the limited availability of the
drug.
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5. DISCUSSION

Our experiments showed that PLCy?2 is critical for the development of anti-C7-induced
skin blistering in mice, mimicking the inflammatory form of epidermolysis bullosa
acquisita. Our results also indicate that neutrophil-specific expression of PLCy2 is
essential to induce macroscopic and microscopic signs of skin blistering in mice.
Moreover, according to our human ex vivo studies, inhibition of PLC could be a plausible
target in the therapy of anti-C7-induced pathology, as well.

5.1. CHARACTERIZATION OF Plcg2™~ MICE

The survival defect detected in Plcg2~~ embryos and newborn pups (Figure 13) were
in line with the previous findings of Wang and colleagues [84] and with the Plcg22 mouse
strain containing a spontaneous loss-of-function mutation in Plcg2 [95]. Both studies
showed a subcutaneous hemorrhaging-like phenotype in embryos and surviving adults.
This phenotype developed possibly due to the aberrant separation of blood and lymphatic
vessels, creating blood-filled lymphatics in the skin and intestines [95]. Similarly, adult
Plcg2~ mice usually develop subcutaneous edema in our facility. Edema is mostly
visible in the paws and could indicate defective lymphatic drainage. Importantly,
however, no literature data supports increased susceptibility to infections, nor could we
detect such defects. Animals remained healthy even if they were kept in conventional
facility for longer time periods.

We demonstrated that PLCy2 is expressed in most major circulating leukocyte subsets,
namely neutrophils, eosinophils and monocytes, as well as in B cells, but not in T cells
(Figure 15). These findings are in line with the literature, as T cells have been reported
to predominantly express PLCyl [79]. We did not investigate it, but other leukocyte
subsets like NK cells and dendritic cells have been shown to express functionally relevant
PLCy2 [88, 91].

Circulating leukocyte numbers were similar in the wild-type and Plcg2/ mice (Figure
16). Importantly, side-by-side analysis of the number and expression profile of multiple
different circulating leukocyte subsets (especially eosinophils) have not been performed
so far in this regard.

Wang and colleagues showed that most hematopoietic lineages are not affected in the
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bone marrow of Plcg2 mice, except a defect in B cell maturation [84]. There are studies
implicating a role of PLCy2 in hematopoietic stem cell and myeloid progenitor
differentiation [238, 239]. However, these studies use pharmacologic approach, namely
the same PLC inhibitor U73122 that we used in our human experiments. U73122 has,
unfortunately, rather limited selectivity, blocking several other phospholipase isoforms
apart from PLCy?2.

The role of PLCy2 in B cell differentiation and function has been well studied. PLCy2
has a critical role in BCR signaling, therefore it contributes to B cell maturation and
function [84, 85, 240, 241]. Moreover, it has been proposed that PLCy2 deficiency may
render pre-B cells stuck in that early maturation state, making them susceptible to
malignant transformation [242]. However, increased susceptibility to malignant
transformation was not described upon PLCy2 deficiency.

We did not analyze B cell maturation markers and function thoroughly; but focused
on analyzing different activation and maturation markers of myeloid lineages. Namely,
we analyzed neutrophils, eosinophils and monocytes, since they are considered to be key
players during the effector phase of pemphigoid diseases. We did not find any significant
maturation defect based on the expression of Ly6G in neutrophils, Siglec-F in eosinophils
or Ly6C polarization marker on monocytes (Figure 17). Expression of several FcyRs and
integrin chains were also the same in wild-type and Plcg2 " cells in all subsets (Figure
17). This is also in line with the previous studies of our group where the expression of a
few cell surface molecules was measured in circulating Plcg2/- neutrophils [81].

Taken together, our results indicate that there is no substantial defect in the
differentiation or survival of Plcg2/ leukocytes that would affect circulating cell
numbers. Moreover, such maturation- or cell surface expression-profile cannot explain

the observed protected phenotype in anti-C7-induced skin blistering in Plcg2- mice.

