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Abstract

Plasma membrane receptors are the most crucial and most commonly studied
components of cells, since they not only ensure communication between the
extracellular space and cells, but are also responsible for the regulation of cell cycle
and cell division. The composition of the surface receptors, the so-called "Receptome”,
differs and is characteristic for certain cell types. Due to their significance, receptors
have been important target structures for diagnostic and therapy in cancer medicine
and often show aberrant expression patterns in various cancers compared to healthy
cells. However, these aberrations can also be exploited and targeted by different
medical approaches, as in the case of personalized immunotherapy. In addition,
advances in modern fluorescence microscopy by so-called single molecule techniques
allow for unprecedented sensitive visualization and quantification of molecules with an
attainable spatial resolution of 10-20 nm, allowing for the detection of both

stoichiometric and expression density differences.

In this work, the single molecule sensitive method dSTORM was applied to quantify
the receptor composition of various cell lines as well as in primary samples obtained
from patients with hematologic malignancies. The focus of this work lies on
artefact-free quantification, stoichiometric analyses of oligomerization states and

co-localization analyses of membrane receptors.

Basic requirements for the quantification of receptors are dyes with good
photoswitching properties and labels that specifically mark the target structure without
generating background through non-specific binding. To ensure this, antibodies with a
predefined DOL (degree of labeling) were used, which are also standard in flow
cytometry. First background reduction protocols were established on cell lines prior
analyses in primary patient samples. Quantitative analyses showed clear expression
differences between the cell lines and the patient cells, but also between individual

patients.

An important component of this work is the ability to detect the oligomerization states
of receptors, which enables a more accurate quantification of membrane receptor
densities compared to standard flow cytometry. It also provides information about the
activation of a certain receptor, for example of FLT3, a tyrosine-kinase, dimerizing upon
activation. For this purpose, different well-known monomers and dimers were

compared to distinguish the typical localization statistics of single bound antibodies



from two or more antibodies that are in proximity. Further experiments as well as
co-localization analyses proved that antibodies can bind to closely adjacent epitopes

despite their size.

These analytical methods were subsequently applied for quantification and
visualization of receptors in two clinically relevant examples. Firstly, various
therapeutically relevant receptors such as CD38, BCMA and SLAMF7 for multiple
myeloma, a malignant disease of plasma cells, were analyzed and quantified on
patient cells. Furthermore, the influence of TP53 and KRAS mutations on receptor
expression levels was investigated using the multiple myeloma cell lines OPM2 and

AMO1, showing clear differences in certain receptor quantities.

Secondly, FLT3 which is a therapeutic target receptor for acute myeloid leukemia, was
quantified and stoichiometrically analyzed on both cell lines and patient cells. In
addition, cells that have developed resistance against midostaurin were compared with
cells that still respond to this type | tyrosine-kinase-inhibitor for their FLT3 receptor

expression and oligomerization state.



Zusammenfassung

Plasmamembranrezeptoren sind die wohl wichtigsten und meist untersuchten
Komponenten einer Zelle, da sie nicht nur die Kommunikation zwischen dem
extrazellularen Bereich und den Zellen gewahrleisten, sondern auch fur die
Regulierung des Zellzyklus und der Zellteilung zustandig sind. Dabei unterscheidet
sich die Zusammensetzung der Oberflachenrezeptoren, das sogenannte ,Rezeptom®,
und ist charakteristisch fur bestimme Zelltypen. Aufgrund ihrer Bedeutsamkeit sind
Rezeptoren wichtige Zielstrukturen fir Diagnose und Therapie in der Krebsmedizin,
welche haufig bei verschiedensten Krebserkrankungen im Vergleich zu gesunden
Zellen aberrante Expressionsmuster aufweisen. Diese Abweichungen kdnnen sich
allerdings auch zu Nutze gemacht werden und zum Ziel verschiedener medizinischer
Behandlungsmethoden, wie es bei der personalisierten Immuntherapie der Fall ist,
werden. Zusatzlich hat der Fortschritt in der modernen Fluoreszenzmikroskopie durch
sogenannte Einzelmolekultechniken, es auch erlaubt, eine noch nie dagewesene
empfindliche Visualisierung und Quantifizierung von Molekilen mit einer raumlichen
Auflosung von 10-20 nm zu erreichen, wodurch sowohl stochiometrische
Unterschiede, als auch Unterschiede in der Expressionsdichte detektiert werden

konnen.

