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Abstract

Allergies to Hymenoptera venoms are life-threatening diseases. The only curative
approach is venom immunotherapy. To ensure the best treatment, comprehen-
sive component-resolved diagnostics (CRD) are often required. The prerequisite
for molecular in vitro diagnostics for allergies is knowledge of the composition
of the allergen source. Especially when allergies to the venoms of closely re-
lated Hymenoptera are present, unambiguous diagnostics can only be achieved
using marker allergens. In the course of this work, the protein components
of the venoms of the Vespoidea species Polistes dominula, Vespula vulgaris, and
Vespula germanica were described by mass spectrometry, possible allergens were
identified, and species-dependent differences were elucidated. P. dominula venom
(PDV) contains 100 protein families, compared to 157 for Vespula spp. venoms
(YJV). Eleven secreted proteins were found in PDV and 33 in YJV. As no promis-
ing species-specific proteins were identified, the future establishment of new

marker allergens for CRD to discriminate between PDV and YJV allergy is
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unlikely. In addition to unambiguous diagnostics, patients beginning venom
immunotherapy may benefit from predictive markers for successful therapy
that are raised in a minimally invasive and low-risk manner. To identify new
candidates, time-dependent differences in gene expression of patients during the
first weeks of venom immunotherapy were identified based on the transcriptome
of peripheral blood mononuclear cells. Single-cell RNA sequencing was used
to describe transcriptional changes in T cells, B cells, monocytes, macrophages,
and dendritic cells. Differentially expressed genes were identified, pathway, and
trajectory, as well as gene set enrichment analyses, were performed. In the course
of this, a T cell state unknown in the context of venom immunotherapy was
described, which is characterized by an interferon-response gene cassette. For
example, the genes MX1, MX2, OAS1, and OAS3, which fulfill antiviral functions,
were differentially expressed. In addition, promising time-dependently regu-
lated genes were identified in all cell populations considered, providing the field
of predictive transcriptome markers in the context of venom immunotherapy
with new leads for further studies. Furthermore, a tag-based carrier system for
the identification of Ves v 5-specific B cells was developed and tested in flow
cytometry and a single cell RNA sequencing platform.

This work lays further foundations for improving diagnosis and therapy of wasp
venom allergy by elucidating venom composition and monitoring transcriptional

changes in immune cells during the up-dosing phase.




Abstract

Abstract - DE

Allergien gegen Hymenopterengifte sind potentiell lebensbedrohliche Erkrankun-
gen. Der einzige kurative Ansatz ist die Giftimmuntherapie. Um die best-
mogliche Behandlung zu garantieren, ist oftmals eine umfassende komponente-
naufgeldste Diagnostik notig. Die Voraussetzung fiir molekulare in vitro Diagnos-
tik fiir Allergien ist das Wissen iiber die Zusammensetzung der Allergenquelle.
Gerade wenn Allergien gegen die Gifte von eng verwandten Hymenopteren
vorliegen, ist eine zweifelsfreie Diagnostik meist nur {iber Markerallergene zu
erreichen. Im Zuge dieser Arbeit wurden die Protein-Bestandteile der Gifte
der Vespoidea Spezies Polistes dominula, Vespula vulgaris und Vespula germanica
mittels Massenspektrometrie beschrieben, mogliche Allergene identifiziert und
spezies-abhdngige Unterschiede herausgearbeitet. P. dominula Gift (PDV) enthalt
100 verschiedene Proteinfamilien, wiahrend es bei den Vespula spp. Giften (YJV)
157 sind. In PDV wurden elf, in YJV 33 sekretierte Proteine gefunden. Da
keine vielversprechenden, spezies-spezifische Proteine identifiziert wurden, ist
die zukiinftige Etablierung von neuen Markerallergenen fiir die komponente-
naufgeloste Diagnostik zur Diskriminierung zwischen PDV- und YJV-Allergie
unwahrscheinlich. Neben einer eindeutigen Diagnostik profitieren Patienten,
welche eine Giftimmuntherapie beginnen, von préadiktiven, minimalinvasiv und
risikoarm erhobenen, Markern fiir erfolgreiche Therapie. Um hierfiir neue Kandi-

daten zu identifizieren, wurden, basierend auf dem Transkriptom von mononuk-
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ledren Zellen des peripheren Blutes, zeitabhidngige Unterschiede in der Genex-
pression von Patienten wihrend der ersten Wochen einer Giftimmuntherapie her-
ausgearbeitet. Durch Einzelzell-RNA-Sequenzierung wurden transkriptionelle,
therapieabhingige Verdnderungen in T Zellen, B Zellen, Monozyten, Makropha-
gen und Dendritischen Zellen beschrieben. Es wurden Zellpopulationen quan-
tifiziert, differentiell exprimierte Gene identifiziert sowie Pathway-, Trajektorie-
und Gene Set Enrichment Analysen durchgefiihrt. Im Zuge dessen wurde ein
im Kontext der Giftimmuntherapie unbekannter T Zellzustand beschrieben,
welcher sich durch eine Interferon-response Genkassette auszeichnet. Differ-
entiell exprimiert waren hier unter anderem die Gene MX1, MX2, OAS1 und
OAS3, welche antivirale Funktionen erfiillen. Dariiber hinaus wurden vielver-
sprechende, zeitabhidngig regulierte Gene in allen betrachteten Zellpopulationen
identifiziert, welche dem Feld der pradiktiven Transkriptom-Marker im Bereich
der Giftimmuntherapien neue Anhaltspunkte fiir weitere Studien liefert. Des
Weiteren wurde ein tag-basiertes Carrier-System zur Identifizierung von Ves v 5-
spezifischen B Zellen entwickelt und in der Durchflusszytometrie sowie einer
Einzelzell-RNA-Sequenzierungsplattform getestet.

Diese Arbeit legt weitere Grundsteine zur Verbesserung von Diagnostik und
Therapie von Wespengiftallergien durch die Aufklarung von Giftzusammenset-
zung und dem Monitoring transkriptioneller Verdnderungen in Immunzellen

wiéhrend der Aufdosierungsphase.
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1. Introduction

1.1. Venom allergy - basics and pathophysiology

Allergies, pathological reactions of the body to harmless (environmental) anti-
gens, are a relevant and global problem. The different allergy phenotypes, such
as food, inhalation, drug, and venom allergies differ primarily in the type of
allergen exposure. While the uptake and processing of allergens in food and in-
halation allergies happens via mucous membranes, stings under real conditions
occur in different regions of the body and by different insects. Therefore, expo-
sure, unlike with food and drug allergens, can only be reduced, not avoided.

A sting and the associated initial exposure to the venom is followed by the
sensitization phase, the priming of the immune system to allergens. The venom
is injected into the victim by the stinging insect and allergens, which are part
of the venom along with other toxic components, are taken up at the site of

the sting and presented to specialized cells of the immune system [1]. After
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the antigen uptake, antigen-presenting cells (APC) transport allergens to the
nearest lymph node and present processed allergen fragments of about 12-25
amino acid length on majory histocompatibility complex (MHC) II molecules
[2-4]. CD4" T cells with allergen-specific T cell receptors (TCR) bind the MHC-II
- epitope complex and, costimulated by the corresponding cytokine environment,
differentiate into Ty2 cells [5]. The pre-existing microenvironment is initiated
by interleukin (IL) 33 and driven by type 2 innate lymphoid cells (ILC2). After
stimulation with IL25 and IL33, ILC2s produce pro-allergic cytokines, such as
IL13, and support the shift towards T},2 response [6, 7]. T2 cells contribute
to the cytokine environment by the additional production of IL4, IL5 and IL13
and, therefore, trigger class switch in B cells to immunoglobulin (Ig) G1 and IgE
producers [8-10].

Allergen-specific IgE is causally responsible for the symptomatology of an al-
lergic reaction. The IgE binds the allergen and cross-links FceRI on the surface
of mast cells and basophils [11]. Triggered by this stimulus, a variety of low
molecular weight substances are released, such as cytokines, chemokines, lipid
mediators, enzymes and histamine [12], which together cause the symptoms of
the IgE-mediated type 1 hypersensitivity reaction.

General allergic symptoms comprise, but are not limited to, sneezing, itchy,
runny nose, itchy, watery eyes, rashes, swelling, pain, stomach cramps, and vom-

iting. A more severe consequence of an allergic reaction is systemic anaphylaxis,




1.2. Immunoglobulins - from B cells to antibodies

where symptoms such as hypotension, vasodilatation, bronchoconstriction or
hypoxia threaten a patient’s life [13]. In the case of venom allergy, three clinical
manifestations are distinguished: local, large local (a swelling exceeding 10 cm

in diameter) or systemic reactions [14, 15].

1.2. Immunoglobulins - from B cells to antibodies

1.2.1. Cellular stages of B cell development and activation

Immunoglobulins are probably the most efficient weapon the body has to bind
and neutralize foreign antigens from viruses, bacteria, fungi, or helminths. Due
to their high variability in the antigen binding site (paratope regions), they can
recognize virtually all epitopes. However, this efficiency comes at a high price,
the risk of the body overreacting to harmless antigens - as is happening in
allergy - or recognizing the body’s own (protein) structures and the resulting
autoimmune diseases. Accordingly, the life of a B cell is characterized by
selection and control of B cell receptor (BCR) specificity.

The life cycle of a B cell begins in the bone marrow, where hematopoietic stem
cells are first transformed into pro- and then pre-B cells [16-18]. These two
precursor cell types are characterized by intracellular y heavy chain, which in
combination with surrogate light chains forms the pre-B cell receptor. This

receptor performs a variety of tasks, such as positive and negative selection, but
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also ensures proliferation and cell survival [19]. The last developmental step in
the bone marrow is reached when B cells express full IgM on their surface, the
so-called immature stage. They now leave the bone marrow - from here on they
are referred to as transitional B cells - and migrate to the spleen. Until they enter
the spleen, they are T1, and thereafter T2 B cells [20]. Here the further fate of
the B cells is decided: either they differentiate to follicular (IgD and CD23 high,
IgM low) or to marginal zone B cells (IgD and CD23 low, IgM high). While the
former respond more to T cell-dependent activation, the latter tend to T cell-
independent activation. Follicular and marginal zone B cells are considered
mature (naive) B cells [21-23]. In the context of allergy, B cell activation that
is dependent on T cells has more relevance: antigens are presented to B cells,
which bind them with the BCR, take them over (through receptor-mediated
endocytosis), and internalize them. After degradation of the antigen, it is bound
on MHC-II molecules and made available at the cell surface for binding of the
corresponding TCR. The Ty, cell thus activated provides the necessary cytokine
milieu and expresses CD40L at the surface. The B cell requires CD40L as a
costimulant for proliferation, class switch, and somatic hypermutation. Only
when all B cell stimulatory effects come together, i.e. antigen presentation by
APCs, costimulation by CD40L, and the appropriate cytokine milieu, follicular
B cells become activated (Figure 1.1). At this point, the B cell is at a cross:

differentiate into short-lived antibody-producing plasmablasts, into long-lived
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antibody-producing plasma cells, or long-lived memory B cells [24-27].

Thcell

Plasma cell

).
P
%
IL-5 ))ﬁ
IL-6
"k Signa|1,/ /:CR \3’\Sign3|2\ j= /
A

B cell

memory B cell

Figure 1.1.: Activation and differentiation of B cells to plasma cells or long-lived memory B cells.
After the up-take of an antigen via B cell receptor (signal 1) and presentation on
MHC-II, a T}, cell with corresponding CD#4 is recruited. The costimulation happens
through CD40-CD40L binding and the release of costimulatory cytokines (signal
2). The collective signals lead to the activation of the naive B cell and initiate
the differentiation into memory B cells or antibody-producing plasmablasts and

plasma cells. Adapted from “Thymus-dependent Antigens Induce T-dependent B Cell Responses”, by
BioRender.com (2022).

1.2.2. Antibodies and paratope shaping

Each immunoglobulin consists of two light L-chains and two heavy H-chains.
These in turn are divided into the constant and variable regions (C-, and V-
regions), the latter of which contain the binding sites, the paratope. This paratope
is formed in the first instance by V(D)J recombination. Here, V- (variable), D-
(diversifying), and J-genes (joining) are recombined, i.e. rearranged (Figure
1.2). Random recombination of the V, D, and ] genes allows a B cell to generate

a virtually infinite repertoire of paratopes and thus of B cell receptors and
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antibodies [28, 29].

The H-chains also carry a C-region, which determines the isotype class of the
antibody. In general, five different isotypes are known, the immunoglobulins
M, D, A, E, and G. Each immature B cell starts with an IgM BCR and can, after
activation and in the appropriate environment, perform a class switch (isotype
switching) to either IgA, IgE or IgG and their respective subclasses. Each Ig
isotype has its own specific task field for which it has been optimized. For
example, circulating, low-specificity IgM is the first line of humoral defense in
the periphery. The secreted IgA dimer is mainly found in mucous membranes,
while the highly specific and affine IgE and IgG molecules primarily serve
to defend against parasites (IgE) or pathogens in general (IgG). However, the
functions of antibodies are much more complex, especially concerning allergy,
autoimmunity, tolerance, and tolerance induction. During isotype switching,
so-called somatic hypermutations (SHM) take place, which alter the specificity
and affinity of the Ig. These somatic mutations, mostly single-base substitutions,
happen with an increased probability compared to normal and primarily occur
in the complementarity determining regions (CDR) 1, 2, and 3. The mutations
on the Ig paratopes can lead to an increase in the affinity of an antibody for
the corresponding antigen. To ensure the clonal expansion of B cells with the
highest affinity to a particular antigen, they are preferentially supplied with

survival signals by T}, cells. These two steps, SHM and T cell-dependent clonal
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expansion, are collectively referred to as affinity maturation [30-32].

Light chain Heavy chain
Cc
. r \
- - - - O =~ = = —— I .- -
Somatic recombination
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D-J rearranged L Vv DJ O
onkjones | = - =~ —— - -
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L VvV J C V-J or V-DJ joined L V DJ s Al
- H - - earngea o | = T — - -
; Transcription 1
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L v J c Primary L VDI (O
- H— - et — I 4
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LV JC L V DJr \
mRNA _ AAA
Translation
Polypeptide

chain

Figure 1.2.: Structure and generation of immunoglobulins from DNA to the protein level. Light
chain comprising one variable and one constant region on the left. Heavy chain with
one variable and three constant regions on the right. V, D, and J-genes are rearranged
and the transcript spliced leading to the highly diverse variable regions allowing
the immunoglobulin paratope to bind virtually all possible epitopes. Variable, blue;
diversifying, green; joining, yellow; constant, red. Adapted from “B Cell Receptors (Light
and Heavy Chains)“, by BioRender.com (2022).

1.3. B cells in allergy

Allergies and their classical symptomatology depend on allergen-specific IgE.
Generally, two different pathways lead to IgE-producing plasma cells. On the
one hand, a direct isotype switch from IgM™*-B cells to IgE*-B cells or plasma cells

is possible [33]. On the other hand, there is an alternative pathway from IgM™*-
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via IgG1*- to IgE*-B cells [34, 35]. The additional step of affinity maturation
produces high-affinity IgE, which seems to be of greater importance in allergic
patients [36-38].

Because of the short IgE half-life of two to three days in blood, a pool of long-
lived IgE producers is assumed. Presumably, these long-lived IgE-secreting
plasma cells are found in the bone marrow, from where a constant IgE titer
can be maintained in the blood. These long-lived IgE™ plasma cells have been
described in mouse studies [39] on the one hand, and in the context of bone

marrow transplantation also in humans [40-42].

1.4. Prevalence of Hymenoptera venom allergy

Most people (56.6-94.5%) are stung by a Hymenoptera at least once during their
lifetime [43—45]. A fundamental distinction must be made between sensitization
on the one hand and the symptomatic manifestation of an allergy on the other.
While the prevalence of sensitization to Hymenoptera venoms is up to 31.7%
[46], symptomatic reactions are much rarer. 2.4-26.4% of the population suffer
from a large local reaction [44, 47-49] after a sting, which corresponds to a
swelling diameter of more than 10 cm at the sting site. Systemic, anaphylactic
reactions are reported by about 0.3 to 7.5% of people in the general population

[44, 46, 48-51]. In general, it can be assumed that 20.2% of severe anaphylaxis
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cases in children are due to insect stings, while in adults it is up to 48.2% [52].
Accordingly, insect venom allergies are not niche diseases, but relevant and

life-threatening conditions.

1.5. Venom-specific immunotherapy

To protect patients from severe sting reactions, venom specific immunotherapy
(VIT) is essential and the only curative approach. VIT is recommended for adults
and children with measurable sensitization and systemic reactions beyond gen-
eralized skin symptoms, as well as for adults with generalized skin symptoms
and impaired quality of life [53].

It is not conclusively understood how tolerance induction by VIT occurs. How-
ever, a variety of immunological mechanisms are thought to contribute in part.
For example, proallergic T2 cells are suppressed by newly induced Treg and
Tyl cells. This suppression results in reduced IL-4, IL-5, IL-9, and IL-13 lev-
els, leading to desensitization of mast cells and basophils [54]. In addition,
induction of regulatory B cells is considered a relevant component of successful
VIT [55]. Regulatory B cells suppress proliferation of venom-specific T cells
and support the induction of Treg [56, 57]. Furthermore, class-switch in B cell
populations leads to increased production of antigen-specific IgG4, which has

anti-inflammatory properties as a competitive (blocking) antibody [58].
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During VIT, venom extracts are applied subcutaneously. Generally, different
protocols are discriminated with which the maintenance dose of 100 pg of venom
can be reached. While conventional approaches provide for a slow increase in the
amount of toxin over several weeks to months, the maintenance dose is reached
within a few hours up to a few days with so-called rush or ultra-rush protocols.
The last variant to be mentioned is the cluster protocols, in which patients receive
several injections per day at an interval of 1-2 weeks. The maintenance dose is
subsequently given at intervals of 4 weeks (first year), 6 weeks (second year) or
8 weeks (third to the fifth year) following the up-dosing phase [53, 59]. Clinical
protection is achieved in most patients as soon as the maintenance dose can be
applied [60, 61]. Overall, VIT lasts 3-5 years and should be continued beyond
the third year if the success of therapy cannot be verified by sting provocation
during therapy [62, 63]. Discontinuation of VIT should only occur after 3 years
in patients with mild to moderate reactions. The minimum duration of 5 years
successfully protects most of the patients in the long term [64, 65]. VIT with

wasp venom is successful in 91-96% of patients [66, 67].