5.2. ANTI-C7-INDUCED SKIN BLISTERING IN Plcg2”~ MICE

In order to investigate the role of PLCy2 in the development of the effector phase of
skin blistering, we utilized a widely used antibody-induced mouse model resembling the
inflammatory form of epidermolysis bullosa acquisita.

After repeated subcutaneous injections of anti-C7, we evaluated and scored the extent

of affected skin area and the severity of lesions every second day for 2 weeks. This kind
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of evaluation of skin lesions has similarities compared to the clinical scoring systems used
in BP. Such commonly used, reliable scoring approaches are ABSIS (Autoimmune
Bullous Skin Disorder Intensity Score) and BPDAI (BP Disease Area Index) [221].
ABSIS takes into account the extent of affected body surface area weighted by the quality
of lesions [243]. This is similar to the severity score that we used to evaluate skin
blistering in mice. In addition, we also quantified the extent of erosions in particular, as a
direct measure of blister formation without the masking effect of further secondary
elementary lesions. Mice usually did not show intact blisters, probably due to their intense
scratching behavior. Ear thickness was also assessed as a more objective measure of
disease development.

Importantly, intact Plcg2- mice remained completely protected against the repeated
subcutaneous injections of anti-C7 antibodies, regarding all signs and measures of
macroscopic skin blistering (Figure 22). Plcg2 bone-marrow chimeras (where PLCy2
was absent only in cells of hematopoietic origin) showed the same protection against all
clinical signs of skin blistering. This suggests that PLCy2 expressed in the hematopoietic
compartment is crucial for the development of anti-C7-induced skin pathology.

Our laboratory has shown that other components of the FcyR pathway are essential
during the effector phase of antibody-induced skin blistering, namely Src-family kinases
[8] and the Syk tyrosine kinase [9]. We and others showed that PLCy2 is also an important
element of FcyR signaling in vitro, and it supposedly lays downstream from those
mentioned tyrosine kinases [80, 81]. Our current results indicate that PLCy2 has an
equally important role like Src-family kinases and Syk during the effector phase of skin
blistering in mice. Our workgroup has also investigated the adaptor molecule CARD9
and identified that FcyR signaling diverges into a CARD9-dependent and a CARD9-
independent arm [28]. In line with that, CARD9-deficient mice were only partially
protected from anti-C7-induced skin blistering [28]. Based on the full protection we
observed in Plcg2~ mice, it seems that PLCy2 lays upstream from CARDS9. Our current
hypothesis about the FcyR signaling pathway is also demonstrated in Figure 47.

PLCy2 deficiency protected mice not only from macroscopic, but from the
microscopic signs of skin blistering, such as dermal infiltration of cells, and, importantly,
dermal-epidermal separation (Figure 25).Histological evaluation and other mechanistic

studies were usually performed on the ear samples of mice from Day 8. We chose this
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time point, because this was the peak of
acute inflammatory and erosive lesions, FeyR

which we consider specific for this
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affect the deposition of injected anti-C7 | Figure 47. Proposed mechanism of FcyR
signaling in myeloid cells during anti-

antibodies at the dermal-epidermal | 7_induced skin blistering.

junction (Figure 26 and Figure 27).
This is in line with our concept, that PLCy2 is important after autoantibody deposition
and regulates the function of the effector cells.

Indeed, the presence of PLCy2 was indispensable for the dermal recruitment of all
tested leukocyte populations induced by anti-C7 treatment. This was shown by the
immunofluorescent analysis of neutrophils in ear sections (Figure 28), as well as
quantified by flow cytometry after digestion of extracellular components of the ears
(Figure 29). To investigate the mechanism behind this leukocyte accumulation defect,
we set up two hypotheses. First, accumulation could be abrogated due to a defect in the
migratory capacity of the cells themselves. It would be plausible since extravasation is an
integrin-dependent process utilizing immunoreceptor-like signaling [56-59]. Second,
defective development of a proinflammatory milieu could also result in the abrogation of
leukocyte recruitment.