In dieser Arbeit wurde die einzelmolekilsensitive Methode dSTORM genutzt, um die
Rezeptorkomposition von verschiedenen Zelllinien aber auch von primaren
Patientenzellen mit zugrundeliegenden hamatologischen Erkrankungen zu
quantifizieren. Schwerpunkte dieser Arbeit sind dabei die artefaktfreie Quantifizierung,
stochiometrische  Analysen von  Oligomerisierungszustanden, sowie die

Kolokalisationsanalyse von Membranrezeptoren.

Grundvoraussetzung fur die Quantifizierung von Rezeptoren sind dabei gut schaltbare
Farbstoffe, sowie Label, welche die Zielstruktur spezifisch markieren ohne dabei
Hintergrund durch unspezifische Bindung zu generieren. Um dies zu gewahrleisten,
kamen Antikdrper mit einem vordefinierten DOL (degree of labeling; engl. fur:
Markierungsgrad) zum Einsatz, welche auch in der Durchflusszytometrie
standardmafig eingesetzt werden. Protokolle zur Hintergrundreduktion wurden dabei
an Zelllinien etabliert, bevor Primarzellen von Krebspatienten analysiert wurden. Durch

quantitative Analysen konnten dabei deutliche Expressionsunterschiede zwischen den



Zelllinien und den Patientenzellen, aber auch zwischen den verschiedenen Patienten

gezeigt werden.

Ein wichtiger Bestandteil dieser Arbeit ist die Fahigkeit, den Oligomerisierungszustand
von Rezeptoren zu erkennen, was eine genauere Quantifizierung der Membran-
rezeptordichten im Vergleich zur Durchflusszytometrie ermoglicht. Allerdings konnen
diese Oligomerisierungszustande auch Informationen Uber die Aktivierung eines
Rezeptors beinhalten, wie zum Beispiel von FLT3, einer Tyrosinkinase, welche zur
Aktivierung dimerisieren muss. Hierfur wurden verschiedene bekannte Monomere und
Dimere verglichen, um die typische Lokalisationsstatistik von vereinzelten gebundenen
Antikdrpern mit der von zwei oder mehr Antikdrpern, welche nah beieinanderliegen, zu
vergleichen. Durch weitere Etablierungsexperimente sowie Kolokalisationsanalysen
konnte aul’erdem bewiesen werden, dass Antikorper trotz ihrer Grélze auch an nah

benachbarte Epitope binden kénnen.

Diese Analyseverfahren wurden im weiteren Verlauf zur Quantifizierung und
Visualisierung von Rezeptoren an zwei klinisch relevanten Beispielen angewendet.
Zum einen wurden verschiedene therapeutisch relevante Rezeptoren wie z.B. CD38,
BCMA und SLAMF7 fur das Multiple Myelom, einer malignen Erkrankung von
Plasmazellen, auf Patientenzellen analysiert und quantifiziert. Zusatzlich wurde der
Einfluss von TP53 und KRAS Mutationen auf die Rezeptorexpressionen anhand der
Multiplen Myelom Zelllinien OPM2 und AMO1 untersucht, bei denen eindeutige

Unterschiede in der Rezeptorexpression detektiert wurden.

Zum anderen wurde FLT3, welches ein therapeutischer Zielrezeptor fur die akute
myeloische Leukamie ist, sowohl auf Zelllinien als auch auf Patientenzellen
quantifiziert und stéchiometrisch analysiert. Hierbei wurden auch Zellen, welche eine
Midostaurinresistenz entwickelt haben mit Zellen, welche auf diesen Typ |
Tyrosinkinase Inhibitor ansprechen, auf ihre FLT3 Rezeptorexpression und ihren

Oligomerisierungszustand verglichen.
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Introduction

1 Introduction

1.1 Receptors and their importance for immunotherapy

Receptors are specialized protein complexes that are signal transducers and
receivers, typically triggered upon binding of a ligand, leading to a signaling cascade
with a cellular response (Heldin et al. 2016). Receptors can be divided into intracellular
and cell surface receptors (Alberts et al. 2015). While intracellular receptors are located
entirely inside the cell, plasma membrane receptors consist of an intracellular domain,
a hydrophobic membrane-spanning region and an external ligand-binding domain,
allowing communication between the extracellular space and the cells by messenger
molecules (Alberts et al. 2015). Those cell surface receptors can be divided into three
subgroups containing ion channel-linked receptors (Traynelis et al. 2010),
G-protein-coupled receptors (Hilger, Masureel, and Kobilka 2018) and enzyme-linked
receptors (Luo et al. 2019). Each receptor type has a specific function and expression

levels can vary depending on environmental and genetic factors (Shahrabi et al. 2020).