1.6. Hymenoptera venom proteomes

Figure 1.3 shows the phylogenetic tree of venom allergy-relevant Hymenoptera

species. Allergies to Hymenoptera venoms are, as most allergies, triggered by

10
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proteins. Accordingly, in the context of allergic disease, the proteome of the
venoms is of utmost relevance. Published numbers on the protein components
contained in the venoms vary considerably. For example, Solenopsis invicta venom
contains 46 proteins, while honeybee venom contains 113, and Polybia paulista
venom reportedly even contains over 1673 different proteins [68-70]. This striking
discrepancy is partly due to differences in methodology, and partly due to the
purity of the extracted venom. Many of the identified proteins have no direct
effect or function in the venom and are referred to as 'venom trace molecules’.
The contamination of the venom by venom trace molecules occurs during the
extraction process of the venom by disrupting the cell membranes of the cells
of the venom gland. Furthermore, in the case of P. paulista, it is likely that the
use of databases comprising similar proteins from different species has resulted
in peptides being aligned multiple times, resulting in a high false-positive rate.
Therefore, depending on the degree of purity, Hymenoptera venoms likely

contain between 40 and 150 different proteins.

Formicoidea_ Formicidae_ Myrmicinae Solenopsidini_  Solenopsis o L.
psis invieta
Apoidea Apidase Apinas Apini Apis. Apis mellifera
Hymenoptera  Apoctrita
L P Aculeata Polistini____Polistes

1 A, ;. 1,
Polisti nae| Polistes
Epiponini Polybia Polybia pani

Vespinae Vespula [—I Vespula germanica

Vespula vulgaris

Vespoidea Vespidae

Figure 1.3.: Phylogenetic tree of closely related, allergy-relevant Hymenoptera. The splitting
of the phylogenetic tree on the level of the family Vespidae leads to the species
P. dominula, as well as V. vulgaris and V. germanica. Besides the Vespidae, the honey
bees (A. mellifera) and the fire ants (S. invicta) are shown as exemplary representatives
of their respective families.

11



1. Introduction

1.7. Aim of the project

The superior goal of this work was to improve venom-specific immunotherapy
to provide patients with the most successful therapy possible. Since it is of
elementary importance to treat allergic patients with the right venom, the
proteome of the venoms of the species P. dominula and V. vulgaris/germanica was
elucidated by mass spectrometry and examined for differences and similarities.
In a second part, the transcriptome of immune cells from patients undergoing
V. vulgaris venom immunotherapy was examined in more detail in the hope of
describing transcriptional differences as markers for therapeutic success. In the
course of this, a method for the identification of antigen-specific B cells was
developed and established.

Hypotheses:

1. P. dominula and V. vulgaris venoms contain proteins, which may be estab-
lished as marker allergens for component resolved diagnostics to discrimi-

nate wasp venom allergies.

2. Transcriptomic changes in peripheral blood mononuclear cells of patients
undergoing venom immunotherapy reveal unique genetic patterns that

may be established as markers for predictive measurements.

3. Tag-based DNA barcoding of B cell receptors in scRNAseq allows the

monitoring of transcriptional changes in Ves v 5-specific B cells.
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2. Methods

2.1. General

2.1.1. Patient recruitment

Informed consent was obtained from all subjects involved in the study. The study
was conducted according to the guidelines of the Declaration of Helsinki and
approved by the Ethics Committee of the Faculty of Medicine of the Technical
University of Munich (538/17).

Single cell transcriptomics

Inclusion criteria were full legal age, a credible history of allergic reaction after
V. vulgaris sting incidents and the start of allergen-specific immunotherapy.
Patients were diagnosed based on a thorough anamnesis, intradermal tests and
molecular diagnostics (Table B.3). Patients included were sampled right before
immunotherapy started, after four days, and after two weeks after completing

the up-dosing phase or seven days after a maintenance shot of their VIT. Venous
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2. Methods

blood was sampled, peripheral blood mononuclear cells (PBMC) isolated and

stored until measured.

2.2. Molecular biology

2.2.1. Agarose gel electrophoresis

The separation of DNA following polymerase chain reaction (PCR) was per-
formed by agarose gel electrophoresis. For this purpose, 1 g agarose in 100 ml 1 x
TAE/ddH,0 was heated in a 250 ml glass flask until the agarose was completely
dissolved, i.e. free of streaks. After brief cooling, 5 ul of SERVA DNA Stain Clear
G was added, the mixture filled into the gel slide and the comb inserted. To
each sample, 1/6 6 x DNA Loading Dye was added and pipetted into the gel
pockets. DNA Ladder Mix was used as a marker, of which 7 ul was applied.
Electrophoresis was performed at 120 V for 25 min and the gels were inspected

under UV light.

2.2.2. Gel extraction using GeneJET Gel Extraction Kit

For the extraction of DNA from the gel, the corresponding band was cut out
with a scalpel and transferred to a microreaction tube (1.5 ml). Using a preci-
sion balance and an empty reaction tube, the weight of the gel fragment was

determined and binding buffer was added 1:1 (volume : weight). After incuba-
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2.2. Molecular biology

tion for 10 min at 50°C, the solution was pipetted onto a GeneJet purification
column, centrifuged at 13000 relative centrifugal acceleration (rcf) for 1 min, and
the flow-through discarded. 700 ul of wash buffer was added to the column,
centrifuged again for 1 minute at 13000 rcf, the flow-through discarded, and the
column transferred to a new microreaction tube. Elution was performed with

20 ul ddH,O at the same centrifuge settings as in the previous steps.

2.2.3. Restriction enzyme digest

To generate sticky ends on the PCR products, these had to be digested with the
restriction enzymes Xbal and Notl. For this purpose, 2 ul of 10 x FastDigest
Buffer, 1 ul of restriction enzyme and 0.1 ug of DNA were pipetted together and

filled up to 30 ul with ddH,O. Incubation was carried out at 37°C for 10 minutes.

2.2.4. Ligation

For ligation of predigested pacGP67B vector and the inserts, 2 ul of 10 x T4 DNA
ligase buffer, 1 ul of T4 DNA ligase and 50 ng of vector were pipetted together
on ice. Insert was added at a molar ratio of 3:1 (insert : vector) and finally
filled up to 20 ul with ddH,O. Incubation was either at 22°C for 10 minutes or

overnight at 4°C.
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2.2.5. Transformation

The competent E. coli strains used were stored at -80°C and thawed on ice for
10 min before starting transformation. XL10-Gold Ultracompetent Cells and
2 ul of the ligation mixture or 25 ng of plasmid was transferred to 14 ml BD
FalconTM Round-Bottom Tubes, 100 ul of bacteria was added and mixed briefly.
30 minutes on ice were followed by a heat shock for 35 seconds at 42°C before
the batch was again placed on ice for 2 minutes. Next, 900 ul of LB medium
was added and incubated at 37°C for 1 hour at 220 rpm. Centrifugation was
performed at 800 rcf for 5 minutes, the supernatant was discarded, and the cell
pellet was resuspended in 100 pl of fresh LB medium and spread on an agar

plate. Incubation was performed at 37°C overnight.

2.2.,6. Colony PCR

In order to screen the clones for the insert after transformation, colony PCRs
were performed. For this purpose, depending on the strain used, one of the
approaches in Tables 5 and 6 was pipetted together, parts of a clone were picked

from the plate with the aid of a pipette tip and placed in the microreaction vessel.
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2.2. Molecular biology

Table 2.1.: Colony-PCR mix calculated for one clone and thermocycler settings.

PCR mix | PCR protocol

EconoTaq 10 pl Denaturation 98°C for 5 min
Primeriorwarg 0.5 1l 30 cycles 94°C for 30 sec
Primerreverse 0.5 pl 55°C for 30 sec
ddH,O 9 ul 72°C for 105 sec
Colony pick Elongation 72°C for 5 min

2.2.7. Plasmid preparation using GeneJet Plasmid Miniprep Kit

After positive colony PCR and overnight culture, cells were centrifuged at
3200 rcf and completely dissolved in 250 ul of resuspension solution. 250 ul
of the lysis solution, after inverting, lead to a viscous and clear solution to
which 350 ul of neutralizing agent was added. Centrifugation at 13300 rcf for
5 minutes resulted in pelleting of the cell debris and chromosomal DNA. The
supernatant was added to the Gen]JET spin column and centrifuged for 1 minute.
After washing twice with 500 pl wash solution and centrifugations for 1 minute
each, another centrifugation step (1 minute) followed to remove excess ethanol
from the membrane. 31 ul of ddH,O was added to the membrane and the
column was incubated for 2 minutes at room temperature. DNA was eluted by

centrifugation.
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2. Methods

2.3. S£-9 cell culture and recombinant protein

expression

2.3.1. Adherent cells

2 were seeded and insect cell

In a 175 cm? cell culture flask, 4*10° cells per cm
medium added to a final volumen of 20 ml. The bottle was then placed in the

incubator for seven days at 27°C.

2.3.2. Suspension cells

Suspension cells were maintained in Erlenmeyer flasks at a concentration of
1.5*10° (4 to 5 days incubation) cells per ml medium. Incubation was performed

at 27°C in a shaking incubator at 120 rpm.

2.3.3. Transfection

In a 25 cm? cell culture flask, 1*10° cells were prepared with 5 ml medium and
incubated for 30 minutes at 27°C. For the transfection mix, 100 ul of insect cell
medium were mixed with 10 ul of cellfectin. Then, 2 ug of plasmid and 2.5 ul
of ProGreen BaculoDNA or 2 ug of recombinant DH10Bac BacmidDNA were
dissolved in another 100 ul of insect cell medium. These two preparations were

combined, mixed well for 15 seconds, and then incubated at room temperature
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2.3. Sf-9 cell culture and recombinant protein expression

for 30 minutes. At the end of the 30 minutes, the microreaction vessel was
refilled with 800 ul of insect cell medium and the medium was aspirated from
the cell culture flask. The transfection mix was added dropwise to the cells,
which were then incubated for 4 h at 27°C. The bottle was then refilled with an
additional 4 ml of medium and placed in the incubator for five days. Virus was

harvested by centrifuging the supernatant at 3200 rcf for 5 min.

2.3.4. Virus amplification

In a 175 cm? cell culture flask, 5 ml of transfection supernatant (or 1 ml of
amplification supernatant) was added to 24*10% Sf-9 cells. After five days of
incubation at 27°C, the virus-containing supernatant was centrifuged at 3200 rcf

for 5 minutes and then stored at 4°C.

2.3.5. Recombinant expression

In a 1000 ml Erlenmeyer flask, 400 ml were prepared with 1.5*10° Sf-9 cells
per ml medium. These were then mixed with 1 ml of virus supernatant and
incubated at 27°C for three days in a shaking incubator. The expression mixture
was centrifuged at 3000 rcf for 20 minutes, the cell pellet discarded and the

supernatant collected.
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2. Methods

2.4. Protein biochemistry

2.4.1. Metal chelate affinity chromatography

Protein purification was performed by metal chelate affinity chromatography
using a coexpressed polyhistidine tag. The nickel column matrix used was
1 ml HisTrapTM excel (GE Healthcare) and the chromatography system was an
AKTApure. Elution was performed with 300 mM imidazole in PBS (pH 7.4) -
subsequently referred to only as elution buffer (Ni-NTA). Initially, the column
was equilibrated with 5 column volume (CV) ddH;0 as well as with 5 CV of
sample buffer (PBS, pH 7.4) before loading at a constant rate of 1 ml of sample
per minute. This was followed by a gradient wash step with a total of 10 CV,
starting from 3% elution buffer (Ni-NTA) and working up to 15%. A constant
15% elution buffer (Ni-NTA) was used to wash 40 CV. The actual elution was
performed in two steps: 7 CV with 70% elution buffer (Ni-NTA) followed by
100% elution buffer (Ni-NTA) with 4 CV. The eluate was collected in fractions of

2 ml.

2.4.2. Buffer exchange

Buffer exchange was performed using 4 ml Amicon®Ultra filter with a cut-off
of 10 kDa. Samples were centrifuged at 3220 rcf to one remaining milliliter,

flow-through discarded, and 3 ml of PBS replenished. This step was repeated
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2.4. Protein biochemistry

three times.

2.4.3. SDS polyacrylamide gel electrophoresis

For the analysis of protein expressions, the proteins were denatured and subse-
quently separated according to their size using freshly casted 10% Tris-Tricine
SDS PAGE. The gels used were cast according to the scheme in Table 2.2, wrapped
with moist cloths and stored at 4°C in the refrigerator. (Reducing) 5x PAGE
running buffer was added to the samples at the beginning and samples boiled
for 10 minutes at 90°C until denaturation and/or breaking of hydrogen bonds. If
working under reducing conditions, the 5x PAGE running buffer contained DTT
at a ratio of 16:1. For electrophoresis, the gels were placed in the electrophoresis
chamber and the cathode was filled with Tris-tricine cathode buffer (5x) and the
anode with Tris-tricine anode buffer (5x). The samples and 4 pl of Prestained
Protein Ladder (Thermo Scientific, Schwerte, Germany) were slowly pipetted
into the gel pockets before the samples were then separated at 120 V for 70 min.
The gel was then briefly washed with ddH,O and placed in Coomassie Brilliant
Blue G-250 (AppliChem, Darmstadt, Germany) staining solution for 24 h. If the
background staining was too intense, the gel was destained with Coomassie

destainer until an ideal contrast was achieved.
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2. Methods

Table 2.2.: Composition of 10% Tris-Tricine separating and stacking gels for five SDS gels.

| Separating gel Stacking gel
Acrylamide (30%) 10 ml 2 ml
Tris-Tricine gel buffer (3x) | 10 ml 5 ml
ddH,0O 6.2 ml 7.9 ml
Glycerol (85% v /v) 3.65 ml ---
TEMED 15 ul 10 ul
APS stock solution (10%) | 150 ul 100 ul

2.4.4. Western blot

As blotting system, semi-dry blotters from SCIE-PLAS (Cambridge, UK) were
used. At the beginning, six Whatman filter papers were placed in transfer
buffer together with a cellulose nitrate membrane (nitrocellulose - NC) and the
polyacrylamide gel to be blotted. Per gel, three filter papers, the NC membrane,
the gel and again three filter papers were placed on the positive pole - in this
order - and the chamber was sealed with the negative pole. Each of these packets
required 100 mA of constant current and 90 minutes of blotting time. The
membranes were then blocked for 60 minutes, followed by incubation with the
first agent at 4°C overnight. After washing with PBS three times (5 minutes each),
the 2nd agent was added for 60 minutes (room temperature (RT)). Washing was
repeated three times for 5 minutes and in the meantime the detection solution
was prepared. For this, 10 ml of AP detection buffer were mixed with premixed
100 ul BCIP (5-bromo-4-chloro-3-indolyl phosphate (AppliChem, Darmstadyt,

Germany)) and 100 pl NBT (nitrotetrazolium blue chloride). This solution was
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2.5. Immunology

added to the membrane and incubated until visible bands formed.
Four percent non-fat milk powder (AppliChem, Darmstadt, Germany) in PBS
(M-PBS) was used as blocking agent. The antibodies were dissolved in 2% M-PBS

(Table 2.3).

Table 2.3.: Workflow and corresponding reagents used for western blots.

| a-v5 | a-Rho1D4
Blocking | 4% M-PBS 4% M-PBS
1t agent | a-v5 Ab (0.2 ul/ml) a-Rho1D4 Ab (0.2 ul/ml)
27 agent | a-mouse IgG-AP (0.4 ug/mL) | a-mouse IgG-AP (0.4 ug/mL)
Detection | NBT/BCIP (1/1, 1:50) NBT/BCIP (1/1, 1:50)
| «-FLAG | Strep-tag
Blocking | 4% M-PBS 1% PVP-PBS
1t agent | a-FLAG Ab (0.2 ul/ml) ExtrAvidin-AP (1:20000)
27 agent | a-mouse IgG-AP (0.4 ug/mL)
Detection | NBT/BCIP (1/1, 1:50) NBT/BCIP (1/1, 1:50)

2.5. Immunology

2.5.1. ELISA

ELISA were performed on 96- or 384-well plates. Volumes in brackets are
referring to 96-well plates. 20 (50) ul of protein was coated at a concentration
of 40 pug/ml over night at 4°C. Wells were washed three times with 100 (300) ul
D-PBS per washing step. Blocking was performed with 50 (300) y1 4% M-PBS for

60 min at RT. Cell culture supernatants were added and incubated over night at
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2. Methods

4°C. Anti-FLAG antibody (1:5000) was applied and incubated at RT for 60 min.
Following a washing step, secondary antibody (anti-mouse IgG AP, 1:20000) was
added and after 60 min, the wells were washed. 5 mg/ml PNPP was dissolved in
AP detection buffer (20 (50) ul per well) and absorbance was measured at 405 nm.
As positive control, FLAG-tag carrying proteins were coated at a concentration
of 40 ug/ml. No cell culture supernatant was applied. Other than that, the

controls were handled analogously.