When wild-type cells were also present in the same animals (using mixed bone-
marrow chimeras), even Plcg2~~ neutrophils, eosinophils and monocytes/macrophages
were able to migrate into the inflamed tissue upon anti-C7 treatment (Figure 33).
According to these results, the accumulation defect in total Plcg2- mice was likely not
due to an impaired endogenous migratory capability of those leukocytes. In line with that,
Plcg2~ neutrophils migrated also normally in an in vitro transwell migration assay

(Figure 37). We used either MIP-2 or LTB4 as chemotactic stimulus in these assays, since
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these were also implicated to drive neutrophil recruitment during autoimmune skin
blistering in vivo [194].

Instead of affecting the intrinsic ability of migration, PLCy2 was shown to be essential
for the generation of a proinflammatory milieu at the site of anti-C7 deposition (Figure
34 and Figure 35). Based on the cytokine array we used, there was a substantial increase
in the concentration of multiple proinflammatory mediators in the affected ear tissues of
wild-type mice, with C5/C5a and MIP-2 being among the mediators showing the highest
increase in concentrations (Figure 34). These findings are in line with the important role
of C5a during the recruitment and activation of neutrophils in the EBA model [185] and
with the elevated concentration of IL-8 (the human analog for MIP-2) in the blister fluid
of BP patients [191]. Moreover, there were also several other cytokines, that were found
increased in the ear tissue in our model and also in the blister fluid of patients with BP.
Such cytokines included IL-4, I1L-6 (described in [220] and we detected more than 2-fold
increase in our model according to Table 4) and IL-1p and M-CSF (described in [204,
235] and we measured more than 10-fold increase in our model according to Table 4).

Importantly, in ear samples of anti-C7-treated Plcg2 chimeras, none of the analyzed
mediators showed any difference from control (Figure 34 and Table 4). Moreover, we
observed the same finding during the quantitative analysis of IL-1pB, MIP-2 and the lipid
mediator LTB4 using ELISA, since their accumulation in the ears was also completely
abrogated in the absence of PLCy2 (Figure 35).

The above mentioned results were in line with the previous observations of our
laboratory regarding other components of the immunoreceptor signaling. It was shown
that B2 integrin signaling diverges to a Src-family- and Syk-dependent adherent
activation; and a tyrosine kinase independent migration of neutrophils in vitro [57]. In
addition, Syk was also dispensable for cell-autonomous migration of neutrophils, but
crucial for the development of the proinflammatory milieu in the EBA model [9]. Similar
in vivo results has been published about Src-family kinases but in an autoantibody-
induced arthritis model [8]. Taken together, it seems that PLCy2 acts in a similar manner
to Src-family kinases and Syk, and affects the development of the proinflammatory milieu
rather than the intrinsic migratory capacity of myeloid cells.

In addition to inflammatory mediators, we also investigated the production of reactive

oxygen species by the analysis of MPO activity in vivo. ROS production has also been
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shown to be crucial in the development of skin blistering in mice [189]. ROS can be
considered as another participant of the proinflammatory microenvironment, as well as a
contributor to tissue damage and dermal-epidermal separation. According to our results,
in vivo ROS production is also dependent on the presence of PLCy2 (Figure 36).

Our in vitro experiments suggested that these proinflammatory mediators are produced
in a PLCy2-dependent manner at least in part by neutrophils (Figure 38). In this study,
we also investigated C7/anti-C7-induced spreading and ROS production of murine and
human neutrophils, which were also dependent on PLCy2 [3]. These experiments were
performed mainly by Simon Vikar, therefore, I did not include these results in the current

thesis.