To define the receptor composition on cell surfaces and to be able to compare results
from different scientific working groups, a uniform classification system was defined
during the first “International workshop and conference on human leukocyte
differentiation antigens” in Paris in 1982 (WHO 1984). The aim was to characterize all
known monoclonal antibodies and to group them depending on their targeted
glycoprotein independent of the epitope. To date, more than 370 of these cell surface
molecules, called clusters of differentiation (CDs), have been described and for most
of them, at least partially, their main function is characterized (Engel et al. 2015).
Because each cell type has a unique receptor composition on their surface, cell sorting

is possible by their characteristic CDs (Herold and Mitra 2021).

Innovative cancer treatment relies on the immunophenotypic characterization of the
target cell to confirm the presence or absence of specific surface epitopes. Ideally,
targets would be present on the tumor, but not on healthy cells, however, such ideal
targets are rare. Monoclonal antibodies (mAbs) are commonly used to tackle the tumor
cells, such as rituximab, a mAb against CD20, which is used to treat lymphoma.
However, also healthy B Cells are depleted using rituximab, causing side effects of
various strengths. Monoclonal antibodies apply two different mechanisms of cell lysis
for the killing of tumor cells (Figure 1): First, the mAb has the ability to induce close
contact to immune effector cells like NK cells or T cells by binding to its fragment
1
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crystallizable region (FcR), resulting in injection of cytokines and granules. This leads
to a disruption of the cell membrane and therefore to an antibody dependent cell-
mediated cytotoxicity (ADCC) (Saltarella et al. 2020). Second, complement component
C1q can bind to IgM or IgG antibodies which activates the complement cascade and
leads to the proteolytic release of the chemotactic/activating agents C3a and C5a that
ultimately form a membrane attack complex inducing 100 A pores in the cell
membrane. Finally, high concentrations of C3a and C5a results in effector cells moving
to the target cells. By modifying those mAbs with radioactive immunoconjugates or
cytotoxic agents, so-called radioligands or immunoconjugates, the killing efficiency can
be further increased when bound to their target receptor (Adams and Weiner 2005;

Thomas, Teicher, and Hassan 2016).

Recently, a novel class of bispecific antibodies (BiTEs) has been introduced (Buss et
al. 2012). BiTEs consist of two single-chain variable fragments (scFv) that have two
antigen-binding domains (Figure 1) (Thakur, Huang, and Lum 2018). One targets a
receptor on the aberrant cells while the other binding domain (typically CD3 for T cells)
recruits a T cell resulting in an immune response similar to the ADCC caused by mAbDs.
This approach is highly efficient compared to monoclonal antibodies due to its higher

affinity for low expressed targets (Thakur, Huang, and Lum 2018; Shim 2020).

A third upcoming approach applies genetically modified T cells. The T cells are isolated
from the patients’ blood and modified with special chimeric antigen receptors (CARS)
against a target expressed on the malignant cells. After ex-vivo T cell expansion, the
living CAR-T cells are given back to the patient (Whilding and Maher 2015; Subklewe,
von Bergwelt-Baildon, and Humpe 2019). Binding of the target protein leads to a direct
activating signaling cascade of the CAR-T cells resulting in lysing the malignant cells
without the need of a TCR and antigen presentation (Figure 1). CAR-T cells consist of
a short chain variable fragment (scFv) fused to an intracellular signaling domain. For
first generation CARs only the CD3( signaling domain is fused as activation molecule
leading to a rather short immune response and low IL-2 production. This intracellular
signaling domain has been further improved by adding co-stimulatory factors like
4-1BB or CD28 (2" generation CARs) or even both co-stimulatory molecules to CD3(
(3" generation CARs) for a long-lasting immune response without binding to their
respective complementary receptor (Subklewe, von Bergwelt-Baildon, and Humpe