2.5.2. Flow cytometry

Cells were thawed, transferred to 50 ml RPMI complete medium and centrifuged
at RT for 5 min and 500 rcf. The supernatant was discarded and the pellet
resuspended in RPMI complete medium. The cells were transferred to a 25 cm?
flask and incubated for 60 min at 37°C. After centrifugation at RT for 5 min
and 500 rcf, the cells were transferred to FACS buffer (1% FCS in D-PBS) and
sowed in a 96-well polystyrene conical bottom plate (Thermo Scientific). The
plates were centrifuged for 5 min at 6°C and 500 rcf. Supernatant was discarded,
Fc block (1:20) applied to each sample and incubated for 20 min at 4°C. After
centrifugation (5 min, 6°C, 500 rcf) and discarding of the supernatant, 5000 ng
Ves v 5 were applied to each well and incubated for 30 min at 4°C. Afterwards,
cells were washed twice with FACS buffer, centrifuged and antibodies (Table 2.4)

added (30 min, 4°C). Finally, all wells were washed twice and cells resuspended
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2.5. Immunology

in 50 ul of FACS buffer.

Table 2.4.: Reagents and their dilution in flow cytometry.

Dilution Fluorochrome

x-CD3 1:50 FITC
x-CD14 1:50 FITC
x-CD19 1:200 BV650
x-CD56 1:50 FITC
«x-FLAG Ab 1:150 PE
x-Rho1D4 Ab 1:200 PE

x-v5 Ab 1:200 PE
Zombie NIR™  1:1000 Near infrared
Strep-Tactin® 1:200 PE

2.5.3. PBMC isolation

Heparinized blood was dissolved 1:1 with D-PBS without Ca/Mg. 25 ml of the
mix was stacked on 10 ml of lymphoprep density gradient medium (STEMCELL
Technologies, Vancouver, Canada) and centrifuged for 15 min at RT and 975 rcf
without brake. PBMCs were harvested, D-PBS without Ca/Mg and 5 mM
EDTA added and centrifuged for 10 min at RT and 515 rcf. The supernatant was
discarded and the pellet resuspended in D-PBS without Ca/Mg and 5 mM EDTA,
before being centrifuged for 10 min at RT and 300 rcf. Cells were resuspended,
counted and transfered to freezing medium. Vials with 10*10° cells were frozen

away with a rate of -1°C/min and stored at -80°C.
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2.6. Mass spectrometry

2.6.1. Sample preparation

Capillary-extracted venoms of Polistes dominula and Vespula spp. (V. vulgaris and
V. germanica) (Entomon, Florence, Italy) were purified and trypsin-digested using
both the SP3 on-bead and polyacrylamide in-gel methods. The SP3 method
was performed according to Hughes et al. [71]. Briefly, the venom extracts
were clarified by centrifugation and the cysteine disulfide bonds were reduced
and alkylated with dithiothreitol or iodoacetamide. SP3 beads (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) were added to the samples to capture
the proteins and washed three times with 70% ethanol solution. Proteolysis
was performed by incubating the beads with a trypsin/LysC mixture (Promega,
Madison, Wisconsin, USA) overnight at 37°C. After digestion, peptides were
captured on the beads by adding pure acetonitrile. The beads were washed three
times with acetonitrile and finally peptides were eluted from the beads with a
solution of 2% DMSOQO in water. Samples were acidified to pH 4 with formic acid
before liquid chromatography (LC) - mass spectrometry (MS) analysis. For the in-
gel digestion protocol, samples were first migrated into an SDS-polyacrylamide
gel. Migration traces were then cut into small pieces and washed 10 times in
100 mM ammonium bicarbonate buffer and acetonitrile baths. Samples were

then reduced and alkylated with dithiothreitol (50 mM) and iodoacetamide
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2.6. Mass spectrometry

(150 mM), respectively. Proteolysis was performed by incubating the gel pieces
in a trypsin/LysC mixture (Amount, Promega) overnight at 37°C. Digested
peptides were finally extracted by successive incubations in 25 mM ammonium
bicarbonate, 25 mM ammonium bicarbonate/acetonitrile (1/1, v/v), 5% formic
acid, and 5% formic acid/acetonitrile (1/1, v/v). Buffer. Samples were finally
vacuum dried and suspended in trifluoroacetic acid 0.05%, acetonitrile 1% (v/v)

in water (volume).

2.6.2. Mass spectrometric analysis

The LC-MS setup consisted of a Dionex U3000 RSLC liquid chromatography
system operated in column switching mode coupled to a Q-Exactive Plus or
a Q-Exactive HF mass spectrometer (Thermo Scientific). The samples (200 ng
peptide content) were loaded onto a trap column (75 ym x 20 mm, acclaim C18
pepmap 100, 3 ym, Thermo Scientific) through a loading phase (1% acetonitrile,
0.05% trifluoroacetic acid in water) at a flow rate of 5 ul/min. Samples were then
eluted onto an analytical column (75 ym x 150 mm, C18 for Acclaim pepmap
100, 2 ym, Thermo Scientific) with a linear gradient starting from 2% A to 35%
B in 66 min. Solvents A and B consisted of water with 0.1% formic acid and
acetonitrile with 0.1% formic acid, respectively. MS acquisition was performed
in data-dependent acquisition mode. The acquisition loop consisted of a survey

scan acquired at a resolution of 70,000 at 200 m/z (60,000 at 200 m/z for Q-
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Exactive HF), followed by selection and fragmentation of the 12 most intense
precursor ions. The resolution of the MS/MS scans was set to 17,500 at 200 m/z
(15,000 at 200 m/z for Q-Exactive HF) and the precursor ions that were already

fragmented were excluded for 30s.

2.6.3. Data processing and analysis - LC-MS/MS

MS data were processed by Peaks Studio v.10.0 and v10.5 (Bioinformatics So-
lutions Inc., Waterloo, Canada) with an NCBI database containing protein se-
quences known for P. dominula, V. germanica, and V. vulgaris (21,442 entries).
Vespula spp. samples were also processed using a protein sequence database con-
taining all entries from the Hymenoptera order in Uniprot (601,844 entries). Pro-
tease specificity was set to trypsin, and error tolerance of precursor and fragment
ion masses were set to 10 ppm and 0.015 Da, respectively. Carbamidomethylation
of cysteine was specified as a fixed modification and oxidation of methionine
and acetylation of the N-terminus of proteins as variable modifications. Identifi-
cations were filtered at a false discovery rate of 1% (peptides and proteins) using
a reverse sequence database. The resulting proteomic datasets were screened
for duplicate entries and reduced to one entry per protein. GenInfo identifiers
(gi) were added where possible. Scanning included protein BLAST analysis
to determine if duplicate entries were an artifact of using different databases

for peptide identification in MS or if they were indeed different proteins. Inter-

28



2.7. scRNAseq

ProScan version 5.39-77.026 was used to assign gene ontology (GO) terms to
each protein for biological process, molecular function, and cellular component.

Signal peptides were predicted using SignalP 5.0 with default parameters.

2.7. scRNAseq

2.7.1. Library preparation

All libraries for scRNAseq were prepared according to the manual (CG000330) of
the Chromium Next GEM Single Cell 5" Reagent Kits v2 (Dual Index) provided
by 10x Genomics B.V. (Leiden, The Netherlands). A cell recovery of 8000 was
targeted.

In short, the Chromium Next GEM Chip K is loaded with a master mix con-
taining cell surface protein-labeled cells, barcoded single cell VD] 5 gel beads
and partitioning oil. The gel bead is then dissolved and the cells within the
GEMs are lysed. Each gel bead primer comprise an Illumina TruSeq Read 1
sequence, a 16 nt 10x barcode, a 10 nt unique molecular identifier (UMI), and a
13 nt template switch oligo, in addition to the master mix consisting of reverse
transcription (RT) reagents and poly(dT) primers. Full-length cDNA with 10x
barcode is generated starting from poly-adenylated mRNA. Cell surface protein
feature barcodes with a Nextera-Read 2, a 15 nt feature barcode and the capture

sequence are produced simultaneously in the same compartment. The GEM-RT
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supernatant is separated and the GEMs are disssolved. Using silane magnetic
beads, the 10x barcode first-strand cDNA and the DNA from the cell surface
protein feature barcodes are purified. Both are then amplified. Based on their
size, the amplified DNA is separated to generate 5" gene expression, V(D)] and
cell surface protein libraries.

For the generation of the 5" gene expression library, the size of the amplicons is
optimized using enzymatic fragmentation and size selection.

The V(D)] segments are enriched by amplification of the BCR constant region cod-
ing transcripts. Fragments of different lengths that together cover the complete
V(D)] segments are generated by enzymatic fragmentation and size selection.
For the surface protein library, the procedure was analogous to the 5" gene
expression library.

End repair, A-tailing, adapter ligation and sample index PCR are used to add
P5, P7, i5 and i7 sample indexes and the Illumina R2 sequence to all libraries.
Therefore, all final libraries contain the P5 and P7 priming sites used in Illumina

sequencers.

2.7.2. Sequencing

Libraries were sequenced using a NovaSeq 6000 System with SP or S1 flow cells
(Ilumina Germany, Berlin Germany).

Sequencing was performed based on the manufacturer’s recommendations.
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Briefly summarized, each nanowell of the flow cell is coated with oligonu-
cleotides that provide an anchor point for adapter binding. Using bridge ampli-
fication PCRs, clusters of DNA fragments are generated. Primers and modified
nucleotides are then applied to the flow cell. After each round of synthesis, the
attached base is determined based on fluorescence and the step is repeated until

the complete fragment has been sequenced.

2.7.3. Data processing and analysis - scRNAseq

Raw sequencing data were demultiplexed and subsequently processed using
RNA StarSolo for mapping and gene quantification [72]. The reference genome
and splice junctions were based on GRCh38 (2020). For UMI deduplication, the
CellRanger2-4 algorithm was used. Cell barcodes with N bases were matched to
the whitelist (CellRanger3). Lower count UMIs that could be mapped to more
than one gene were excluded (CellRanger3). Next, empty Droplets were filtered
out using EmptyDrops approach via DropletUtils [73].

Data were analyzed using Seurat 4.0.5 [74]. The following inclusion/exclusion

criteria were used:
e nFeature RNA > 50
e nFeature RNA < 2000

¢ Percentage of mitochondrial RNA < 8
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* Percentage of mitochondrial RNA > 0.25

* Percentage of ribosomal protein > 0.25

The datasets were combined into a list, data normalized, and the 2000 genes
with the highest variance were selected. Based on this, integration anchors were
determined and the datasets were integrated into each other. Then the data
was scaled and a principal component analysis was run. Relevant principal
components were determined via JackStraw analysis to exclude redundant
background noise during dimensional reduction. Finally, cells were clustered

with a resolution of 0.5.
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3.1. Cell lines and plasmids

Cell lines
S£-9 (Spodoptera frugiperda) Thermo Fisher Scientific

XL-10 Gold Ultracompetent Cells (E. coli) Agilent Technologies

Plasmids

pAcGP67B BD Biosciences

3.2. Media and buffers

The media, buffers, and solutions used were all prepared with double distilled
H,O (ddH;0) unless purchased or explicitly stated differently. The prepared

media were autoclaved before use.
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Agarose gel electrophoresis

1 x TAE

6 x DNA Loading Dye

SERVA DNA Stain Clear G

Buffers

Elution buffer (Ni-NTA)

FACS buffer

D-PBS

Media

2YT medium

Insect-XPRESS®

LB medium

40 mM Tris

1 mM EDTA

pH 8,5 (Acetic acid)

60% (v/v) Glycerol (85%)

60 mM EDTA

0,09% (w/v) Bromophenol blue
0,09% (w/v) Xylene Cyanol FF

SERVA

300 mM Imidazole
1x PBS, pH 7,4
1% (w/v) FCS
1x PBS, pH 7,4

Thermo Fisher Scientific

CARL ROTH

Lonza

1,0% (w/v) Trypton
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0,5% (w/v) Yeast extract
0,8% (w/v) NaCl

TYE medium 1,0% (w/v) Tryptone
0,5% (w/v) Yeast extract

0,8% (w/v) NaCl

1,5% Agar
SDS-PAGE
APS stock solution 10% (w/v) Ammonium persulfate
Coomassie staining solution 0,1% (w/v) Coomassie-Brilliant-Blue R-250

45% (v/v) Methanol

10% (v/v) Acetic acid
Coomassie destaining solution 80% (v/v) ddH,O

20% (v/v) Acetic acid
SDS running buffer (5x) 0,125 M Tris

0,96 M Glycin

0,5% (w/v) SDS
Tris-Tricine anode buffer (5x) 0,2 M Tris

pH 8,9
Tris-Tricine gel buffer (3x) 3 M Tris

0,3% (w/v) SDS
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Tris-Tricine kathode buffer (5x)

Western blot

AP substrate

BCIP stock solution

Detection buffer AP

NBT stock solution (10x)

Transfer buffer

pH 8,45

0,5 M Tris

0,5 M Tricine
0,5% (w/v) SDS

pH 8,6

0,01% (v/v) NBT (10x) stock solution
0,01% (v/v) BCIP stock solution
ad detection buffer AP

0,5% (w/v) BCIP

ad DMF

100 mM Tris

10 mM MgCl,*H,O

100 mM NaCl

pH9,5

1% (w/v) NBT

0,1 M Tris-HCL, pH 9,5

25 mM Tris

19,2 mM Glycine

20% (v/v) 2-Propanol
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pH 8,3

3.3. Molecular-weight size markers and kits

5 Feature Barcode Kit

Chromium Next GEM Chip K Single Cell Kit
Chromium Next GEM Single Cell 5" Kit v2
Chromium Single Cell Human BCR Amplifica-
tion Kit

Dual Index Kit TN Set A

Dual Index Kit TT Set A

Gene]ET Gel Extraction Kit

Gene] ET Plasmid Miniprep Kit

GeneRuler DNA Ladder Mix

Library Construction Kit
PageRuler™Prestained Protein Ladder
MACS Kits (live/dead & bcells)

BioAnalyzer

10x Genomics
10x Genomics
10x Genomics

10x Genomics

10x Genomics
10x Genomics
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
10x Genomics
Thermo Fisher Scientific
keine Ahnung

keine Ahnung
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3.4. Antibodies and flow cytometry reagents

Anti-human CD3 FITC OKT3 BioLegend
Anti-human CD14 FITC  63D3 BioLegend
Anti-human CD19 BV650 §]J25C1 BioLegend

Anti-human CD56 FITC ~ HCD56 BioLegend

Anti-FLAG FG4R invitrogen
Anti-FLAG PE L5 BioLegend
Anti-mouse IgG AP polyclonal Sigma-Aldrich
Anti-Rho1D4 1D4 Cube Biotech
Anti-Rho1D4 PE 1D4 Cube Biotech
Anti-v5 Invitrogen
Anti-v5 PE TCM5 eBioscience
Human TruStain FcX™ BioLegend
Strep-Tactin® AP IBA-Lifesciences
Strep-Tactin® PE IBA-Lifesciences
Zombie NIR™ BIOZOL
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3.5. Chemicals

Acetic acid (CH3COOH)

Agar

Ammonium persulfate ((NH)25,03)
5-Bromo-4-chloro-3-indolyl phosphate (BCIP)
Bromophenol blue

Coomassie-Brilliant-Blue R250
Dimethylformamide (DMF - C3H;NO)

EDTA

Gentamicin sulfate 50 mg/ml

Glucose

Glycerol

Imidazole

Magnesium chloride hexahydrate (MgCl,*6 H,O)
Methanol (CH30OH)

Nitro blue tetrazolium chloride (NBT)
4-Nitrophenyl phosphate disodium salt hexahy-
drate (C¢HgNOgP*H,O)

Nonfat dried milk powder

2-Propanol (C3HgO)

Merck Millipore
PanReac AppliChem
PanReac AppliChem
PanReac AppliChem
Sigma-Aldrich
Bio-Rad

Fluka

PanReac AppliChem
CARL ROTH

CARL ROTH

Merck Millipore
PanReac AppliChem
PanReac AppliChem
Merck Millipore
VWR Chemicals

PanReac AppliChem

PanReac AppliChem

VWR Chemicals
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Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)
Sodium hydroxide (NaOH)
Tricine (CgH13NOs5 )

Tris - Base (NH,C(CH;OH)3)
Tris - HCl (NH>,C(CH,OH)s HCl)
Tryptone

Xylene Cyanol FF

Yeast extract

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
PanReac Millipore
PanReac AppliChem
PanReac AppliChem
PanReac AppliChem
Merck Millipore

PanReac AppliChem

3.6. Enzymes and enzyme buffer

Bcul (Spel) restriction enzyme

10 x FastDigest Buffer

Notl restriction enzyme

T4 DNA Ligase

10 x T4 DNA Ligase Buffer

Q5™ High-Fidelity DNA-Polymerase
5 x Q5™ Polymerase Reaction Buffer

Xbal restriction enzyme

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs

New England Biolabs

Thermo Fisher Scientific
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3.7. Equipment and columns

2100 Bioanalyzer Instrument
Amicon®Ultra Filter
AKTApure

BD Falcon™Round-Bottom Tubes
BioVanguard Green Line
Centrifuge 5810 R

Centrifuge 5424 R

Chromium Controller

Eclipse TS100

Gel iX Imager

HisTrapTMexcel (1 ml)
Infinite®200 PRO

Innova®42 Incubator Shaker
Innova®43 Incubator Shaker
Peltier-cooled incubator IPP260
PB303 DeltaRange

peqPOWER 300 Power Supply
peqSTAR 96X Thermocycler

PerfectBlue gel system™Mini S

Agilent

Merck

GE Healthcare

BD Biosciences

Telstar Life Science
eppendorf

eppendorf

10x Genomics

Nikon

Intas Science Imaging

GE Healthcare

Tecan

New Brunswick Scientific
New Brunswick Scientific
memmert

Mettler Toledo

VWR International

VWR International

VWR International
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ROCKER 2D basic IKA
ROLLER 6 basic IKA

SE250 Vertical Protein Elektrophoresis Unit Hoefer

Sigma®25 cm cell culture flask Merck
Sigma®75 cm cell culture flask Merck
Sigma®175 cm cell culture flask Merck
ThermoMixer®C eppendorf
V20-SDB semi-dry blotter SCIE-PLAS

3.8. Webserver and software

BioRender.com Figure design

BLAST Sequence alignment

Clustal W Sequence alignment

DropletUtils Filter empty droplets
InterProScan v5 Functional analysis

ProtParam Protein characteristics

R4.1.1 Data analysis

RNAStarSolo Mapping and gene quantification
SignalP 5.0 Signal sequence predicition

GraphPad Prism 7 Data analysis
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3.8. Webserver and software

R packages

cowplot_1.1.1  Nebulosa_1.2.0 scCATCH_3.0
dplyr_1.0.7 patchwork_1.1.1 SCORPIUS_1.0.8
ggplot2_3.3.5  pheatmap_1.0.12 Seurat_4.1.0
ggplotify_0.1.0 RColorBrewer_1.1-2 SeuratObject_4.0.4
gridExtra_2.3  Rcpp_1.0.8 SeuratWrappers_0.3.0
harmony_0.1.0 reshape2_1.4.4 writex] _1.4.0

Matrix_1.3-4 rliger_1.0.0
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4. Results

4.1. Venom proteomes - P. dominula & V. vulgaris

This part of the thesis aimed to describe the protein components of the venoms
of three allergy-relevant, closely related wasp species. The capillary-extracted
venoms of the species P. dominula (PDV), V. germanica and V. vulgaris (YJV) were
analyzed and compared by mass spectrometry [80]. Based on these venom
proteomes, potential new allergens were identified in further research, which
may be added to the palette of allergens used in component-resolved diagnostics

(CRD) [81].