5.3. NEUTROPHIL-SPECIFIC  ANALYSIS OF PLCy2 DURING
EXPERIMENTAL EBA

We have shown the essential role of PLCy2 in anti-C7-induced skin blistering in mice
in section 4.3. Those experiments did not allow us to identify which specific cellular
players expressing PLCy2 are crucial for the development of this phenotype. Since we
used bone-marrow chimeras in the majority of our experiments, it seems that PLCy2
expressed in hematopoietic cells is important. Tissue resident immune cells, such as
dermal macrophages, Langerhans cells and mast cells are quite radioresistant. It means,
that these cells probably remained wild-type in the bone-marrow chimeras we used in our
experiment. This makes it less likely that PLCy2 expressed in these cells has critical role
in disease development. However, their direct analysis using lineage-specific PLCy2-
deficient mice would answer this question most suitably. PLCy2 is expressed mainly in
hematopoietic cells, but there are some exceptions like in certain endothelial cells and in
the central nervous system (see also in section 1.3.1). We did not test “vice versa”
chimeras, in which wild-type bone marrow cells were transplanted into Plcg2”’
recipients. Such experiment would be useful to reliably exclude the role of PLCy2
expressed in nonhematopoietic cells. Notably, such chimeras were tested in an
autoantibody-induced arthritis model, and disease phenotype did not differ compared to
wild-type littermates [2].

Neutrophils represent the most prevalent cells recruited to the dermis in patients with

inflammatory EBA [144] and they are abundant in BP lesions, as well [204]. It is also the
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case in the anti-C7-induced model we used. Moreover, depletion of neutrophils, as well
as genetic neutrophil deficiency protected mice from anti-C7-induced pathology [189,
194, 205]. However, until now there was no information about the role of neutrophil-
specific PLCy2 expression regarding autoimmune skin blistering.

Therefore, we investigated the neutrophil-specific deletion of PLCy2, utilizing the
Cre-lox transgenic approach. Notably, Cre-mediated deletion of Plcg2 gene in neutrophils
was effective but not complete (Figure 40). This indicates that some neutrophils may
have at least partially reserved PLCy2 expression in Plcg247N mice. Importantly, PLCy2
expression of other major leukocyte populations were unaffected, indicating the specific
nature of the Cre-mediated deletion (Figure 40 and Figure 41). These results were
published by Futosi and Kasa et al, where | contributed to the work as a co-author [2].

During the anti-C7-induced skin blistering, Plcg24”~ mice were also highly protected
from macroscopic and microscopic signs of blister formation, closely resembling Plcg2-
= mice (Figure 42 and Figure 43). However, quantitative analysis of infiltrating
leukocyte subsets showed only partial reduction in ears in case of neutrophil-specific
PLCy2-deficiency (Figure 44). This findings might be due to the incomplete Cre-
mediated deletion of PLCy2 from neutrophils, or the relatively low sample size. However
we cannot exclude that other cells expressing PLCy2 also contribute to leukocyte
recruitment.

More detailed lineage-specific studies were also performed in our laboratory, in order
to identify cell types in which PLCy2 is needed for arthritis development [2]. | contributed
to this study not only by measuring PLCy2 expression in leukocytes (Figure 40), but also
analyzed the concentration of different proinflammatory mediators in the inflamed joints
after arthritis induction. I chose not to include these findings in my thesis, since it is not
closely related to the main topic. Briefly, we found, that PLCy2 expressed in myeloid
cells, especially in neutrophils, is crucial for arthritis development. Myeloid-specific and
neutrophil-specific deletion of Plcg2 resulted in the same protection as in complete Plcg2-
"~ mice. On the other hand, neither mast cell-, nor platelet-specific PLCy2-deficiency
affected arthritis development [2].

There are other leukocytes in which PLCy2 expression may be relevant during
experimental EBA, in addition to neutrophils. Since we focus on the pathomechanism of

the effector phase of the disease, it is rather unlikely that PLCy2 in B cells are important.
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In other myeloid cells, like eosinophils, mast cells and macrophages, however, PLCy2
expression might be relevant. The role of PLCy2 in eosinophils would be especially
interesting in models of BP, since human BP is the one characterized by the dominant
infiltration of eosinophils. Mast cells were long considered as crucial participants driving
initial changes upon antibody-deposition in BP models [218]. However, they were found
dispensable in the anti-C7-induced EBA model [219], questioning the importance of
PLCy2 expressed by mast cells in our experimental setup.