2019). Additionally, 4" generation CARs have been developed increasing safety of

2
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therapy and minimizing toxicity and side effects by expressing certain domains. CARs
of the 4" generation have i.e. additional safety switches (self-destruct CARs) or need
at least two tumor-associated antigens on the targeted cells (Dual CARs) to be

triggered (Petersen and Krenciute 2019).

receptor
e.g.CD20

CAR

Figure 1 - Malignant cell lysis by different immunotherapeutic approaches. Specific monoclonal
antibodies (mAbs) bind to an exogenous target expressed on the cancer cell and cause either a
complement-dependent cytotoxicity (CDC) or an antibody dependent cell-mediated cytotoxicity (ADCC).
During CDC the complement component 1q (C1q) binds to the mAb activating a signaling cascade
resulting in release of C3a and C5a. Together with C5-9 the membrane attack complex is formed
inducing pores and leading to cell lysis and death. However, ADCC makes use of effector cells that are
able to bind to the fragment crystallizable region (FcR) establishing a close contact to the cancerous
cell. Distribution of perforin and granzymes ultimately perforate the cell membrane leading to cell death.
Bispecific antibodies (BiTE) consist of two single-chain variable Fragments (scFv) with one target
binding domain and one binding to a specific receptor on immune cells e.g. TCR resulting in an ADCC.
In addition, immune cells like T cells can be modified with chimeric antigen receptors (CARs) against a
specific target receptor to mediate cell cytotoxicity. After binding, those 3™ generation CARs are
activated because also co-stimuli like CD28 and 4-1BB, that are important for activation, are
simultaneously triggered. Created with BioRender.com

Personalized receptor-directed therapies improved the overall survival rate of many

patients with malignancies, but despite such innovative treatments, relapses are
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common. In particular, multiple myeloma patients are not being cured, in part because
CAR T cells do not persist in the patient, but diminish over time. To overcome this
issue, checkpoint inhibitors have been identified to boost the innate immune system
by inhibiting the immune-suppressive effect caused by certain surface molecules
(Zander et al. 2020). Nowadays specific mAbs are approved for medical usage against
certain checkpoint inhibitors like CTLA-4 and PD-1. Both can bind to their respective
receptors on T cells inhibiting binding to a possible antigen presenting cell (APC).
Additional stimulatory effects for T cells by APCs are also supported leading to a more
effective immune response. Even though boosting the innate immune system seems
like a promising approach, only a small percentage of the patients respond to this
therapy and the success of therapy for individual patients cannot yet be adequately
predicted (Zander et al. 2020; Robert 2020). With discovery of new checkpoint
inhibitors and first successful therapies a new promising field has been opened for
which specific biomarkers need to be identified to decide about efficacy and toxicity of

this therapy.

1.2 Regulatory T cells and their main functions

The mammalian immune system is a complex machinery protecting its host from
pathogenic organisms and aberrant cells while at the same time excessive immune
reactions are avoided in healthy individuals (Sakaguchi et al. 2008). B and T cell
populations are mainly responsible forimmunosuppressive or harmful reactions, which
can cause, if imbalanced or altered, autoimmune diseases or cancer (Kondelkova et
al. 2010; Gol-Ara et al. 2012; Ohue and Nishikawa 2019). Nowadays, it is mainly
accepted that specific T cells maintain the balance by regulating immune suppression
(Sakaguchi 2011). The so-called regulatory T cells (Tregs) are a subpopulation of
2-10% of the total CD4* T cell population. Those harbor inhibitory effects on the
pro-inflammatory activity of cells (Venken et al. ; Niu et al. 2020). Two major subclasses
of Tregs are known, which are distinguished based on their precursor cells and their
site of origin and can be further separated into smaller subtypes (Venken et al. ; Zhang
et al. 2014; Niedzwiecki et al. 2019). The best-investigated and understood phenotype
is CD4* CD25"M9" FoxP3*, also known as (natural) regulatory T cells derived from CD4*
thymocytes (tTregs) after TCR stimulation. This induces high CD25 expression on the
cell surface to which IL-2 can bind causing an upregulation of the transcription factor