4.1.1. Protein diversity

P. dominula and Vespula spp. venom (mixture of the venoms of the closely related
species V. vulgaris and V. germanica) were analyzed by mass spectrometry. The

analysis yielded 1140 proteins for Vespula spp. venom. However, after removing
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4.1. Venom proteomes - P. dominula & V. vulgaris

duplicate entries caused by similar proteins from different Hymenoptera species,
157 proteins remained. P. dominula venom was found to be less rich in protein
diversity, as 100 unique proteins were identified (Figure 4.1a). An overlap of 48

results in 109 and 52 unique venom proteins, respectively (Figure 4.1b). Further-

| “True venom components”
M Venom trace molecules

160

140 -
47

120 -

§ 100 -
%) 25
c 80
5
E 60 - 110

40 - 75

20 -

PDV
0 J
PDV YJV YJV
(a) (b)

Figure 4.1.: Identified proteins in P. dominula and Vespula spp. venom. (a) Total number of
proteins identified in the venoms. The proteins are divided into venom components
with leading sequence for the extracellular space, annotated allergens or a known
function in the venom (’true venom components’) and into venom trace molecules
lacking signal peptides. (b) Venn diagramm of all proteins found in YJV and PDV
and the overlap containing proteins identified in both venoms. PDV, Polistes dominula
venom; Y]V, yellow jacket venom.

more, the two data sets were subdivided into three different groups: allergens

already annotated, secreted proteins / proteins with a known venom function

(these two groups were classified as ‘true venom components’), and venom

trace molecules not exhibiting a signal sequence for secretion to the extracellular

space.

A brief comparison of the protein function at the molecular level and an eval-
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4. Results

uation of the biological processes involved was achieved by assigning Gene
Ontology (GO) terms to the identified proteins. Figures 4.2a and b show the
frequency of GO terms. As the variety of proteins present in the two venoms
differs, the relative abundance is of greater importance in this context. While
the venoms generally show similar composition, YJV comprises 20% of proteins
with catalytic activity, PDV on the other hand 7% (Figure 4.2a). This discrepancy,
as noticeable as it may be, is presumably caused by greater contamination of
housekeeping proteins in the YJV analyzed, as mostly metabolic active enzymes
are assigned to this GO term. One exception are the venom hyaluronidases,
which, are present in both venoms. Briefly summarized, the proteins found in
the two venoms only show minor differences concerning molecular functions or

biological processes (Figure 4.2a and b).

4.1.2. Annotated allergens

Apart from the high molecular weight protein vitellogenin (Ves v 6), the analysis
yielded all allergens of the here investigated venoms that had already been
annotated (Table B.1). These allergens were, except Pol d 4 - the PDV serine
protease - also part of the aforementioned overlap [82].

The phospholipase Al (PLA1) is a known allergen from venoms of various
Vespoidea species [83-85] and also present in PDV and YJV (Pol d 1 and Ves v 1)

[86]. It hydrolyzes the sn-1 position of phospholipids and, therefore, disrupts
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4.1. Venom proteomes - P. dominula & V. vulgaris

Molecular function Biological process
Count Count
0 10 20 30 0 5 10 15
] L I ]
calcium ion binding (G0:0005500) (NN ATP metabolic process (G0:0046034) ([
oxidorecuctase activity (60:0016407) | lipid metabolic process (G0:0006629) (NN
protein h dimerization activity (GO _ carboxylic acid metabolic process (GO:0019752) _
ATP binding (60:0005524) [N proteolysis (G0:0006503) [N
DNA binding (60:0003677) ([ carbohydrate metabolic process (G0:0005975) [N
catalytic activity (GO:0003824) _ oxidation-reduction process (GO:0055114) _
- - = - r T T T T 1
0 5 10 15 20 0 2 4 6 8 10
Percentage of identified proteins Percentage of identified proteins
Count Count
0 4 8 0 5 10
) L J
L
oxidorecuctase activity (GO:0016497) | idonic acid ion (GO: [:
catalytic activity (G0:0003824) | proton transmembrane transport (GO:1902600)
ostor activity (GO [ translational elongation(GO:0006414)
protein heterodimerization activity (GO:0046982) | proteolysis (GO:0006508)
DNA binding (G0:0003677) | lipid metabolic process (GO:0006629)
ATP binding (GO ) | oxidation-reduction process (GO:0055114) | ]
r T T T 1 T T T T 1
0 2 4 6 8 0 2 4 6 8 10
Percentage of identified proteins Percentage of identified proteins
(a) (b)

Figure 4.2.: Top six GO terms for (a) molecular function and (b) biological process of proteins
from Y]V (red) or PDV (yellow). On the x-axis above the plots the absolute counts
are given, on the lower axis the relative abundance in [%].

cells due to the high amount of phospholipids in pro- and eukaryotic cell
membranes.

Hyaluronidases are promoting the spread of venom at the puncture site by
cleaving hyaluronan [87], the most abundant glycosaminoglycan in the vertebrate
extracellular matrix. They have been annotated as allergens for at least eight
Hymenoptera species, including A. mellifera, P. paulista, and V. vulgaris [82]. The
sequence identity of the newly identified P. dominula hyaluronidase Pol d 2
and the venom hyaluronidases of the abovementioned species is approximately
53% (Api m 2, query coverage 90%), 91% (Poly p 2, query coverage 79%), 74%

(Ves v 2.0101, query coverage: 90%), and 57% (Ves v 2.0201, query coverage:
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92%).

Dipeptidyl peptidases IV (DPP IV) are aminopeptidases present in the venom,
separating dipeptides from the main chain at the N-terminus of a protein. This
allows the activation or inactivation of the substrate, protecting the host insect
from undirected and unintended toxic effects [88]. DPP 1V is, for instance, part
of honey bee venom (HBV - Api m 5) [89], where it catalyzes the reaction of
promelittin to melittin (Api m 4), a cytotoxic polypeptide [90]. Similarly, Ves v 3
activates the venom polypeptide mastoparan [91]. However, in PDV, there is no
known and susceptible propeptide present, that has the requirements to act as a
substrate. While it was characterized as a relevant allergen in PDV (Pol d 3) [92],
its venom function remains elusive.

Pol d 4, the trypsin-like serine protease from PDV, was described as a putative
allergen in 2003 [93, 94]. So far, there is no homologous protein described in YJV.
Its function in the venom is likely connected to coagulation and tissue damage,
as serine proteases present in snake venoms fulfill similar roles [95].

Antigens 5 are part of the CAP superfamily (cysteine-rich secretory proteins,
antigen 5, and pathogenetic 1 proteins). Most CAP superfamily proteins are
secreted and act as endocrine or paracrine modulators [96], the function of venom
antigen 5s is unclear. Various functions in venoms and / or saliva are part of
current scientific discussion, such as blocking ion channels, including ryanodine

receptors, Ca?* and K* channels [97-99] or influencing platelet aggregation
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4.1. Venom proteomes - P. dominula & V. vulgaris

and thus modulating the immune system [100]. Nevertheless, their role in

Hymenoptera venoms remains unclear.

4.1.3. Secreted proteins and proteins with known venom

function

Assuming that all proteins with venom function must be actively shuttled out
of the cell, the primary structures of all identified PDV / YJV proteins were
analyzed for the presence of signal sequences [79]. Table B.2 gives an overview
of the analyzed venom components with a signal sequence for extracellular
transport.

Among the proteins identified exclusively in PDV, surprisingly, is an icarapin-
like protein. The eponym is Api m 10 (icarapin), a major HBV allergen with
unknown molecular function and structure [101, 102]. Despite its originally
reported instability, it is used in CRD as a marker allergen for the diagnosis of
HBYV allergy [103, 104]. Recent work has raised doubts about the instability of
Api m 10 [105]. PDV icarapin-like protein has a sequence identity of 43% to the
canonical Api m 10 primary structure. To date, no studies have been published
that address the allergenicity of icarapin-like protein.

The venoms of different Hymenoptera, such as Apis spp. or B. terrestris, but also
snake and spider venoms contain phospholipases A2 (PLA2) [106, 107], which

act as neuro- and myotoxins. The lytic effect on cells is achieved by hydrolyzing
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phospholipids of the cell membrane in motor nerves [106]. Two different iso-
forms with 99% sequence identity have been identified in PDV. Moreover, one of
the isoforms is also present in YJV. The two PDV PLA2 differ only at one residue
and have around 45% sequence identity to Api m 1 (HBV PLA2) [108].

PDV also contains three variants of the protein lethal (2) essential for life-like
(PLELL) which differ in length (246, 201, 196 amino acids) and the presence
of leading sequences. The sequence identity of the 246 amino acid variant to
the other two is relatively low at 41% and 39%, respectively. PLELLs can be
assigned to the HSP20 family, which are small heat-shock proteins that function
as chaperones. Exactly what role is assumed by PLELL in Hymenoptera venom
is not clear.

The vascular endothelial growth factor C (VEGF C) protein is part of the PDGF
family (PF00341). Members of this family are present in HBV, PVF-1 [109], and
also in snake venom [110]. PVF-1 is part of current allergological research, as
about 40% of HBV-allergic patients show sensitization to PVF-1. However, no
basophil activation has been achieved with PVF-1, so its relevance as an allergen
remains unclear [111]. The function of VEGF C in PDV is not entirely clear.
The PDGF family includes several members with three corresponding receptors:
VEGEFR-1, -2, and -3. Depending on receptor binding, proteins in this family are
either hemangiogenic, lymphangiogenic, or both. VEGF Cs bind to VEGFR-2

and -3 and are therefore predominantly lymphangiogenic, but also play a role
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in blood epithelial cell mitogenesis [112-114]. This hemangiogenic function
also induces an increase in blood vessel permeability and may contribute to
the envenoming process [115]. VEGF Cs occur naturally as prepropeptides and
depending on the cleavage progress, the binding affinity for VEGFRs is altered,
i.e. increased [115].

The bulk of the proteins identified exclusively in YJV (Table B.2) are predicted
for P. dominula and, accordingly, are probably not specific to Vespula spp.. In
addition, the descriptions of most proteins listed here imply that they do not
serve a venom-specific function but are venom trace molecules [69].

Several small peptides were identified; namely dominulin A and B in PDV as
well as mastoparan, vespakinin, and vespulakinin in YJV. Although no signal
sequences were predicted, these peptides are treated as 'true venom components’
and are therefore listed in Table B.2. The line between actively transported
venom components and housekeeping contaminants is not always clear, because
not all underlying shuttling mechanisms are fully elucidated and precursor
proteins are sometimes unknown.

For example, the mastoparans discussed earlier are closely associated with DPP
IV (Ves v 3). Their precursors contain N-terminal sequences that are released
after cleavage of the signal peptide and are DPP IV substrates. Therefore, the
shuttling mechanisms are based on transit peptides present in precursor proteins.

This also explains how mastoparans can end up in the venom despite the absence
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of a signal peptide [91]. However, no mastoparan precursors were found in the
proteomic analysis performed here, probably due to the lack of genomic data on
Vespula spp.

Dominulins A and B from PDV are small peptides of 17 amino acids with twelve
identical residues. These peptides show antibacterial properties and are probably
closely related to mastoparans [116]. Drawing a link between dominulins and
P. dominula DPP IV (Pol d 3) seems obvious, but no link has been reported in
the literature to date. Moreover, no precursor of dominulin A or B is known or
predicted. In previous studies, the two variants were found both on the cuticle
and in the venom, with the latter occurring more irregularly [116]. While the
presence of mastoparan in the venom and its role as a true venom component
seems clear [117], dominulins remain elusive.

Vespulakinins/vespakinins are vasoactive glycopeptides containing the nine
amino acid long bradykinin [118]. This peptide has mainly three different phar-
macological effects after injection in the victim: release of histamine from mast
cells, lowering of blood pressure [118], and induction of pain [119]. The analyses
presented here revealed vespulakinin/vespakinin in YJV, whereas polisteskinin,
a rather similar peptide previously described in Polistes spp. venoms, was not
detected in PDV. However, the detection of such short peptides is unlikely in a
shotgun run.

A total of 47 (YJV) and 25 (PDV) proteins that are secreted or have a known
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function in venom were identified, with a cut set of 14 proteins. These include

the proteins listed in Table B.2 and the annotated allergens from Table B.1.

4.1.4. Venom trace molecules

All proteins not exhibiting properties needed for the classification as a true
venom component were labeled as ‘venom trace molecules’. These proteins are
derived from adjacent tissue to the venom in the venom gland and are either
naturally occurring contaminants or due to the venom extraction process. A

more detailed characterization and the complete list of proteins can be found in

Grosch et al. [80].

4.2. Monitoring transcriptional changes in patients

undergoing VIT

This project aimed to describe the transcriptional changes in patient PBMCs
during the first two weeks of VIT. Most Hymenoptera venom-allergic patients
achieve good protection against systemic reactions after the up-dosing phase [60,
61]. Therefore, there might be changes in the immune cells involved, which, if
identified, allow a prospective statement about the course of immunotherapy.
Markers of successful immunotherapy can be identified either at the protein or

transcriptome level, the latter providing broader insight into the cells to get a

53



4. Results

first overview of promising candidates [120-123].

4.2.1. Patient recruitment and sample preparation

All subjects included were V. vulgaris venom-allergic patients undergoing venom-
specific immunotherapy. Venom immunotherapy can generally be divided into
two different phases: the up-dosing phase and the maintenance phase. The
therapy protocol used for the treatment of the here included patients provides
for a stationary up-dosing over a period of three days. Two weeks after the end
of therapy, the first maintenance dose is given, which is then administered at
intervals of four to six weeks for the first three years. Patients gave blood before
and after up-dosing as well as 2 weeks after leaving the hospital (Figure 4.3).

PBMCs were isolated from the blood of the patients and stored frozen. After
thawing, cells from eight patients (Table B.3) were pooled per time point and
dead cells were removed before being submitted to the scRNAseq workflow.

The samples of individual patients were pooled, as influencing factors like
age, sex, underlying medical conditions, lifestyle, and epigenetic changes in
general, can be reduced. The heterogeneity of the patients, also with regard to
peculiarities of the respective allergy phenotype, would, in case of an analysis
of individual patient transcriptomes, lead to too many, not relevant, differences.
By pooling the samples, all changes can be attributed to the therapy, as this is

the only element all patients have in common. Included were three biological
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women and five men. The average age was 42 years (28-62 years).

Day 0 Day 4 Week 2 Maintenance shot

V L

I L B B ﬁ
Updosing Maintenance Sting challenge

Figure 4.3.: Treatment scheme for VIT and timeline for patient sampling. Blood was drawn
before the up-dosing phase began, on days 4 and 18, as indicated by a blood vial.

4.2.2. Data processing and cell counts

Table 4.1 gives the number of cells remaining after mapping, gene quantification,
and empty droplets filtering including the abbreviations used from here on.
The abbreviations include the day of sample collection and a letter to identify
unstimulated (c) samples (e.g. ‘d14c” = unstimulated sample 14 days after the
end of the up-dosing phase). Dead cells were excluded based on the content of

nFeature RNA, mitochondrial RNA, and ribosomal proteins.

Table 4.1.: Abbreviations used in the following and cell counts of RNAseq samples before
(top) and after (bottom) excluding cells with too high or too low nFeature RNA,
mitochondrial RNA and ribosomal proteins.