Taken together, we showed that PLCy2 expressed in neutrophils is crucial for the
development of anti-C7-induced skin blistering in mice. However, we cannot rule out the
potential contribution of PLCy2 expressed by other cell types.

Based on our results and previous literature data, | would also like to present a possible
mechanism for how PLCy2 drives anti-C7-induced skin blistering in mice, also
summarized schematically in Figure 48. Deposition of anti-C7 at the DEJ supposedly
activates tissue resident leukocytes (and maybe keratinocytes, as well). They
subsequently release proinflammatory mediators recruiting further leukocytes, mostly
neutrophils (as well as eosinophils and monocytes/macrophages) to the dermis.
Activation of these early recruited neutrophils then might lead to the amplification of
inflammatory response via a positive feedback mechanism. This would be in line with the
already described potential of neutrophils to induce feedback amplification in autocrine,
paracrine and more complex routes reviewed in [237]. Importantly, it has been also shown
by Hundt et al using fluorescently labeled myeloid cells, that neutrophils are recruited to
the dermis in a biphasic manner during anti-C7-induced skin blistering in mice [244].
PLCy2 is crucial most likely during the amplification of inflammation at the site of anti-
C7 deposition, including the recruitment of further leukocytes, acting mainly in
neutrophils (and possibly other myeloid cells).

One of the crucial proinflammatory mediators described essential in this feedback
amplification is LTB4 [194]. Our results implicate that the tissue accumulation of LTB4
was dependent on PLCy2 (Figure 35), as well as the release of LTBa4 by neutrophils upon
C7/anti-C7-mediated activation in vitro (Figure 38). This pathway supposedly at least
partially contributes to the abolishment of skin blistering in Plcg2”/ mice.

In addition, PLCy2 might also contribute directly to tissue destruction through

influencing the production of reactive oxygen species and possibly proteases, since in
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vivo ROS production was dependent on PLCy2 in our model (Figure 36).
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5.4. HUMAN RELEVANCE OF OUR STUDIES

Translating experimental results from mice into human disease have to be considered
with great caution. There are multiple differences between mice and humans in the types
and structures of molecules. In this case, autoantigens, antibodies, proinflammatory
mediators and Fc receptors, among others have major interspecies differences that might
affect the pathogenic processes.

Interestingly, gain-of-function mutations of PLCG2 in APLAID patients also caused
skin lesions often referred to epidermolysis-bullosa-like eruptions. Such lesions were
often accompanied by the infiltration of neutrophils (Section 1.3.3.1). Similarly, skin
lesions with dermal inflammation were also described in mice with gain-of-function
mutations of Plcg2 (Section 1.3.2.2). These data further support the role of PLCy2 in the
pathogenesis of the inflammatory form of EBA.

To better understand the human relevance of our studies, we moved to the direction of
a human ex vivo model. Thus, we were able to investigate the role of PLC enzymes in an
experimental setup involving human skin and human neutrophils. Since there is no
specific PLCy2 inhibitor available, we used the U73122 compound (1-(6-((17beta-3-
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methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-dione). This is a
widely used and potent PLC inhibitor under in vitro conditions [245, 246]. U73122
inhibited several effector functions of human neutrophils in vitro, induced by a variety of
agonists. 1C50 ranged between ~ 0.1-5 uM [247]. It is in line with our observations that,
immune complex-induced superoxide production of human neutrophils were dose-
dependently suppressed within the range of 0.1-10 uM [3]. Such experiments were
performed mainly by Simon Vikar, therefore the results are not presented in this thesis.

We showed, that U73122 applied at 10 uM concentration inhibited ex vivo neutrophil-
mediated separation of anti-C7-treated cryosections of human skin (Figure 45). This
suggests that our findings in the mouse model may be relevant in the pathogenesis of the
human disease, as well. Moreover, it also indicates that PLC enzymes (and possibly
PLCy2 within) may also play a direct role in tissue damage and the separation of the DEJ
upon anti-C7 treatment.