4
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FoxP3 (Sakaguchi et al. 2008; Takeuchi and Nishikawa 2016). The second type of
Tregs (pTregs) is thought to originate from conventional T effector cells in the periphery
under certain conditions when IL-2 and TGF- are present (Zheng et al. 2007) or are
induced in vitro (iTregs) after TGF-R or retinoic acid stimulation (Coombes et al. 2007,
Shevach and Thornton 2014). Even though transcription factors like Helios and
Neuropilin-1 suggest a thymic origin, no true marker to separate tTregs and pTregs
has been identified yet (Szurek et al. 2015; Thornton et al. 2019). It is, however,
proposed that Tregs lacking the transcription factor Helios have less suppressive
capability compared to Helios* Tregs (Shevach and Thornton 2014; Thornton et al.
2019). Moreover, suppressive activity against specific T effector cells may be
associated with expression of specific transcription factors of the T effector population
while presumably being dependent on the cytokine background of the Treg

environment (Ghoreschi et al. 2011; Shevyrev and Tereshchenko 2019).

Immune suppression by tTregs is achieved through multiple mechanisms (Figure 2):
Availability of IL-2 is strongly reduced for T effector cells by binding to its corresponding
receptor CD25 that is highly abundant on regulatory T cells. Additionally, CTLA-4 can
bind to CD80 and CD86 expressed on antigen presenting cells with higher affinity than
CD28, both inhibiting co-stimulatory signals and transmitting suppressive signals.
Production of TGF- or the cytokines IL-10 and IL-35 cause further activity reduction
of APCs or T effector cells and secreted perforin and granzymes can even lyse these
cells. Large amounts of ATP produced by Tregs are converted by CD39 and CD73 to
adenosine, which can also have immunosuppressive effects on T effector cells and
APCs (Togashi, Shitara, and Nishikawa 2019). Additionally, Tregs express the immune
checkpoint inhibitor PD-1 and its corresponding ligand PD-1L. Binding of the ligand to
PD-1 on activated effector cells can lead to a missing reaction (anergy) or induce the
transformation to pTregs. Signaling through this receptor is necessary for FoxP3
expression and Treg homeostasis (Gianchecchi and Fierabracci 2018; Shevyrev and
Tereshchenko 2019). For personalized immunotherapy Tregs are targeted to treat
graft-versus-host diseases (GvHD) after organ transplantations and in autoimmune
diseases but are also used for cancer therapies. A high Treg activity during a tumor
burden is typically associated with a poor prognosis. Due to the tumor
microenvironment, Tregs are often recruited to the tumor, helping this malignancy to

evade immune response (Gun et al. 2019).
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Figure 2 - Different mechanisms of Tregs suppressing immune response. IL-2 concentration is
strongly reduced due to the high amount of CD25 expressed on Treg surface. In addition, CTLA-4
competes with CD28 for CD80 and CD86 expressed on APC, but has a greater affinity. Therefore,
binding of CTLA-4 inhibits co-stimulatory effects caused by CD28, but also transmits suppressive
signals. Production and release of TGF-3, IL-10 and IL-35 reduce activity of APC or T-effector cells.
Moreover, secretion of perforin and granzymes can even kill those cells. Treg cells further produce large
amounts of ATP, which is converted by CD39 and CD73 to adenosine which also has immune-
suppressive effects on effector or APCs. Copyright permission was granted by Springer Nature.
(Togashi, Shitara, and Nishikawa 2019)

Therefore, to achieve anti-tumor effects, the amount of present Treg cells is either
reduced by certain drugs or their suppressive function is minimized by the blocking of
checkpoint inhibitors resulting in an increased activity of immune cells helping the
innate system to target syngeneic tumor cells (Verma et al. 2019). Patients with
autoimmune diseases in contrast often lack effective Tregs causing the immune
system to overreact and target healthy cells. Different therapies are currently under
investigation to increase the number of active Tregs in patients by either ex-vivo
expansion or by using activating or inducing drugs like IL-2 (Eggenhuizen, Ng, and Ooi
2020).
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In contrast to the well-studied activation mechanism of T cells, immune suppression
by Tregs is poorly investigated and understood. This is mainly caused by the lack of
unique markers for phenotyping different Treg populations, but also by the poor
knowledge of the underlying molecular mechanism by the actively suppressed cells
(Schmidt, Oberle, and Krammer 2012; Shevyrev and Tereshchenko 2019).