Abbreviation‘ doc d4c dl4c

Cell count 4816 8998 726
Living cells 4476 8307 673
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4.2.3. Clusters and cluster assignment

Figure 4.4a and b show the dimensionally reduced and clustered cells of compar-
ison d0c-d4c-d14c as well as extracted and re-clustered T cells. To roughly assign
clusters, the expression of unique cell markers was considered. Figure 4.4c
shows the expression of PTPRC (CD45) on the left to confirm that all clusters
comprise leukocytes and that no significant contamination was present. On the
right, MS4A1 (CD20), as a marker for B cells, ITGAX (CD11C), as a marker for
monocytes and macrophages, and CD3E, CD3G, CD3D, and CD247, to identify
T cells, are shown. Based on these genes, cluster 7 is B cells (including plas-
mablasts and circulating plasma cells), cluster 5 is monocytes and macrophages,
and clusters 0, 1, 2, 3, 4, and 6 are presumably various T cells. Cluster 8 is not
readily assignable. Therefore, two further markers, CD68 and LYZ, were used.
Figure 4.4d shows violin plots with the expression levels of CD68 and LYZ. As
can be seen, LYZ is only expressed in clusters 5 and 8, with a higher level of
expression in cluster 8. According to Zhu et al. [124], this combination of CD68
and LYZ allows differentiation between monocytes and dendritic cells (DC) and
defines cluster 8 as DCs.

The partially low numbers of cells expressing the aforementioned genes, espe-
cially CD3E, CD3G, and CD3D positive clusters, are due to the fact that not
every cell constantly transcribes all surface proteins [125]. To provide a more

in-depth analysis of peripheral T cells, clusters 5, 7, and 8 were excluded and
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Figure 4.4.: (a) Clusters in tSNE embedding (whole PBMCs). (b) T cells extracted from original
dataset and newly clustered in tSNE embedding. (c) Dot plots of cell markers unique
for leukocytes in general (PTPRC - CD45), B cells (MS4A1 - CD20), monocytes /
macrophages (ITGAX - CD11C) and T cells (CD3E, CD3G, CD3D and CD247). Cluster
numbering refers to the original clustering in 4.4a. (d) Violin plots of expression
level of CD68 and LYZ to discriminate monocytes / macrophages and dendritic cells.
Cluster numbering refers to the original clustering in 4.4a.

the remaining cells clustered again (Figure 4.4b). In the following, cluster IDs

derived from the T cell-only analysis are referred to as t0 to t6 to avoid confusion.

Some changes in the relative cluster sizes can be described (Table 4.2): Clusters 5,

7, and 8 remain stable during up-dosing, but are increased after 14 days. Partic-
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ularly striking is the percentage growth of cluster 5 (monocytes/macrophages)
from ~7% (dOc & d4c) to ~39% (d14c). Since the total cell counts for d14c are
comparatively low, the overall percentage values should be treated with caution.
Furthermore, it is not clear if there is an increase of monocytes/macrophages in
PBMCs after 18 days of VIT or whether other cell types decrease and thus the
relations are shifted. Nevertheless, this is a noteworthy observation.

Similar behavior is shown by the B cell cluster (cluster 7), which increases from
2.4% (dOc) to 3% (d4c) to 9.5% (d14c). Again, the limitations already mentioned
apply. However, an increase of peripheral B cells, plasmablasts, and plasma cells
can be expected after antigen exposure and is in line with published literature
[126].

To make statements about changes in the T cell clusters, it is necessary to charac-
terize the different clusters in more detail. This was done based on published
marker genes for T cell subpopulations [127, 128]. The populations expected in
peripheral blood are naive (Ty;), central memory (Tcy), effector memory (Tgy),
effector memory re-expressing CD45RA (Tgvra) and regulatory (Treg) T cells.
Tcem and Ty cells differ mainly in the expression of homing factors such as
CCR?7, which guides cells from circulation to lymphatic organs [129]. Tgymra cells
re-express CD45RA, which is thought to be a marker for Ty cells. However,
certain memory cells (especially - but not limited to - CD8" T cells) are CD45RA™"

[130]. Due to the bulky extracellular domain of CD45RA in comparison to
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CD45R0O, the homodimerization of CD45 is less efficient and, therefore, cells are
less efficiently activated. This is thought to be an immune checkpoint to regulate

autoimmunity [131]. Figure 4.5 shows a heatmap of clusters t0 to t6 with the pre-
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Figure 4.5.: Heatmap of clusters t0, t1, t2, t3, t4, t5, and t6 including differentially expressed
marker genes for different T cell subpopulations clustered based on rows (left) or
columns (right).

viously mentioned marker genes sorted by rows (left) or columns (right). Cluster
tl can be defined with high probability as Tgmra based on the expression of
KLRB1, GZMK, CCL4, CCL5, GZMH, GZMA, GNLY, NKG7, ITGB1, and CD74.
Consistent with this is the increased CD8A expression. Figure 4.6 shows density
plots of the expression of two natural killer cell (NK cell) markers, NCAM1
(CD56) and the transcription factor EOMES. Cluster t1 thus contains NK T and

NK cells in addition to CD8" memory T cells. For the sake of simplicity, this
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cluster will nevertheless be referred to as Tgyra cells in the following. The
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Figure 4.6.: Density plots of NCAM1 and EOMES expression in tSNE embedding.

TeMmRA cells are elevated after the up-dosing phase and remain elevated over the
two-week period.

Cluster t6 shows the typical transcriptional profile of regulatory T cells with
expression of FOXP3, CTLA4, and IL2RA. Tyeg cells decline over the course of
the first two weeks of VIT. The PASK and CCRY7 genes, which are particularly
highlighted in cluster t2, are considered markers for Tcy cells. This cluster
initially grows moderately (from 11 to 15%) before the relative size with respect
to total T cell numbers subsequently doubles to ~30%. IL7R, KLRB1, TNFSF13B
as well as GZMK, and CCL5 are indicative for Tgy cells and in combination
are upregulated especially in cluster t3. Before the start of therapy, this cluster
is at around 34% but shrinks to virtually 0% within the first four days. Two
weeks after the end of the up-dosing phase, cell counts seem to slowly recover.
Clusters t0, t4, and t5 are the most similar among the T cell clusters, and all
show transcriptional profiles indicative of naive T cells. Differentially regulated

are mainly TNFSF13B / IFIT3 (t5) and NME1 / KLF2 (t0) (Figure 4.5). Similar
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Figure 4.7.: (a) Heatmap of clusters t0, t4, and t5 including differentially expressed marker genes
for the identified Ty cell subpopulations clustered based on rows (left) or columns
(right). (b) Density plots of CD4, GATA3 and TBX21 to locate T2 and Ty, 1 cells.

to cluster t3, the relative size of cluster t4 decreases to zero (d4c) and seems to
slowly recover after two weeks. This cluster is presumably non-activated (i.e.
resting), naive T cells. The situation is different with cluster t0, which also shows

the typical transcriptional profile of naive T cells (CCR7, NPM1, SELL), but
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additionally has the genes NME1 and KLF2 upregulated. NMEL is a long-lasting
activation marker [127], while KLF2-positive T cells represent a transitional state
between the naive and memory compartments [132]. The third cluster of naive
T cells, t5, is notable for the upregulation of TNFSF13B and IFIT3, both of which
are activation markers. In contrast to NME1, which can be up-regulated for
several days after activation, IFIT3 transcripts are depleted after approximately
two days [127]. Thus, cluster t5 are more acute activated naive T cells. Cluster t5
is increased in size on day four compared to day zero and is, two weeks after
the up-dosing phase, slowly progressing back to the initial level.

To further describe the function of each naive T cell cluster, the expression of
interferon-response (IFN-response) and proliferation-associated genes in clusters
t0, t4, and t5 was examined in more detail (Figure 4.7a). IFN-response genes
(IFIT3, IFIT2, STAT1, MX1, IRF7, ISG15, IFITM1, IFITM2, IFITM3, OAS2, JAK2,
SOCS1, TRIM21) are upregulated in naive T cells that were activated in a TCR-
dependent manner [127]. These cells form a transitional state between resting
Tn cells and proliferating T cells. The CENPV, NME1, FABP6, and ORC6 genes
can be used as marker genes for proliferating T cells. The IFN-response cassette
seems to be active mainly in cluster t5. Genes associated with proliferation are
upregulated mainly in cluster t0.

To localize Ty, 1 as well as T},2 cells, density plots were generated using CD4,

GATAS3, and TBX21. As shown in Figure 4.7b, both populations are primarily
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located in cluster t0. To further define cluster t0, cytokine expression of CD4*
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Figure 4.8.: Marker cytokine expression for Ty1 (IFNv), T,,2 (IL5, IL13) and Treg (IL10, TGFp)
cells in density plots.

T cells was examined in more detail. As can be seen in Figure 4.8, the cytokines of
Th1 (IEN<) and T2 response (IL5) are increased in the region of cluster t0. IL13
is primarily produced by Tcys cells, whereas the regulatory cytokines IL10 and
TGEB are produced at multiple sites. This is related to the diffuse representation
of the Treg cluster in tSNE-embedding and is an artifact of the two-dimensional
representation of the high-dimensional data set. Thus, the density plots locate
CD4" Ty1 and T2 effector T cells primarily in cluster t0. Summarized, this
puts the T cell clusters t0, t4, and t5 in the following relationship: t4 are resting
Tn cells. Interferon-response Ty cells are clustered in t5. Cluster t0, where KLF2
regulates cytokine expression, markers for proliferation can be found and Ty1 as
well as T2 cells are present, is presumably a cluster of activated T cells (T axt)

[132, 133]. However, the assignment here is to be understood generously. In
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this context, “activated” includes different cell states between resting Ty and T

effector cells on the verge of becoming memory T cells.

Table 4.2.: Cluster IDs with assigned celltypes and the cluster sizes of day 0, day 4, and week
2. Top: Cluster IDs refer to the initial clustering in Figure 4.4a. Cluster size is in
relation to all cells analysed. Bottom: Cluster IDs refer to the in depth analysis
of T cells in Figure 4.4b. Cluster size is in relation to T cells analysed. M/M,
monocytes/macrophages; DC, dendritic cells; Tn-Mem, Naive - memory T cells; TnpN,
naive - interferon response T cells.

Percentage [%]

Trend

ID | Population | Day 0 Day 4 Week2 | Day4 Week 2
5 M/M 7 6 39 — s
7 B cells 2 3 10 — Ve
8 DC 1 1 5 — N

t0 | Tay cells 2 46 29 ya Ny
t1 | Temra cells 13 24 26 e —
t2 | Towm cells 11 15 30 ya N
t3 | Tgwm cells 34 0 4 Ny ya
t4 | Ty cells 34 0 3 Ny N
t5 | Tnaen cells 1 13 6 N N
t6 | Treg cells 6 2 3 N —
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4.2.4. Memory T cells - trajectories and DEGs

The clusters of CD45RA re-expressing T cells (t1) and of central memory T cells
(t2) were looked at in more detail over the time course of the initial phase of
VIT. As already established in Figure 4.6, the Tgmgra cluster also includes, but
to a lesser extent, NK and NKT cells. Nevertheless, transcriptional differences
from time point zero to time point one can be observed in the trajectory analysis.
Two weeks after the end of the up-dosing phase, the cells of cluster t1 seem to
approach their initial state again (Figure 4.9a). An analogous picture is provided
by Figure 4.9b, where the trajectory of the Tcy cells is shown. Again, transcrip-
tional differences are most pronounced immediately after the up-dosing phase,

whereas pre- and post-up-dosing appear to be similar. To further characterize

Group
L
L

& 2 didc

Component 2
Component 2

Component 1 Component 1

(a) (b)

Figure 4.9.: PCA of progression of development of Tgyra (a) and Teym (b) cell clusters. The
trajectory is indicated as solid black line. d0c, red; d4c, blue; d14c, green.

the evolution of the transcriptome shown in 4.9 and identify genes relevant in
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the context of therapy, the differentially expressed genes (DEG) of each time
point were calculated. Figure 4.10a shows a heatmap with the DEGs of the
Temra cells. Among others, genes such as MX2 and STAT2 are differentially
expressed, even after two weeks of antigen abstinence. A similar pattern can
be observed for the Tcy cells. Again, interesting transcriptional differences are
found, for example, MX1, IL6ST, or RELA (Figure 4.10). Intriguingly, there is
also parallelism between the clusters, for example in the form of CD6 expression.
However, whereas Tgyvra cells upregulate CD6 expression over time, expression
in Tcy cells rises to a maximum after the up-dosing phase and subsequently

decreases again.

4.2.5. Interferon-response T cells - trajectories and DEGs

Tnaen cells, ie. naive T cells either primed by interferons or early-activated
T cells, presumably assume a kind of high-alert status and are thought to be a
developmental intermediate step between resting naive and effector T cells [127].
The trajectory in Figure 4.11a indicates the evolution of the transcriptome of this
intermediate state at the three time points. The already known pattern can be
confirmed here: the differences are largest after the four days of antigen exposure
before they seem to stabilize again. Figure 4.11b shows the corresponding DEGs.
Certainly of interest are candidates such as SIGMAR1 or RNASET?2, which are

similarly regulated in the non-acute antigen exposure stages day zero and day
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LR T

Figure 4.10.: Heatmap of top DEGs of Tgmra (a) and Tep (b) cell clusters.

14 after the up-dosing phase. However, the highly expressed genes of day four,
for example IFIT2 or OASL, could also provide information about the course of
therapy.

In addition, to further characterize the interferon-response cluster, the DEGs of
the Tn.pn cells at day four were assessed in comparison with all other T cells

(Figure A.1 shows a selection of the top DEGs). Based on all DEGs thus identified,
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Figure 4.11.: (a) PCA of progression of development of Tn.pn cell cluster. The trajectory is
indicated as solid black line. dOc, red; d4c, blue; d14c, green. (b) Heatmap of the
top 20 DEGs of Tn.ipn cells for the time points pre and post up-dosing.

GSEA and network analyses were performed (Figure 4.12) to highlight relevant
differences in pathways. The most affected pathways are shown as nodes in the
upper right of Figure 4.12. Of particular interest in this context are those genes,
such as MX1 or OAS3, that are involved in all identified relevant pathways.

These genes, so-called hub genes, which represent highly interconnected genes,
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Figure 4.12.: Network analysis of gene set enriched pathways of day four of Tn.ipy cells.

are particularly suitable candidates for further research due to their privileged
key role. The genes are ordered clockwise in Figure 4.12 according to their

connectivity and thus their relevance in the context of hub gene identification.

4.2.6. Activated T cells - trajectories and DEGs

Clusters t0 (Tak), t3 (Tem), and t4 (Tn) were analyzed together as these clusters
are developmentally connected. Ty are virtually absent at day zero but develop
during the up-dosing phase. On the one hand, it can be assumed that there is
de novo activation of Ty cells, which are present at day zero but gone at day
four, on the other hand, re-activation of Tgy cells by re-exposure to antigen
and a resulting shift towards Ty, cells can be expected. Accordingly, the cells

of the Tuy cluster at the time points after the up-dosing phase are recruited
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from clusters t3 and t4. Thus, the time points dOc of Tay;, Tem and Ty cells
were chosen as a baseline and compared with the time points d4c and d14c of

the Ty cells. Figure 4.13a shows the evolution of the clusters just mentioned.
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Figure 4.13.: (a) PCA of progression of development of Ty, Tgym, and Tay; cell clusters. The
trajectory is indicated as solid black line. dOc, red, blue and green; d4c, purple;
d14c, yellow. (b) Heatmap of the top 20 DEGs of T sy as based on Ty and Tgp cells.

The three clusters of the baseline show fewer differences among each other

than the two post up-dosing clusters of the Ty to the reference before the

70



4.2. Monitoring transcriptional changes in patients undergoing VIT

up-dosing phase. Two weeks without antigen exposure leads to a realignment of
the transcriptional profiles to the baseline. The DEG of the post up-dosing time
points of Ty cells were also related to the artificial baseline (Figure 4.13b). A
variety of DEG, including IRF1, CD69, REL, RELA, SOCS3, and NFKBIZ, were

identified as time-dependent markers.

4.2.7. Regulatory T cells - trajectories, pathway analyses and

DEGs

As the last T cell cluster, Treg cells were examined in more detail. Figure 4.14a
shows the effect of therapy on Treg cells. Again, the main transcriptomic shift
happens between baseline and day four. After two weeks post up-dosing, most
of the effects on the transcriptional level of Tiegs have disappeared. However,
due to the low Treg cell numbers for dl4c, these results should be handled
with caution. For the same reason, no top DEGs were determined for the time
point two weeks post up-dosing. Nevertheless, the time point was included for
completeness in Figure 4.14b. Again, interesting time-dependent changes in the
transcriptome can be described. For example, the increased expression of CD25
(IL2RA), MX1, or IRF1 at day four. Figure 4.15 gives barplot diagrams of the gene
set enrichment analysis (GSEA) for the more relevant cytokine candidates in the
context of venom allergy immunotherapy. It is striking that the bulk of cytokine

signaling pathways were less expressed in Treg cells two weeks after the end of
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Figure 4.14.: (a) PCA of progression of development of Treg cell cluster. The trajectory is indicated
as solid black line. dOc, red; d4c, blue; d14c, green. (b) Heatmap of the top 20 DEGs
of Treg cells for the time points pre and post up-dosing.

the up-dosing phase, while there seems to be none or close to no difference from
baseline to day four. The IL33 signaling pathway has to be addressed separately,
as the expression is on its low on day zero, remarkably increased on day four,
and on its way back to baseline at time point d14c. In general, it can be noted
that the pathway analyses indicate that Treg cells exhibit less cytokine signaling
pathway expression two weeks after the end of the up-dosing phase than before

the start of VIT. However, the low cell numbers might influence the analysis.
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Figure 4.15.: Expression of selected signaling pathways for Treg cells on days 0, 4 and 14. Order
of time points is based on the level of expression.