Our human ex vivo studies using pharmacological inhibition of PLC also suggests a
potential therapeutic application in this rare disease. U73122 has been administered to
experimental animals without reporting any major toxicity issues. Studies were using
systemic administration of U73122 in 3-30 mg/kg dose. For example, U73122 was able
to reduce carrageenan-induced hind paw edema in rats and inflammatory peritonitis in
mice [247]. In addition, it dose-dependently inhibited irritant-induced inflammatory ear
edema in mice [247]. These results support that this compound could be investigated in
our animal model of skin blistering, as well. Topical application of PLC inhibitors would
be also a plausible application form to minimize systemic side effects.

The generation of a selective PLCy2 inhibitor is possibly hindered because enzymatic
region of PLC enzymes are relatively conserved. Specificity between the subtypes usually
relies on the different regulatory domains, which are more difficult to inhibit. Interfering
with the adapter function of PLCy2 might be useful in the development of new more
selective inhibitors. Recently published human mutations in the PLCG2 gene (either gain-
or loss-of-function, discussed in section 1.3.3) can possibly give us a hint about which

are the potential regions that may be worth targeting therapeutically.
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55. RELEVANCE OF OUR STUDIES REGARDING OTHER
AUTOIMMUNE DISEASES

We chose the anti-C7-induced passive transfer model of subepidermal skin blistering
to study the role of PLCy2 because it seems to be a widely-used, reliable and useful
approach compared to other animal models that are available mimicking pemphigoid
diseases (described and compared in Section 1.5.2.3). This mouse model mimics the
inflammatory form of EBA. It is also important to mention that EBA is often presented
in @ mechanobullous form, which does not involve inflammation. Therefore, our results
cannot be adapted to that disease form. The mechanism of skin blistering in the
mechanobullous form of EBA is incompletely understood. The factors that would commit
patients to the presentation of the mechanobullous or the inflammatory form of EBA are
also currently unknown.

There are multiple similarities, as well as differences between the pathomechanism of
BP and EBA (see in detail in Section 1.5). Both of them are mediated by autoantibodies,
with a crucial role of FcyRs. However, for instance, eosinophil-rich dermal infiltrate
occurs in BP, but neutrophil-dominated accumulation happens during EBA. These data
further underline, that our findings about the role of PLCy2 cannot be directly implicated
for the pathogenesis of BP. It would be useful to investigate the role of PLCy2 in a reliable
model of BP, as well.

Comparing the role of PLCy2 in disease models of skin blistering versus autoimmune
arthritis, our workgroup previously showed that PLCy2 is crucial during the effector
phase of autoimmune arthritis in vivo [81]. In line with that, we revealed in this thesis
that PLCy2 is also essential in antibody-induced skin blistering. Moreover, neutrophil-
specific expression of PLCy2 was also essential both in antibody-induced arthritis [2] and
in skin blistering (Section 4.5).

5.6. EFFECT OF JAK INHIBITION IN EXPERIMENTAL EBA

In addition to the detailed characterization of the role of PLCy2, we also tested the role
of Janus kinases in experimental EBA using a pharmacological approach. We used a first-
generation Jak inhibitor tofacitinib which is currently approved for the treatment of

autoimmune diseases such as rheumatoid arthritis and ulcerative colitis. Tofacitinib is
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highly selective for Janus kinases, however, relatively less selective between different
Jaks, compared to other next generation drugs [1].

We applied two different doses of tofacitinib via oral gavage twice daily. Mice
received this treatment during the entire 2-week experimental procedure starting a day
before the first anti-C7 injection. Mice treated with 1 mg tofacitinib and anti-C7
antibodies presented significantly reduced skin lesions both in size and severity compared
to vehicle-treated littermates (Figure 46A-C). The extent of erosions tended to be also
reduced dose-dependently by Jak inhibition, however, that was not significant (Figure
46D). Tofacitinib treatment did not reduce ear thickening of anti-C7-treated mice (Figure
46E). Notably, these are still early findings with low sample sizes. Nevertheless, they
show that inhibition of Janus kinases could be promising. Further investigation,
increasing sample size and additional mechanistic experiments would be beneficial to
elucidate the relevance of Jak inhibition in anti-C7-induced skin blistering.