1.3 Specific receptors and their main function
Plasma membrane surface receptor combinations on malignant and healthy cells are
highly variable. In the following chapter, a selection of important cell surface receptors,

which were analyzed as part of this thesis, are described.

CD2 (LFA-2) is a 39.4 kDa transmembrane glycoprotein expressed especially on T
cells and a subset of NK-cells, but also on thymocytes and dendritic cells. It is known
that CD2 tends to partially dimerize up to 15-30% and is involved in T-cell activation
as a co-stimulatory effector when bound to CD58 (LFA-3) or CD48, albeit with a much
lower affinity (Murray et al. 1995; Espagnolle et al. 2007).

CD3 is a protein complex consisting of CD3y chain, a CD3& chain, and two CD3¢
chains. When associated together with the T cell receptor (TCR) and two intracellular
CD3C domains an activating signal is generated. The TCR-CD3 protein complex
induces aggregation of adhesion structures and co-receptors on T cells. Upon
activation, CD3 organizes in clusters ranging from a few nanometers to more than a

micrometer in size (Pageon et al. 2016).

CD11a/CD18 (LFA-1) is a leucocyte specific heterodimeric integrin with non-covalently
linked subunits (Semmrich et al. 2005; Takada, Ye, and Simon 2007). During blood
circulation 32 integrins (CD18) are in an inactive non-binding low affinity conformation.
Co-stimulation by other receptors trigger inside-out signaling leading to an activation
and therefore to an extension of subunits. This high-affinity state exists only transiently
and has to be stabilized with divalent cations (Dransfield et al. 1992; Shattil, Kim, and
Ginsberg 2010). In this state integrins can bind to the corresponding ligand ICAM and,
for example, leave the bloodstream and emigrate to the side of an infection (Springer
and Wang 2004).

CD19 is a 95 kDa transmembrane immunoglobulin, which is ubiquitous on B cells
binding to CD81, CD82 and VAV2 (Thalappilly et al. 2010; Wang, Wei, and Liu 2012;
7
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Zou et al. 2018). CD19 expression is highly regulated during B cell maturation and gets
lost during plasma cell differentiation. During B cell receptor (BCR) activation CD19
acts as enhancer for BCR induced signaling, but still helps mediating regulatory
functions in BCR signaling (Scheuermann and Racila 1995; Wang, Wei, and Liu 2012).
Additionally, an abnormal CD19 expression on B cells in most cases is associated with
an autoimmune disease or cancer, nowadays making it a preferred target in

immunotherapy (Li et al. 2017).

CD20 is a ~35 kDa protein expressed on B Lymphocytes, some follicular dendritic cells
and on low levels on a T cell subset (Pavlasova and Mraz 2020). CD20 is important
for B cell activation and can form homodimers and homooligomers, which are thought

to form Ca?*-conductive ion channels in the plasma membrane (Rouge et al. 2020).

CD138 (Syndecan-1) is a 30 kDa type | heperan sulfate proteoglycan that is found on
plasma cells as well as on mature epithelial cells, mesenchymal cells, endothelial cells
and pre-B cells (Palaiologou, Delladetsima, and Tiniakos 2014). It is important for cell
proliferation, migration and adhesion. In addition, CD138 is involved in apoptosis,
angiogenesis tumor invasion and metastasis, making it an important parameter for a

patients’ prognosis (Pasqualon et al. 2015; Akhmetzyanova et al. 2020).

CD269 (BCMA) is a 21 kDA transmembrane protein belonging to the tumor necrosis
factor family (Huang et al. 2013) . It is important for long term plasma cell survival and
exclusively expressed on differentiated plasma cells and plasmablasts (Cho,
Anderson, and Tai 2018). BCMA tends to form homodimers and is known to bind to
the cell survival factor APRIL, making it a successful target for immunotherapy (Tai et
al. 2016).