4.2.8. Monocytes and macrophages - trajectories and DEGs

The initial cluster 5, monocytes and macrophages, shows distinct transcriptional
changes during the up-dosing phase of VIT. Figure 4.16 indicates this develop-
ment. There is a visible shift from day zero to day four. Day zero and day 14
after up-dosing, however, show an overlapping area. Thus, this area contains
cells that exhibit a comparable transcriptome before and after the up-dosing
phase. Nevertheless, not all cells return to the initial level but form a distinct,

new population that differs from day four and day zero. To better understand
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Figure 4.16.: PCA of progression of development of monocytes and macrophages on day 0, day
4 and week 2. Temporal course of VIT was used as pseudotime. The trajectory is
indicated as solid black line. d0c, red; d4c, blue; d14c, green.

the transcriptional changes of M/M cells during the first two weeks of therapy,
the 20 most differentially regulated genes were analyzed for each time point
and summarized as a heatmap in Figure 4.17. In addition to a large number of
IncRNAs, inflammation-associated genes such as - but not limited to - IKBKG,
IL1B, CD300E, IFIT1, or IFI6 are also differentially expressed in a time-dependent

manner.

4.2.9. Dendritic cells - trajectories and pathway analyses

Dendritic cells were examined in more detail. Figure 4.18a shows the effect
of the first weeks of venom immunotherapy on DCs. There is a shift from
day zero to day four, but also from day zero and day four to day 14 post up-

dosing. The DCs did not return to the initial level over the 14 days without
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Figure 4.17.: Heatmap of the top 20 differentially expressed genes of monocytes and macrophages
for each time point.

antigen exposure but further developed transcriptionally during this period.

Figure 4.18b shows a selection of cytokine signaling pathways. Looking at

these pathways, it can be observed that day four has a consistently increased

expression. However, the scaling of the data should also be considered here
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Figure 4.18.: (a) PCA of progression of development of dendritic cell cluster. The trajectory is
indicated as solid black line. dOc, red; d4c, blue; d14c, green. (b) Column-clustered
heatmaps of pathway analysis of selected cytokines for DCs on days 0, 4 and 14.

and Figure 4.19 shows the absolute values of the GSEA for the more relevant
candidates in the context of venom allergy immunotherapy. On the one hand,
it is striking that the bulk of cytokine signaling pathways were more highly
expressed in DCs at day four (Figure 4.18b). On the other hand, most of these
differences are marginal variations from day zero and day 14. Only the IL-33
signaling pathway is remarkably upregulated at day four compared with day
zero and downregulated at day 14 compared with day four (Figure 4.19). Since
DCs show great differences in their transcriptional profile, which were still
visible two weeks after the start of therapy, trajectory analyses were used to
identify marker genes. These marker genes indicate the evolution of DCs from

day zero to day four to day 14 post up-dosing and can be considered as potential
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Figure 4.19.: Expression of selected signaling pathways for DCs on days 0, 4 and 14. Order of
time points is based on the level of expression.

therapy markers. Thus, these are genes that are up- or down-regulated in DCs

depending on the time point. Figure 4.20 shows a heatmap of differentially

expressed genes during DC progression. All genes listed are possible marker

genes for the course of therapy. There are generally four different scenarios:

1. A gene is up-regulated at steady-state (day zero), becomes down-regulated

with the start of therapy (day four), and remains at a low level (day 14).

2. A gene is up-regulated at steady-state (day zero), is regulated to interme-

diate expression with the start of therapy (day four), and subsequently
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Figure 4.20.: Heatmap of the transcriptional progression of dendritic cells under immunotherapy.
Only the most differentially expressed genes are shown. Temporal course of VIT
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4.2. Monitoring transcriptional changes in patients undergoing VIT

increase thereafter (day 14).

4. A gene is down-regulated in steady-state (day zero), becomes up-regulated

with the start of therapy (day four), and remains at a higher level (day 14).

All four different possibilities can be found in Figure 4.20. Some intriguing

candidates have been identified, such as 1411, CD180, or ILIRAP.

4.2.10. B cells - trajectories and pathway analyses

Care should be taken when analyzing the B cell data, as different populations,
such as Byeg, naive B cells, plasmablasts, and plasma cells, are analyzed together
due to the low cell numbers. Thus, a very heterogeneous cluster is present. Fig-
ure 4.21a shows the trajectory of the B cell cluster over the already known time
points. Delineated is day four, which comes up with a special transcriptional
profile. Day zero and day 14 seem to be very closely intertwined. The trajectory
(solid black line) is striking. The B cells appear to develop from a population
in the upper left (dOc) into the demarcated day four population and then differ-
entiate into a second population of day zero (lower left) at day 14. Presumably,
activation of B cells is observed here. Since naive and memory B cells (also to a
lower degree plasmablasts and plasma cells) are already present in the cluster
at day zero (whether specific or not does not matter), the day zero and day 14

clusters overlap at the bottom of day zero (likely memory B cells) (Figure 4.21a).
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Figure 4.21b shows the expression of selected cytokine signaling pathways. As
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Figure 4.21.: (a) PCA of progression of development of B cell cluster. The trajectory is indicated
as solid black line. d0c, red; d4c, blue; d14c, green. (b) Column-clustered heatmaps
of pathway analysis of selected cytokines for B cell cell cluster on days 0, 4 and 14.

indicated in Figure 4.21a, day four has a different profile than day zero and day
14. The expression of most pathways seems to be increased immediately after
the up-dosing phase compared to day zero and day 14 . To make a more reliable
statement beyond scaled data, individual signaling pathways were examined
for calculated pathway expression (Figure 4.22). The pathways selected here
generally show the picture already drawn: there is slightly increased cytokine
signaling pathway expression at day four. However, the IL33 signaling pathway
stands out again. There are remarkable differences in IL33 signaling, i.e. induc-
tion, in B cells two weeks after initiation of VIT. IL10 signaling is also increased

after 14 days compared to baseline and immediately after the up-dosing phase.
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Figure 4.22.: Expression of selected signaling pathways for B cells on days 0, 4 and 14. Order of

time points is based on the level of expression.

To identify possible biomarkers for the progression of VIT, the most differentially

expressed genes in the B cell cluster over the course of therapy are shown in the

heatmap in Figure 4.23. Due to the heterogeneity of the cluster, the expression

of individual genes also varies within time points. The same four possibilities as

described in chapter 4.2.9 are again applicable here. However, the classification

of individual marker genes into one of the categories is somewhat complicated

by said heterogeneity. Nevertheless, interesting markers, such as IDO1, were

identified.
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Figure 4.23.: Heatmap of the transcriptional progression of B cells under immunotherapy. Only
the most differentially expressed genes are shown. Temporal course of VIT was
used as pseudotime. dOc, red; d4c, blue; d14c, green.

4.3. Allergen-specific B cells

To be able to make more than just general statements about whole cell popula-
tions in the future, a further step was to label Ves v 5-specific B cells and read
out the transcriptome. This would allow to monitor transcriptional changes

of allergen-specific B cells. By V(D)J-enrichment, it would also be possible to
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4.3. Allergen-specific B cells

simultaneously produce allergen-specific antibodies. The generation of specific
antibodies would have a wide range of therapeutic and diagnostic applications,
which are not limited to the field of allergy research. This project is based
on the idea of peptide tagging antigens and thus detecting the binding of the
B cell receptor to the antigen [126]. Instead of directly labeling the antigen with
fluorochromes [134-137], a monoclonal antibody directed against a peptide tag
is DNA barcoded and the binding of the antigen to a B cell receptor is detected
in a high throughput scRNAseq setup. As a model allergen Ves v 5 was chosen
because it can be easily produced recombinantly in sufficient quantities and the

bulk of wasp venom-allergic patients (~85%) react to it [138].

4.3.1. Experimental design

Figure 4.24 gives a first overview of the experimental course of the project.
In a first step, blood was drawn from patients, and PBMCs were isolated.
Subsequently, B cells were enriched and DNA barcoded. This was accomplished
by incubating Ves v 5, which was recombinantly produced and carried a peptide
tag, with the cells. Afterward, a monoclonal antibody (mAb) specific for the
peptide tag was coupled with a DNA barcode and mAb-+barcode were incubated
with the Ves v 5-labeled B cells (Figure 4.25). Next, the cells were placed in an
scRNAseq pipeline, which was used to read the 5" transcriptome, V(D)] gene

sequences, and the additional introduced cell surface-bound DNA barcodes.
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Figure 4.24.: Experimental design and workflow of tag-based transcriptomic profiling and gener-
ation of allergen-specific scFvs.

After bioinformatic assembly of the V(D)J-C sequences, scFv constructs were
designed and cloned. As a final check whether the identified cells were indeed
Ves v 5-specific B cells, the recombinant scFvs were tested for their binding to

Ves v 5.

4.3.2. Patient recruitment

In this project, blood was drawn from a male patient with confirmed V. vulgaris
venom allergy and sensitization to Ves v 5 six days after receiving maintenance
shot. PBMCs were isolated from the blood sample. This time point was chosen to

boost peripheral, Ves v 5-specific B cells [126]. This is necessary because mature
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Vesv 5
Peptide-tag
_’ Fluorochromes
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” % Anti-peptide-tag antibody
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Figure 4.25.: 'Classical’ (top) and tag-based (bottom) approach to label B cells in an effort to iden-
tify antigen-specific B cells. The protein is either labelled with two fluorochromes
and B cells single cell sorted ('classical’) or recombinantly produced carrying a
peptide tag and detected via barcoded mAbs in scRNAseq.

B cells are relatively rare in peripheral blood (5-10%) and reside there primarily
during migration from lymphatic centers to the site of action. The timing of six
days after maintenance dose ensures that the patient has been exposed to the
allergen and thus increased differentiation, proliferation, and migration behavior

in B cells can be exploited.

4.3.3. Recombinant production of peptide tagged Ves v 5

Figure A.3 shows an alignment of the primary structures of the included Ves v 5
constructs. A total of four constructs were tested with different tags: RholD4,
v5, FLAG, and Strep-tagll. All constructs also carried a His-tag for purification.

The tags were separated from the actual protein by linker amino acids to create
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a flexible tag region and thus prevent steric influences of the tag on the folding
of the protein as well as on the binding of B cell receptors. The v5 tag is
derived from the P and V protein of simian virus 5 and is 14 amino acids
long [139]. It is used in some common methods, such as ELISA, Western blot,
immunofluorescence, and flow cytometry. The RholD4 tag - nine amino acids
long - originates from bovine rhodopsin and is used in e.g. Western blot, ELISA,
and immunofluorescence [140]. The DYKDDDK tag - or FLAG tag - shows a
dissociation constant of ~100 nM to the M1 mAb [141]. At eight amino acids,
the FLAG-tag is the shortest peptide tag cloned here [142]. The Strep-tag II is
based on the binding of streptavidin to biotin and is traditionally used for the
physiological purification of proteins. However, other fields of application, such
as ELISA, are also possible [143].

Since the v5-tagged Ves v 5 construct was already available, only the three
remaining ones were cloned. The gene strands were digested and ligated with
pAcGP67B vector before XL10Gold bacteria were transformed with the vector.
After the expansion of the transformed bacteria under antibiotic selection, the
plasmid was extracted and PCR was performed to confirm the presence of
the insert. As can be seen in Figure 4.26a, the generated vectors all carry
the respective insert, which leads to the prominent bands right below 1kbp.
For each construct, two clones were tested. Subsequently, the inserts in the

vectors were sequenced to exclude random mutations. Finally, adherent Sf9 cells
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4.3. Allergen-specific B cells

were co-transfected with vector and viral DNA to generate high-titer transgenic
baculovirus for inoculation of expression cultures.

Proteins were recombinantly expressed in Sf9 cells and purified by IMAC and
His-tag. Western blots were performed to test the binding of the antibody
clones and to confirm the presence of peptide-tag carrying Ves v 5 (Figure 4.26b).

The anti-FLAG Western blot results in a single clear band at approximately 35
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Figure 4.26.: Agarose gel and Western blot of the Ves v 5 constructs. (a) Agarose gel of PCR-
amplified Ves v 5 inserts in pAcGP67B vector. The marker indicates the size of the
fragments in basepairs. (b) Western blots of the recombinant Ves v 5 constructs
carrying FLAG, RholD4 or Strep-tag purified by IMAC and His-Tag.

kDa. The blots with anti-Rho1D4 antibody as well as with Extravidin-AP each
show a prominent band at 35 kDa, but additional bands are discernible here.
The ~35 kDa protein is Ves v 5. The additional, much weaker bands in the
Rho1D4 and Strep blots are either due to multimerization (however unlikely,
since the separation was performed under reducing conditions), signs of protein

degradation, or indicate a partially altered running behavior due to the changed
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primary structure. The possibility that the primary antibody used - as well as

the Extravidin-AP - binds non-specifically, cannot be fully excluded.

4.3.4. Identification of Ves v 5-specific B cells via flow cytometry

To establish the stimulation and staining protocol for the scRNAseq experiments
and to identify the most appropriate peptide tags, the setup and antibodies
used were tested using flow cytometry. B cells enriched from PBMCs were
incubated with the different constructs described in Figure A.3 and stained as
explained in chapter 2.5.2. Figure 4.27a-d shows the percentage of tag-positive

B cells in relation to live, pregated CD3", CD19" cells. The largest population
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Figure 4.27.: Identification of Ves v 5-specific B cells via flow cytometry. Percentage of CD3
negative and CD19 positive cells incubated with Ves v 5 (including negative control
without Ves v 5) and stained with (a) anti-v5, (b) anti-FLAG, (c) anti-Rho1D4
antibody and (d) Strep-Tactin®. NC, negative control.

(~4%) of possibly Ves v 5-specific B cells is achieved using the RholD4 tag. The

signal-to-noise ratio (SNR, ratio of population size of Ves v 5 incubated cells
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4.3. Allergen-specific B cells

to negative control) is found to be remarkable (Figure 4.27c). A similarly good
SNR is achieved with the FLAG tag, but here the total stained population is
much smaller (~0.3%, Figure 4.27b). Strikingly, the stainings based on v5 or
Strep-tagll have comparatively poor SNR and the populations are again lower
by a magnitude (Figure 4.27a and d). Based on these results, the tags with low
SNR in flow cytometry, i.e. FLAG as well as RholD4 tag, were selected for the

following scRNAseq experiments.

4.3.5. Analysis of V(D)J- and C-genes of barcoded B cells

Once the most promising Ves v 5 constructs were selected and the protocol for
using the tag-specific antibodies was established, the actual scRNAseq experi-
ment was performed. B cells were enriched from PBMCs, incubated with FLAG-
or RholD4-tagged Ves v 5, and then the tag-specific antibodies were added. A
5 gene expression library, a V(D)] enriched library, and a cell surface library
were produced, sequenced and the data processed (Chapter 2.7).

In total, analyzable data was generated for 3555 B cells in the FLAG and 4665
B cells in the Rho1D4 approach. In the FLAG approach, 1.8% of the total cells
were barcoded, corresponding to an absolute number of 64 B cells. The majority
of these cells carry a BCR of the IgM isotype (89%). IgD (3.1%), IgA (1.6%),
and IgG (6.3%) BCRs were detected but were present in smaller amounts. The

general isotype distribution was well confirmed in the Rho1D4 approach (IgM
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90%, IgD 3.1%, IgA 1.9%, and IgG 4.8%), but there are relevant deviations in
the absolute amount of barcoded B cells. In total, 872 B cells carried a DNA
barcode, which corresponds to about 18% of all cells. Thus, in the RholD4
approach, about ten times as many B cells were bound to DNA barcodes as
in the FLAG approach. It is not directly obvious how this discrepancy occurs.
Possibilities include underrepresentative binding of the anti-FLAG antibody
to the FLAG-Ves v 5 tagged B cells or nonspecific binding of the anti-Rho1D4
antibody. In the next step, the BCRs were analyzed for clonal relatedness. This

Table 4.3.: Amount of BCR isotypes in absolute numbers and percentage of barcoded and total
cells as detected by scRNAseq. DNA Barcodes were coupled to anti-FLAG- and

Rho1D4 antibodies.
FLAG* RholD4*

Count [%] [%] total cells | Count [%] [%] total cells
IeM 57 89 1.6 786 90.1 16.8
IegD 2 3.1 0.06 27 3.1 0.58
IgA 1 1.6 0.03 17 19 0.36
IeG 4 6.3 0.11 42 4.8 0.9
Total \ 64 1.8 \ 872 18.64

was made possible by comparing the amino acid sequences of the CDR3 of each
BCR, with the CDR3 of all other BCRs. The randomly generated and highly
variable CDR3 are most affected by SHM during affinity maturation of B cells.
Thus, if two B cells have very similar CDR3 (sequence similarity >70%), a clonal
relatedness is probable. Clonal relatedness would allow preselection of BCRs

to be tested for their binding to Ves v 5. Since the patient was exposed to the
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maintenance dose of wasp venom one week before sampling, extensive clonal
relatedness of B cells in the periphery should be related to VIT. Figure 4.28a

High

(a)

(b)
Figure 4.28.: Color coded similarity matrix of CDR3 amino acid sequences of (a) FLAG-based
heavy chains of all BCR isotypes and (b) RholD4-based heavy chains of IgG BCRs.
Each square represents the similarity of a CDR3 to the CDR3 of a different BCR (or
itself: blue diagonal). Three colors scale on the left (red - yellow - blue); 2 colors
scale with a cut-off of 70% (yellow - blue) at the right.
and b give color-coded similarity matrices of CDR3 amino acid sequences of
FLAG-based heavy chains of all BCR isotypes (Figure 4.28a) and RholD4-based
heavy chains of IgG BCRs (Figure 4.28b). Clonal relatedness of single or multiple

B cells would show up in the matrices as blue areas around the diagonal. While

in the FLAG-based approach single areas suggest clonal relatedness of isolated
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cells, such areas are not present in the RholD4 approach. Overall, it can be said
about both approaches that, if a clonal relationship is present at all, it can only

be confirmed in isolated cases and to a small extent.