There is increasing evidence regarding the role of Janus kinases in the development of
prevalent inflammatory skin diseases [1] (see also in section 1.4). Despite that, such
studies are still missing in pemphigoid diseases. Since current treatment regimens in
pemphigoid diseases might have quite serious side effects, targeted therapy could be
beneficial, and topical treatment options could be useful to reduce the probability of side
effects. Based on our initial results, Jak inhibitors could be beneficial in these diseases.

Taken together, we presented in this thesis that PLCy2, in particular when expressed
in neutrophils, is essential for the development of skin blistering in mice, mediating
dermal-epidermal separation, leukocyte accumulation and proinflammatory mediator
production. In addition, we also showed that Jak inhibitors could reduce signs of anti-C7-
induced skin blistering in mice. These results improve our understanding of the
pathomechanism of anti-C7-induced skin pathology and can point to new possible
therapeutic targets for pemphigoid diseases.
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6. CONCLUSIONS

To conclude my work, | investigated the role of PLCy2 and, in less detail, Janus

kinases during the effector phase of autoantibody-induced skin blistering, using multiple

models of epidermolysis bullosa acquisita. | list my findings in the same order as it was

presented in the objectives section.

1.

Adult Plcg2™~ mice have normal numbers of circulating leukocyte subsets and
normal expression of major leukocyte antigens.

Intact Plcg2~ mice, as well as Plcg2~~ bone-marrow chimeras are completely
protected from macroscopic and microscopic signs of anti-C7-induced skin
blistering. PLCy2 is indispensable for dermal-epidermal separation and
leukocyte accumulation at the site of antibody deposition, through influencing
the development of the proinflammatory microenvironment without affecting
the endogenous migration capacity of myeloid cells.

PLCy2 is essential for the C7/anti-C7-induced inflammatory mediator release,
but not for the migration of neutrophils in vitro.

Neutrophil-specific deletion of PLCy2 is effective and specific, however, not
complete. Plcg24”MN mice are almost completely protected from clinical and
microscopic signs of anti-C7-induced skin blistering. This suggests that PLCy2
expressed specifically by neutrophils has an essential role during the effector
phase of experimental EBA.

Pharmacological inhibition of PLC successfully diminishes neutrophil-
mediated dermal-epidermal separation of anti-C7-treated human skin. This
underlines the human relevance of our studies and suggests a potential
therapeutic application.

Inhibition of Janus kinases by the systemic administration of tofacitinib is able
to dose-dependently reduce the extent and severity of skin lesions induced by

anti-C7 treatment.
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7. SUMMARY

Subepidermal autoimmune blistering skin diseases are often severe and treatment-
resistant disorders. They are characterized by autoantibody formation against components
of the dermal-epidermal junction (DEJ), leading to blister formation. Such conditions
exert serious impact on the quality of life, without an available effective targeted therapy.
Elucidation of the molecular mechanisms driving autoantibody-induced pathology and
the identification of targetable pathways are particularly important. Therefore, we aimed
to characterize the role of phospholipase Cy2 (PLCy2), an enzyme involved in
immunoreceptor signaling, and in less detail Janus kinases in the development of
autoantibody-induced skin blistering.

Plcg2” mice, as well as chimeras with Plcg2”’" hematopoietic system remained
completely protected from autoantibody-induced skin blistering. Disease was induced by
the passive transfer of anti-C7 antibodies recognizing the crucial DEJ component
collagen type VII. PLCy2 deficiency prevented dermal-epidermal separation and the
infiltration of multiple myeloid cells including neutrophils to the skin, without affecting
autoantibody deposition. The intrinsic migratory capacity of myeloid cells remained
intact in Plcg2~~ mice, but in vivo accumulation of proinflammatory mediators, as well
as the in vivo production of reactive oxygen species were completely blocked in the
absence of PLCy2. In vitro C7/anti-C7 immune complex-induced release of
proinflammatory mediators from neutrophils was also dependent on PLCy2. Moreover,
neutrophil-specific deletion of PLCy2 strongly diminished macroscopic and microscopic
signs of anti-C7-induced skin blistering in vivo. Underlining the human relevance of our
studies, we demonstrated that pharmacological inhibition of PLC enzymes was able to
inhibit dermal-epidermal separation in an ex vivo human skin separation assay.