CD319 (SLAMF7) is a 66 kDa glycoprotein highly expressed on plasma and myeloma
cells, but also to a certain amount on many NK cells, mostly CD56* T cells, mature
dendritic cells, a small subset of CD4* T cells and B cells but also on some monocytes
and macrophages (Campbell, Cohen, and Pazina 2018; Hsi et al. 2008; O'Connell et
al. 2019). When EAT-2 is expressed and binds to the endogenous part of SLAMF7 an
activation of cellular immune response is triggered in NK cells with a complementary
effect in the absence of SLAMF7 (Campbell, Cohen, and Pazina 2018). In diseases
characterized by chronic immune activation SLAMF7 is often overexpressed, making

it an interesting target for mAb or CAR-T cell therapy (Campbell, Cohen, and Pazina



Introduction

2018; Gogishvili et al. 2017; Prommersberger et al. 2021; Rasche, Einsele, and
Nitschmann 2019)

1.4 Multiple myeloma

Multiple myeloma (MM) is a malignant disease originated from plasma cells and is the
second most commonly diagnosed hematologic cancer with elderly patients affected
at a median age of ~60 years or older (Kazandjian 2016). Even though this disease is
well studied and investigations have been conducted for decades, MM remains
incurable with an average survival of 5-7 years after diagnosis (White et al. 2021). To
date, the underlying mechanisms that lead to MM are largely unknown, however, risk
factors were identified that contribute to the development of this disease. This includes
radiation exposure, certain chemicals, obesity or stress (Panaroni, Yee, and Raje
2017; Joshua et al. 2019).

Multiple myeloma is a genetically heterogeneous disease, which cannot be attributed
to a single lesion and highly individualized disease courses are commonly observed.
Only few genes are recurrently mutated such as KRAS, BRAF and NRAS, leading to
an excess of growth signals, which contributes to uncontrolled proliferation of the
affected cells (Joshua et al. 2019). The malignant plasma cells produce large amounts
of monoclonal immunoglobulins (Figure 3), the so-called paraproteins that are used to
assess treatment response and disease activity. Light chains produced can block the
kidney tubules and in most patients impaired kidney function is being observed (Eslick
and Talaulikar 2013).

Another characteristic of symptomatic MM is activation of osteoclasts leading to lytic
lesions in the bones, so-called osteolysis, and many of the affected patients suffer from
bone pain and pathologic fractures (Figure 3). This process can results in life-
threatening hypercalcemia crises (Panaroni, Yee, and Raje 2017; Zamagni et al.
2018).

First treatment effects were observed in the 1960s with the alkylator melphalan
combined with steroids (e.g. dexamethasone). Today, this compound is still applied in
fit patients using a high-dose treatment, requiring autologous stem cell support to avoid

long term aplasia (Joshua et al. 2019).
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Figure 3 - Comparison of healthy plasma cells and malignant multiple myeloma cells. In healthy
bone marrow stem cells can differentiate to B lymphocytes. When certain antigens are present, those B
cells can develop into antibody-producing plasma cells. Due to mutations, uncontrolled proliferation
transforms B cells into multiple myeloma cells producing the same antibody or unfinished paraproteins.
In addition, myeloma cells recruit osteoclasts mainly involved in the degradation of bone tissue resulting
in hypercalcemia, osteopenia and bone pain. Created with BioRender.com.

Since 2000, remarkable advances in MM treatment could be achieved, mainly through
the approval of novel and highly active compounds, such as immunomodulators,
proteasome inhibitors and monoclonal antibodies. These diverse treatment options
increased the median survival, especially of younger patients, to 7-8 years (Joshua et
al. 2019; Saltarella et al. 2020; Rodriguez-Lobato et al. 2020).

Most importantly, CD38 directed mAb immunotherapy has been incorporated in first
line treatments in transplant eligible and transplant ineligible MM patients. By doing so,

rate of responders and depth of remission could be significantly improved.
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Most recently innovative immunotherapy has been approved or is being tested in late
stage clinical trials including immunoconjugates, bispecific antibodies and CAR-T cells.
Targets include most commonly BCMA, but also CD19, CD20, CD38, CD40, CD44,
CD47,1CAM1, NCAM1, CD74, CD81, CD86, CD200, IGF1R, CD307, SLAMF7, PD-L1
are currently investigated and are possible promising targets for specific CAR-T cell

approaches (Atanackovic et al. 2016; Rodriguez-Lobato et al. 2020).