4.3.6. Design and recombinant production of scFvs

The sequenced V(D)] regions of the barcoded B cells were used to design and
recombinantly produce scFvs. For this purpose, the 5° UTR and the constant
region were first removed. Subsequently, the gene segments were translated
in silico, the signal sequence was truncated, and the sequence was reverse
translated to nucleotides. The sequences thus obtained were combined into an
scFv (Figure A.4). The constructs contain a GP64 signal sequence followed by the
H-chain. The L-chain is connected to the H-chain via a flexible (GGGGS);-linker.
C-terminally, two peptide tags, a FLAG-tag for identification, and a His-tag
for purification, were fused. To prevent readthrough, two stop codons were
cloned in series. Bcul (Spel) and Notl restriction sites were inserted for digestion
and ligation with the target vector. Transgenic baculovirus was generated and
amplified. Cell culture supernatant of the virus amplifications was used to test
for expression of scFvs. For this purpose, Western blots were performed with
anti-FLAG antibody (Figure 4.29). In total, ten scFvs were successfully cloned
and expressed. All scFv constructs lead to a band at around 35 kDa. The Rho 322

construct shows another band between 55 and 70 kDa.
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Figure 4.29.: Western blot with anti-FLAG antibody of baculovirus infected, adherent Sf9 cells
expressing FLAG-carrying scFv-constructs.

4.3.7. Binding of scFvs in ELISA

After successful production of ten scFvs in Sf9 cells was confirmed by Western

blot (Figure 4.29), binding of scFvs to Ves v 5 was tested. This was done by
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Figure 4.30.: Binding of scFvs as tested in ELISA. OD measured at 405nm. PC, positive control

ELISA. Recombinant Ves v 5 with v5-tag was coated onto a plate and incubated

with cell culture supernatant. Figure 4.30 shows the OD measured in an ELISA
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at 405 nm. The data shown are exemplary for several ELISA. As a positive
control, FLAG-tag carrying Ves v 5 was applied and incubated with the same
primary and secondary antibodies as the scFv samples. As can be seen, no
relevant signal was measured for any of the scFvs. In summary, although B cells
were DNA barcoded in scRNAseq, evidence that they expressed Ves v 5-specific

BCRs on the surface was not obtained.
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In the course of this work, the hypotheses introduced at the beginning were
addressed by using biochemical, molecular biological, and bioinformatic meth-
ods. Venoms of the species P. dominula and Vespula spp. were analyzed for
their protein composition. The transcriptome of peripheral immune cells from
patients under YJV immunotherapy was described and an approach to identify
B cells of a certain specificity was developed and tested.

The CRD success story begins with the identification of particularly relevant al-
lergens. The growing knowledge of the composition of allergen sources through
proteomic analyses has greatly facilitated the identification of interesting allergen
candidates. Classical CRD requires the use of marker allergens to distinguish
allergies to venoms from closely related Hymenoptera species. CRD has already
been shown to provide a more reliable diagnosis of Hymenoptera venom-allergic
patients [103, 144]. However, detailed proteomic data of PDV and YJV have not

been available. Through mass spectrometric analysis, the proteomic composition
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of the crude venoms of said three species were analyzed.

Of a total of 157 proteins identified in YJV venom, 109 were specific for Vespula spp.
and 33 of these carried a signal peptide. Another 14 secreted proteins, including

most allergens described, have homologous counterparts in PDV. PDV showed

52 unique proteins, for a total of 100 identified. Of these, eleven carried signal

sequences for the extracellular space. Since most of the additional proteins

identified in YJV are household contaminants, it can be assumed that the higher

protein diversity is due to a lower degree of purity of the venom - e.g. due

to slight differences in the extraction process. The high cross-reactivity of the

already identified allergens from PDV and Y]V significantly complicates the

correct diagnosis of PDV and YJV. For example, antigens 5 show marked cross-
reactivity and therefore cannot be used as reliable markers in CRD [145]. The

same is true for PLA1 and DPP IV [86, 89, 92]. The identified hyaluronidases also

show high cross-reactivity (data not shown). Species-specific marker allergens

that allow a clear differentiation between PDV and Y]V allergy have not been

described yet. Some of the identified secreted proteins, such as PLA2 or icarapin-
like protein, are promising new allergen candidates, since their homologs are

known to be major allergens in other Hymenoptera venoms such as HBV [108].

PLA2, meanwhile, has already been described as an allergen by us [81]. Since

the allergens from PDV and YJV show pronounced cross-reactivity, their use in

classical CRD is limited. However, cross-reactive allergen pairs can be used to
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measure relative sIgE levels. By using Ves v 1 and Pol d 1, as well as Ves v 5 and
Pol d 5, 69% of PDV/YJV double-sensitized allergic patients could be success-
fully diagnosed [86]. Nevertheless, this method determines the correct venom for
VIT in a majority but not all patients [146]. Additional cross-reactive allergens
from PDV and Y]V would add value to routine diagnostics for discrimination
between true mono- and true double-sensitization. In summary, proteins could
be identified in PDV and YJV that could function as marker allergens in the
diagnosis of venom allergy. However, the three species studied seem to be so
closely related that such a clear distinction as between HBV and YJV allergy
using unique allergens is unlikely.

VIT, the only curative therapy for venom allergies, can confidently be described
as a ‘black box’. While many therapy mechanisms have been elucidated and
described in fragments, a prospective statement about the course and the chances
of success is not yet possible. This would require reliable biomarkers in the form
of proteins or genes that change during the course of VIT and whose changes
are primarily associated with the outcome of the therapy. Therefore, in a first
step to address this issue, blood was drawn from YJV allergic patients during the
up-dosing phase of their VIT to describe the change in the transcriptional profile
of PBMCs. These transcriptional differences allow the rough identification of
gene candidates that may be used as biomarkers. For this purpose, data were

acquired using scRNAseq and, subsequently, network, trajectory, and pathway
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analyses were performed and differentially expressed genes described.

The size changes of the individual clusters during the course of therapy are
not easily evaluated. Especially since noticeably less cells were available for
analysis of the d14c sample than at time points dOc and d4c. This difference may
lead to a larger error and thus to significant variations in the relative number of
cells in each cluster. However, there are three changes in the original clustering
worth mentioning, which concern clusters 5 (monocytes / macrophages), cluster
7 (B cells), and cluster 8 (DCs). All three clusters remain in a similar range
from day zero to day four, whereas they have grown in percentage 14 days
after the end of the up-dosing phase. It is not clear whether this increase is
due to a decrease in the relative proportions of naive and / or memory T cells
or is caused by expansion. Of course, it must also be taken into account that
clusters 5 and 7 are particularly heterogeneous. Thus, an expansion of individual
cell types within these clusters may well occur, which will transfer the effect
to the whole clusters. There is e.g. no literature available that could explain
the significant increase in monocytes / macrophages during the initial phase
of VIT. However, the percentage increase of B cells in PBMCs after antigen
exposure has been described and explained previously [126]. This is due to the
activation of mature (naive) B cells as well as long-lived memory B cells and
the subsequent differentiation into short-lived antibody-producing plasmablasts,

long-lived antibody-producing plasma cells, and new long-lived memory B cells
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migrating in peripheral blood [24-26]. DCs, which act as antigen-presenting
cells at the interface between antigen and T helper cells, are known to change
their phenotype as well as abundance in PBMCs under immunotherapy [147,
148]. It has previously been shown that CD123" DCs increased one year after
therapy begin, while other subtypes, such as CD1c*, CD141%, or CD16* DCs
remain the same in frequency. The increase in CD123* DCs is accompanied by
increased FceRI expression. FCeRI may be involved in tolerance induction by
triggering the production of IL10 in DCs, which impairs the abilities of DCs to
activate T helper cells [149].

In addition to the frequency changes of the individual cell types during the
first phase of VIT, some time-dependent transcriptional changes could be ob-
served within the clusters. For example, the increased expression of CD300E in
monocytes/macrophages. Myeloid cells express CD300E at their cell surface,
which is known to be involved in releasing proinflammatory cytokines, sending
survival signals, and initiating activation marker expression [150, 151]. However,
there is also evidence that CD300E-activated monocytes express fewer HLA class
IT molecules at the surface, thus impairing the activation of the T helper cell
response [152]. In the context of VIT, this would mean that DCs could be less
efficient in eliciting the T2 response required for allergy. Another identified
gene, IL1B, is up-regulated in monocytes after the up-dosing phase and is still

above the initial expression level after two weeks. IL1B is expressed at higher
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levels only after TLR stimulation of monocytes [153]. The corresponding pro-
tein, interleukin-18 (IL-1b) has a variety of functions and is involved in diverse
mechanisms. For example, IL-1b leads to the differentiation of monocytes into
conventional DCs or, in combination with IL23, to the enhancement of the T},17
response [154, 155]. However, IL-1b produced by APCs also has another func-
tion: it leads to induction of Ty1 cells [156, 157]. This induction may possibly
contribute to the shift of T2 to Ty1 cells and thus be involved in therapeutic
success.

The memory T cell clusters Tgpra and Ty behave comparably during the first
two weeks of VIT. Generally, two weeks after the end of the up-dosing phase,
there are more memory T cells than at baseline. However, while Tgyvra increases
abruptly from day zero to day four and remains relatively stable thereafter, the
cluster of central memory T cells increases slowly during the first four days
but then increases again. It can only be speculated why memory T cells are
formed at different rates. CD45RA™ re-expressing T cells show unresponsiveness
to reactivation and are considered pre-senescence cells, i.e., cells that possess
characteristics of an effector cell (cytokine secretion and cytotoxicity) but hardly
proliferate due to senescence [131, 158]. However, this state is reversible, given
the right stimulus, and proliferation is possible [159]. Since extended prolifer-
ation is unlikely due to the pre-senescence status, the cluster probably feeds

from another compartment. Differentiation from the Tgy cluster can be treated
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as likely since the period of four days is not sufficient for complete de novo
differentiation starting from Ty cells [160]. Since this shortcut is not possible for
Tcwm cells, which recruit from early effector T cells [161], it takes the full time for
Tn cells to differentiate to effector T cells and, subsequently, to Tcy cells. This
difference in recruiting might explain the dissimilar development.

One gene that is differentially expressed in a time-dependent manner in both
memory clusters is CD6. The CD6 protein is part of the early regulation of
T cell activation via the binding of CD166 and CD318 and the subsequent sig-
naling pathway [162, 163]. It has not been conclusively determined whether
CDé6 is involved only in negative or positive regulation or whether it can act
in both directions [164-168]. However, CD6 is involved in TCR-dependent ac-
tivation, thus, regardless of positive or negative regulation, it is upregulated
on V. vulgaris venom-specific T cells and, therefore, a valuable clue to develop
therapy-supporting intervention methods.

The identification of an interferon-response T cell cluster was surprising, as these
tend to be associated with an anti-viral response rather than immunological
changes during immunotherapy [169, 170]. However, in addition to its role as
an anti-viral population, there is also debate as to whether Tn.py cells are an
intermediate activation state, located between resting Ty and effector T cells
[127]. Both possibilities would be in line with the observation that in the steady

state before the onset of VIT, hardly any cells can be assigned to this cluster, but
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after four days of antigen exposure, a significant proportion can be detected.
Antigen abstinence for two weeks leads to a reduction in cell numbers, again
confirming its function as an intermediate activation state with or without anti-
viral activity. Antigen exposure leads first to activation of T cells and second to
release of interferons from cells of the innate as well as the adaptive immune
system, which are then present in the (lymph node) microenvironment and may
lead to transcriptional changes in Ty cells through interferon receptors. Again,
interesting differences in the time-dependent transcriptional profile could be
elaborated. For instance, PIM1, which is upregulated at day four compared to the
other two time points, is considered a downstream effector of yc cytokine family
signaling, which is elementally important as a co-stimulatory signal for T cell
activation by inducing anti-apoptotic and pro-metabolic signals [171-173]. This
leads to the conclusion that the interferon-response status of the cluster should
indeed be considered an intermediate-activation step, as these cells appear to be
more susceptible to yc family cytokines. However, due to the diversity of the
associated cytokines (e.g. IL2, IL4, IL9, and IL21), no conclusion can be drawn
about the direction of subsequent activation / differentiation.

Because this interferon-response status of T cells is poorly understood even
independent of allergy and immunotherapy, GSEA of DEGs of Tn.ipn cells were
performed in comparison with all other T cells. This allows identification of

enhanced activated pathways and thus closer characterization of this cell popu-
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lation. Tnpn cells have DEGs particularly in the interferon « and B signaling
pathway. The MX1, OAS3, OAS1, STAT1, MX2, and OASL genes stand out
for their particularly high connectivity and are identified as hub genes in this
context. The MX genes encoding the MX dynamin like GTPases are involved
in the defense against RNA and DNA viruses, such as influenza A viruses
[174]. Similarly, the OAS genes form oligoadenylate synthetase proteins that
are also involved in the antiviral response. For example, the OASI protein can
bind cytosolic double-stranded RNA, activate RNAse L and thus degrade viral
RNA [175, 176]. It is surprising that during VIT T cells take this antiviral status.
Provided that the therapy products used are not contaminated with viral compo-
nents, this effect has to be attributed to the venom. Certain conserved structures
in venoms, the so-called venom-associated molecular patterns (VAMP), can be
recognized by the (innate) immune system [177, 178]. Possibly, these VAMPs are
recognized by pathogen recognition receptors and an antiviral, T,1 program is
initiated in the T cells, contributing to the shift from T},2 to Ty1 during therapy.
This would explain, in part, the unusually high success rates of VIT in contrast
to other immunotherapies [66, 67].

The size changes of the Ty, Tpm and Tay; clusters are not easy to explain. In
principle, it is reasonable to think that cells from the Ty and Ty clusters are
(re)activated and transition to the Tyy cluster. However, it is surprising that

virtually all Ty and Ty cells disappear during the four days of the up-dosing

103



5. Discussion

phase. Generally, T cell activation is TCR dependent but only a small proportion
of Ty and Tgy cells are specific for V. vulgaris venom [179, 180]. Thus, one would
expect a reduction in cell numbers in Ty and Tgy clusters, but the magnitude
at which this is observed is unusual. However, the following things should be
noted: first, a shift of Ty cells is not only to be expected in the direction of
Takt, but also in the direction of Tn.pn cells. Second, due to the long period
of antigen exposure, a large proportion of naive T cells leave the periphery by
expression of homing factors and migrate to secondary lymphoid organs to be
presented with antigens [179, 180]. Third, effector memory T cells migrate to the
inflamed tissue or terminally differentiate to Tgyra cells [159]. Fourth, there is
the phenomenon of ‘bystander activation’, which occurs independently of the
TCR. Bystander activation in naive and memory cells was observed for CD8" as
well as CD4* T cells. Generally, there are two different pathways to activate a
T cell independent of its TCR. One is based on pathogen recoginition receptors,
such as toll-like receptors (TLR) [181], the other is cytokine-mediated [182]. The
already mentioned VAMPs, can be recognized by the immune system via, for
example, TLR2 or TLR4 [177, 178]. CD4", TLR2* T cells can adopt a Ty1-like
phenotype after TLR2 stimulation and produce IFN+y [183, 184]. Other studies
focused on the enhanced proliferation and cytokine expression of CD4* Ty,17
cells after TLR2 stimulation [185]. Cytokine-mediated TCR-independent activa-

tion of T cells occurs primarily through the cytokines IL1, IL2, IL12, IL18, IL23,
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IL27, and IL33 [182]. Depending on the status of the cytokine-binding T cell,
different effects can be expected. For example, naive T cells can be bystander
activated by the cytokines IL2, IL18, or IL27 [186, 187]. To carry out just one
example, stimulation of naive T cells with IL27 prevents differentiation into T},17
cells through activation of STAT1 [188-190]. Thus, the cellular shifts are not due
to a monocausal effect, but the interplay of different immunological mechanisms
that together form the phenotype observed here. However, no literature can be
found that would confirm these extensive changes during therapy. Furthermore,
these shifts of course do not mean that all originally naive or effector memory
T cells adopt an effector state, but only that they do not retain the transcriptome
of a resting Ty or Tgy cell.

Since Ty cells are the cluster that grows the most within the first phase of VIT,
some interesting DEGs are expected here. For example, REL, the gene encoding
c-Rel involved in the NF-«xB-signaling pathway, is upregulated two weeks after
the end of the up-dosing phase compared to days zero and four. c-Rel is an
important driver of the development and maintenance of nascent Treg cells [191,
192]. Similarly, the closely related RELA is instrumental in shaping the effector
function of Treg cells [193]. However, the NF-«B-signaling pathway is also in-
volved in the differentiation and function of T,1, T,2, T,9, and T17 cells, and
the conclusion that increased REL and RELA expression is only linked to Treg

induction would be presumptuous [194-196]. Another interesting observation is
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the upregulation of SOCS3, the suppressor of cytokine signaling-3, at day four
after the onset of VIT. As its name implies, SOCS3 is involved in the regulation
of cytokine signaling, particularly the yc cytokine family. Increased expression
of SOCS3 in T cells is associated with an enhanced T},2 and an attenuated T}, 1
response [197-199]. This is an indication that VIT does not abolish the Ty2
response within the four days of the up-dosing phase or that there is no de novo
differentiation toward the T2 compartment. Thus, the early-onset tolerance to
allergens after the up-dosing phase is probably not yet related to a suppressed
Th2 response, but is due to other, still unknown, factors [60, 61].