Pharmacological inhibition of Janus kinases by tofacitinib also dose-dependently
reduced macroscopic signs of anti-C7-induced skin blistering in mice.

Our results identify PLCy?2 as a critical component of anti-C7-induced skin blistering.
PLCy2, in particular when expressed in neutrophils, is supposedly involved in creating
the proinflammatory milieu after autoantibody deposition in the skin. Our results also

suggests that Janus kinases also have an important role in the development of this model.
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8. OSSZEFOGLALAS

A szubepidermalis autoimmun hoélyagos borbetegségek sokszor sulyos, nehezen
kezelhetd allapotok. A betegség soran autoantitestek keletkeznek a bor felsdé két rétegét
Osszetart6 struktira bizonyos komponensei ellen, melyek lerakodva a dermo-epidermalis
junkcio (DEJ) gyengiiléséhez, végso soron holyagképzdodéshez vezetnek. A korképek
molekularis patomechanizmusanak minél mélyebb feltérképezése alapvetd fontossagu
esetleges terapias célpontok azonositdsa szempontjabol. Ezek alapjan célul tiiztiik ki egy
immunreceptorok jelatvitelében kulcsfontossagu enzim, a foszfolipaz Cy2 (PLCy2)
szerepének részletes, illetve a Janus kinadzok rovid vizsgalatat az autoantitest-indukalt
holyagos boérbetegségek kialakuldsaban.

Kimutattuk, hogy mind a PLCy2-hianyos intakt egerek, mind a PLCy2-hianyos
csontveldi kimérak védettnek bizonyultak az autoantitest-indukalt holyagos bérgyulladas
kialakulasaval szemben. A betegséget a DEJ egyik kulcsfontossdgu fehérjéje, a VII-es
tipusu kollagén-ellenes antitestek (anti-C7) beadasaval hoztuk 1étre. PLCy2 hianyaban
elmaradt a dermo-epidermalis szeparacid, valamint a bér mieloid-sejtes, féleg
neutrofileket tartalmazoé infiltracidja, de nem valtozott az anti-C7 lerakodasa. A
kiilonbdz6 mieloid sejtek endogén migracios képessége nem valtozott PLCy2 hidnyaban,
viszont teljes mértékben elmaradt a kiilonboz6 gyulladasos mediatorok szoveti
felhalmozddasa és a reaktiv oxigén szarmazékok termelédése in vivo. A neutrofilekb6l
in vitro C7/anti-C7 immunkomplexek hatasara PLCy2-fliiggé modon tortént a gyulladasos
mediatorok felszabadulasa. Kimutattuk tovabba, hogy a PLCy2 neutrofilekbdl torténd
torlése esetén szintén elmaradt az anti-C7-indukalt bortiinetek kialakulasa egerekben. Az
eredményeink human relevancidjat alatimasztja, hogy a PLC farmakoldgiai gatlasa képes
volt csokkenteni a dermo-epidermalis szeparaciot egy human ex vivo borszeparacios
modellben.

A Janus kinazokat gatlo tofacitinib alkalmazasa dozisfiiggd modon csokkentette
egerekben az anti-C7-kivaltotta holyagos bérbetegség makroszkopos tiineteit.

Eredményeink alapjan elmondhatjuk, hogy a PLCy2 kulcsfontossagt szerepet tolt be
az anti-C7-indukalt holyagos borbetegség patogenezisében, feltehetdéen a gyulladasos
mikrokornyezet kialakitasan keresztiil. Kezdeti kisérleteink szintén felvetik a Janus

kinazok szerepét ezen allatmodell kialakulasaban.
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