It is, however, known that the number of Tyeg cells increases during the course
of immunotherapy and many of the therapeutic effects can be attributed to this
increase and the associated amplified regulation of the Ty,2 immune response
[200-202]. However, the bulk of the studies refer to long-term effects of im-
munotherapy. The decrease in Treg cells after four days of antigen exposure
and two weeks after the end of the up-dosing phase is in line with the results
of Zissler et al. [200]. The authors of the study see an initial decrease of Treg
numbers with grass-pollen immunotherapy during the up-dosing phase and an
increase only after several weeks of continuous therapy (no exact time in relation
to the beginning of therapy is given). However, the comparatively low cell counts
in the d14c sample must also be taken into account, which could easily falsify the

result. An interesting finding on transcriptomic level is certainly the increased
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IL33-pathway expression from dOc to d4c. IL33 is produced by a variety of
cells and is commonly considered to be a Ty,2-inducing alarmin [7, 203]. After
binding to its receptor (ST2/IL1RAP), it leads to increased production of type 2
cytokines, which in turn fuel the inflammatory reaction and shape the allergic
immune response [204-206]. IL33 is an elementary building block during the
sensitization process. In mouse models, allergic sensitization can be prevented if
soluble ST2 is applied simultaneously [207]. Interestingly, in a phase 2a study, a
single dose of anti-IL33 antibody led to an increased tolerance to peanut food
challenge in peanut-allergic patients, indicating the crucial role IL33 plays not
only during sensitization but also after inducing an allergic reaction [208]. In the
context of T regulatory cells, IL33 and increased expression of ST2 are associated
with activation and increased migrating Treg cells. IL33 not only inhibited IL17
production in Treg cells but also negatively influenced differentiation in T17
direction [209]. In addition, IL33 also affects the stability and suppressive effi-
cacy of Treg cells [210]. Also of interest is the up-regulation of IL2RA after the
up-dosing phase. Treg cells can already take up and process small amounts of
IL2 from the environment due to the high expression of CD25 (IL2RA) at the
surface, which positively influences proliferation, differentiation, and function of
Treg cells [211, 212]. Since IL2 in larger amounts also has pro-proliferative effects
on effector T cells, for the regulation of an immune response, the expression of

IL2 is not increased, but that of its receptor CD25. This increases the sensitivity
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of the Treg population to IL2, thus ensuring the specific effect of IL2 on Tyeg cells
without affecting effector T cells. The upregulation of IL2RA after the up-dosing
phase is indicative of increased IL2 sensitivity in Treg cells, therefore, allowing a
more efficient regulatory response to antigen exposure.

However, the statements made in this project should be treated with some cau-
tion for methodological reasons. First, the low cell count in the sample two
weeks after the end of the up-dosing phase may influence the results. Second,
scRNAseq datasets can be analyzed in different ways, which may affect the
general conclusions. In the course of this work, the focus was on integrated data
sets. Here, multiple scRNAseq datasets are combined based on anchor points of
common cell states. This allows the identification of similarities between samples
even if they were obtained from different individuals, experimental conditions,
species, etc. However, this forced, joint analysis of data can result in some loss of
information. The alternative, separate processing of the data sets and clustering
specific for each time point, was performed for verification (data not shown),
but no relevant differences were identified. Third, the resolution for identifying
the clusters was intentionally set relatively low in order to be able to answer
the broad question clearly and within an appropriate framework. However, the
reality is much more complex and must be mapped more precisely, depending
on the question. Although a low cluster resolution leads to a better clarity, it

inevitably introduces a certain heterogeneity into the individual clusters. Thus,
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for future studies, it may be necessary to consider these clusters at a higher
resolution. Fourth, mRNA is subject to diverse mechanisms, such as stabilization
of mRNA or prevention of translation at the ribosome by binding of antisense
RNA, which affects the quantity and quality of proteins build. To confirm the
identified genes as relevant, experiments at the protein level are essential. As a
final remark, the hypothesis that there are transcriptional changes in the course
of therapy, which have the potential to be markers, can be affirmed. In the course
of this work, a multitude of different genes were identified, which could have
effects on the immune system and together lead to a tolerance to allergens.

Activation of allergen-specific B cells in vivo by antigen exposure during VIT
leads to transcriptional changes, which may turn out to be a promising target for
targeted interventions during immunotherapy due to the elementary key role
of antibody-producing B cells. In the course of this work, a staining procedure
was developed and tested using recombinant allergen-tag fusion proteins to
bind DNA barcodes to BCRs of certain specificity. Starting from isolated PBMCs,
B cells were enriched, incubated with Ves v 5-tag fusion protein, and DNA
barcode-carrying a-tag Ab were added. Four different tags were tested for their
suitability: v5-, FLAG- and RholD4-tag as well as Strep-tagll. All constructs
were succesfully produced and purified as recombinant proteins. In the first
step, the tags were tested by Western blot. While v5- and FLAG-tag show single

and distinct bands, Rho1D4-tag and Strep-tagll lead to multiple, hard to define
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bands. This may be due to protein degradation or multimerization, for example.
The possibility that the a-Rhol1D4-tag Ab, as well as the Strep-tactin™ bind
nonspecifically is also present. Next, all constructs and DNA barcode carriers
were tested in flow cytometry. Strep-tagll and v5-tag each identified about
0.06-0.07% of CD3", CD19* cells as Ves v 5-specific. In the case of the FLAG tag,
it was up to 0.3%, while the a-Rho1D4 Ab stained about 4% of the cells. Due to
the poor SNR in v5* or Strep™ B cells, these constructs and their corresponding
DNA barcode carriers were deemed less suitable for use in scRNAseq. The large
discrepancy in the frequency of FLAG" and RholD4* B cells cannot be easily
explained, as there are no robust data on the frequency of Ves v 5-specific B cells
in the periphery of allergic patients under immunotherapy. Accordingly, both
results may be correct and following the thought, both Ves v 5 constructs were
selected for final testing in scRNAseq.

The BCR isotype distribution gives the first indication of the comparability of the
tags in scRNAseq. If both constructs are well suited, the frequency of the individ-
ual isotypes should be of a similar order of magnitude. However, compared to
FLAG-tag, all isotypes were identified at approximately ten times the frequency
by RholD4-tag. The difference in the frequency of FLAG" and Rho1D4" B cells
was already observed in flow cytometry and was, thus, confirmed here. Color-
coded matrices of CDR3 similarity of the identified, potentially Ves v 5-specific

B cells were generated. This allows visual identification of clonally related B cells.
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However, no extended clonal relatedness was described in either sample. Yet,
this would be expected for class-switched B cells of a single specificity [135]. To
confirm the specificity of the BCRs, ten scFv constructs were designed, cloned,
and recombinantly expressed. All scFvs show a band at around 35 kDa in the
western blot. One construct (Rho 322) shows another band of unknown origin
between 55 and 70 kDa. Samples were separated under reducing conditions
in SDS-PAGE, which theoretically precludes dimerization of the scFvs. There
is a possibility that posttranslational modifications, such as methylation, phos-
phorylation, glycosylation, myristoylation, acetylation, or ubiquitination, altered
the molecular weight of the recombinant protein. Moreover, since the recom-
binant proteins are produced in larger amounts in the baculovirus-mediated
expression system and baculovirus negatively affects the metabolism of Sf9 cells,
the post-translational modifications may not be incorporated into the entirety
of the recombinant proteins leading to two different Rho 322 bands. The scFv
constructs were tested for their binding to Ves v 5 by ELISA. For this purpose,
cell culture supernatant of the scFv expressions was added to plates coated with
Ves v 5 and the potential binding was tested with antibodies directed against
the fused tag. For none of the scFvs, binding to Ves v 5 could be confirmed
by ELISA. Since the experiment was repeated several times and both positive
and negative controls worked in the expected manner, specific binding of the

generated scFvs to Ves v 5 can be virtually ruled out. In principle, the production
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of scFvs in insect cells using baculovirus-mediated expression system is possible
and has been applied several times [213-215]. The most common problem, lack
of secretion of scFvs into the cell culture supernatant [214, 216], did not occur
with the scFvs produced during this work. The lack of binding to Ves v 5 may
be due to different reasons. The expression system is one possible source of
error. For example, Sakamoto et al. [217] report that the specificity of their scFv
is dependent on expression in insect cells or E. coli. The design of the scFvs is
another possible cause. The length of the linkers that link heavy- and light-chain
is significantly involved in the binding capacity of the scFvs [218]. This is because
proper assembly of the paratop regions occurs only if the linker used is long
and flexible enough. The linker used has been tested for other scFvs, but may
not be suitable for the correct folding of the scFvs designed in the course of this
work. In addition, it is of course questionable whether the identified B cells
were specific for Ves v 5 at all. The lack of clonal relationship casts doubt on
this. The a-RholD4-tag Ab had already turned out to be possibly unspecific in
the preliminary experiments, since, on the one hand, there were multiple bands
in the Western blot and, on the other hand, the frequency of CD3", CD19* and
RholD4* cells in flow cytometry was higher than in the other three samples.
Yet, this is not true for the FLAG-tag, which not only produced a single, distinct
band in Western blot but also had shown good SNR in flow cytometry. However,

only a few FLAG" B cells from which scFvs could be designed were identified
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and, therefore, only two of the total ten scFvs were based on FLAG" cells. To
further address the question, different approaches should be pursued in the
work to follow: first, scFvs with different linker lengths could be tested. To
describe expression system-dependent changes in specificity, a second system,
ideally the already established expression in E. coli can be added. In addition,
the focus should be placed on identification by FLAG-tag, as the RholD4-tag is
unlikely to bind specifically enough with the corresponding antibody. In short,
the hypothesis posed at the beginning could neither be completely rejected nor
confirmed. On the one hand, the established system of tag-based identification in
flow cytometry works with low SNR for two of the four tested constructs. On the
other hand, the results regarding the frequency of Ves v 5 specific-B cells differ
widely depending on the tag and it was not possible to confirm the specificity of
the BCRs for Ves v 5.

In conclusion, during the course of this work, the venom proteomes of relevant
wasp species were elucidated and potential new allergens were identified. Tran-
scriptional changes within peripheral immune cells, with main focus on T cell
populations, of patients during the first two weeks of wasp venom immunother-
apy were described and starting points for further work on therapy interventions
were discovered. For example, time- and therapy-dependent regulated genes
were REL, CD6, and PIM1 in T cell subpopulations or CD300E in monocytes and

macrophages. Furthermore, a tag-based carrier system for staining of Ves v 5-
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specific B cells was developed. However, the confirmation that the method can
also be used in combination with a high-throughput scRNAseq platform was
not successful. Finally, a T cell state was identified independent of the original
hypotheses, whose role in venom immunotherapy has not yet been described.
It is characterized by an interferon-response gene cassette, comprising antiviral

genes such as MX1, MX2, OAS1, and OAS3.
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Figure A.1.: Row-clustered DEGs of Tn.pN cells in comparison to all other T cell clusters.
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Figure A.2.: Treatment scheme for VIT and timeline for patient sampling. Blood was drawn 6
days after a maintenance shot as indicated by a blood vial.
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Figure A.3.: Alignment of primary structures of peptide tagged Ves v 5 constructs. All constructs
carry an N-terminal His-Tag for purification (blue). Linker amino acids are coloured
green. The different peptide tags are highlighted (yellow).
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Figure A.4.: Exemplary scFv construct. Nucleotide sequence is given at the top, corresponding
amino acids at the bottom of each line. Heavy chain (red text) and light chain (blue
text) are joined by a (GGGGS)s-linker (highlighted blue). The restriction sites are
highlighted yellow, the FLAG-tag pink and the His-tag green. The double stop
codon is highlighted grey.
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Table B.1.: Identified proteins in P. dominula and Vespula spp. venom that are known allergens.
From Grosch et al. [80].

Identifier Description Allergen
AAS67042.1 Phospholipase Al 2 precursor, partial Pold 1
AAS67043.1 Phospholipase Al 3 precursor, partial Pold 1
060249.1 Phospholipase Al 4 Pold 1
AAS67044.1 Phospholipase Al 4 precursor, partial Pold1
Q372U95 Phospholipase Al Ves g 1

P49369 Phospholipase Al Vesv 1
XP_015179722.1 Hyaluronidase Pold 2

P49370 Hyaluronidase A Ves v 2.0101
Q5D7H4.1 Hyaluronidase B Ves v 2.0201
XP_015174448.1 Dipeptidyl peptidase IV Pold 3/Vesv 3
ACA00159.1 Dipeptidylpeptidase IV preproprotein Pold 3/Vesv 3
NP_001310266.1 Venom serine protease precursor Pol d 4
AAT95010.1 Allergen Pol d 5 precursor Pol d 5
NP_001310265.1 Antigen 5 precursor Pold 5

P35784 Venom allergen 5 Ves g 5

Q05110 Venom allergen 5 Ves v 5
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B. Supplementary tables

Table B.2.: Identified proteins in P. dominula and Vespula spp. venom that exhibit a signal peptide
for transport into the extracellular matrix or have a known function in the venom.
An X indicates in which species the protein was identified. The species for which
the protein was originally annotated in the Hymenoptera database is given in square
brackets. All P. dominula proteins were identified by annotated P. dominula proteins
(identified or predicted). From Grosch et al. [80].

Identifier Description PDV Y]V
XP_015182550.1  60S acidic ribosomal protein P2 X
XP_015183814.1  Acidic phospholipase A2 PA4-like isoform X1 X
XP_015183815.1  Acidic phospholipase A2 PA4-like isoform X2 [P. dominula] X X
XP_015181576.1  Alpha-N-acetylgalactosaminidase isoform X1 [P. dominula] X
XP_015181584.1  Alpha-N-acetylgalactosaminidase isoform X2 [P. dominula] X
XP_015184655.1  Apolipophorins [P. dominula] X X
XP_015183810.  Apolipoprotein D-like [P. dominula] X
XP_015179728.1  Cyclin-dependent kinase 8-like [P. dominula] X
XP_015182852.1 Digestive cysteine proteinase 1 [P. dominula] X
POC1M6.1 Dominulin-A X
POCIM7.1 Dominulin-B X
XP_015185362.1  FK506-binding protein 2 isoform X1 [P. dominula] X
XP_015185363.1  FK506-binding protein 2 isoform X2 [P. dominula] X
XP_015183963.1 Furin-like protease 1 isoform 1-CRR isoform X1 [P. dominula] X
XP_015183982.1  Furin-like protease 1 isoform 1-CRR isoform X3 [P. dominula] X
XP_015179268.1 Heat shock 70 kDa protein cognate 3 isoform X1 [P. dominula] X X
XP_015185877.1 Icarapin-like X
XP_015186100.1 Interferon-related developmental regulator 1-like [P. dominula] X
XP_015187740.1  Juvenile hormone epoxide hydrolase 1-like X
XP_015183311.1 Maltase 1-like [P. dominula] X
P01514 Mastoparan-L [Vespula lewisii] X

Continued on next page
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Table B.2 — Continued from previous page

Identifier Description PDV Y]V
POC1Q8 Mastoparan-V1 [V. vulgaris] X
AO0A310SDE3 Neuroblastoma suppressor of tumorigenicity 1 [Eufriesea mexicanal X
XP_015173581.1 Nucleobindin-2-like isoform X1 [P. dominula] X
XP_015173583.1 Nucleobindin-2-like isoform X2 [P. dominula] X
XP_015173585.1 Nucleobindin-2-like isoform X3 [P. dominula) X
XP_015173600.1 Peptidylglycine alpha-hydroxylating monooxygenase [P. dominula] X
XP_015187119.1 Phospholipase Al-like [P. dominula] X X
XP_015190124.1 Phospholipid hydroperoxide glutathione peroxidase isoform X2 X
[P. dominula]

XP_015186079.1 Prosaposin isoform X1 [P. dominula] X
XP_015186089.1  Prosaposin isoform X2 [P. dominula] X
XP_015191732.1 Protein 5SNUC-like [P. dominula] X
XP_015181251.1 Protein D2-like [P. dominula] X
XP_015189991.1 Protein disulfide-isomerase A3 [P. dominula] X
XP_015190044.1 Protein lethal(2)essential for life-like X
XP_015171801.1 Renin receptor isoform X1 [P. dominula] X
XP_015171802.1 Renin receptor isoform X2 [P. dominula] X
XP_015171803.1  Renin receptor isoform X3 [P. dominula] X
XP_015171804.1 Renin receptor isoform X4 [P. dominula] X
AAP37412.1 Serine protease precursor X
AO0A1B1JID1 Superoxide dismutase [Cu-Zn] [A. mellifera] X
A0AOM9A935 Transferrin [Melipona quadrifasciata) X
XP_015185020.1 Tyramine beta-hydroxylase [P. dominula] X
XP_015179456.1  Uncharacterized protein LOC107067990 X
XP_015181315.1  Uncharacterized protein LOC107068952 X

Continued on next page
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B. Supplementary tables

Table B.2 — Continued from previous page

Identifier Description PDV Y]V
XP_015183315.1  Uncharacterized protein LOC107070028 [P. dominula] X
XP_015185303.1  Vascular endothelial growth factor C X

DOEY66 Venom CUB-protease [V. vulgaris] X
AQ0A3561504 Vespakinin [Parapolybia varia] X
P57672 Vespulakinin-1 [Vespula maculifrons] X

Table B.3.: Clinical data of patients. The 8 patients included in monitoring transcriptional changes
during VIT are listed at the top. Results of the in vitro diagnostics (ImmunoCAP) are
given in CAP classes. All patients were diagnosed with Vespula spp. venom allergy.
i.c., intradermic test; Y]V, yellow jacket venom.

Vespula spp.  YJV rVesvl rVesv5 MUXF3 Tryptase
Age Sex ic [ug/mL] (3) (i211) (i209) (0214) [ug/ml]

30 f 0.01 3 2 3 0 7.98
42 f 0.01 2 1 0 1 417
46 m 0.0001 2 1 0 0 6.78
32 m 0.01 3 2 0 1 9.69
61 m 0.0001 4 0 6 0 4.27
37 m 0.01 2 0 2 1 415
62 f 0.01 2 0 2 0 nA
28 m nA 3 2 3 2 3.09
34 m nA 2 0 2 0 nA
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