1.5 The role of FLT3 in acute myeloid leukemia

Acute myeloid leukemia is a life threatening malignancy derived from hematopoietic
cells with patients having a median age of ~68 years at diagnosis (Juliusson and
Hough 2016). Affected cells are from the myeloid lineage, e.g., granulocytes,
megakaryocytes and macrophages (lwasaki and Akashi 2007; Prada-Arismendy,
Arroyave, and Rothlisberger 2017). AML prognosis depends on the genetic subtype
but also age and condition of the patient, whereas some patients can be cured others
face dismal prognosis with only short survival (Swaminathan and Wang 2020).
Molecular profiling is used in standard diagnostic workflows to identify the underlying
mutations and to optimize therapy. (Liu et al. 2020). Today, patients can be divided

into favorable, intermediate and adverse risk profiles (Dohner et al. 2017; Estey 2018).

One recurrent genetic alteration in AML is a internal tandem duplication (ITD) of the
FMS-like tyrosine-kinase 3 (FLT3) receptor, detected in about 15-35% of all AML
patients (Stirewalt and Radich 2003). FLT3 is a proto-oncogene important for
proliferation, differentiation and survival of hematopoietic stem cells (De Kouchkovsky
and Abdul-Hay 2016; Patnaik 2018). ITDs are a duplication of the gene sequence
coding for the juxtamembrane that typically has an auto inhibitory function (Griffith et
al. 2004). They are inserted in direct (head-to-tail) orientation resulting in a constitutive
activation by autophosphorylation promoting a ligand-independent dimerization
caused by the missing intrinsic negative regulatory effects of the juxtamembrane
(Lagunas-Rangel and Chavez-Valencia 2017). As a consequence, signaling pathways
like MAPK, STAT5 and AKT get activated resulting in cell proliferation and
anti-apoptotic signals (Kiyoi, Kawashima, and Ishikawa 2020).
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Figure 4 - Scheme of FLT3 activation and different inhibitors preventing signaling. While type |
inhibitors bind the FLT3 receptor in the dimeric conformation near the activation loop or the ATP-binding
pocket, type Il FLT3 inhibitors bind the FLT3 receptor in the inactive, monomeric conformation in a region
adjacent to the ATP-binding domain. This results in type Il FLT3 inhibitors preventing activity of ITD
mutations but they do not target TKD mutations. Copyright permission was granted by nature (Daver et
al. 2019).

Due to the high overlap between processes and signaling of AML and hematopoietic
stem cells, therapeutic options stagnated until very recently. Nowadays, different
pathway inhibitors are used depending on the underlying mutation (Figure 4), for
example midostaurin, a FLT3 inhibitor or venetoclax, a BCL-2 inhibitor (Carter et al.
2020).

Due to these novel individual treatments, the survival rates drastically increased

showing the high benefit of personalized immunotherapy.

1.6 Microscopy

1.6.1 Fluorescence microscopy

In 1676 Antonie van Leeuwenhoeck, achieved one of the biggest breakthroughs for
today’s microscopy by creating lenses with a magnification sufficient to visualize small
organisms, like bacteria, for the very first time. This simple microscope only consisted
of a single lens and was further improved in the late 19" and early 20" century (Kriss
and Kriss 1998). Nowadays, light microscopy is a widely used biological tool, which

nonetheless suffers from poor contrast and optical resolution being limited to ~600 nm.
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Discovery of fluorescence in the 19t century, but also of the green fluorescent protein
(GFP) expressed in Aequorea victoria in 1962 paved the way for first fluorescent
visualizations of subcellular structures with superior contrast due to the high signal-to-
noise ratio (Shimomura 2009). Nowadays, fluorescence microscopy is the most
common and versatile tool in biotechnology with countless different fluorescent
proteins, synthetic dyes or labeling strategies available, allowing multicolor detection

of the structures of interest.

Aleksander Jabtonski sought to explain this fluorescence by describing different
electronic states of molecules and the transition between them. In his so-called
“Jablonski diagram” (Figure 5) the photo physical radiation processes during photon
absorption of a molecule are described, and an explanation of fluorescence and

phosphorescence is given.

All fluorescent molecules share the basic requirement of having delocalized
T-electron-systems and possess electrons being in the ground state So. When those
electrons are excited with light of appropriate wavelength, the energetically higher
singlet states S1 or Sz can be reached if the amount of the absorbed energy is at least
as big as the energy difference. Absorption is a very fast process occurring in the order
of 10" seconds. After excitation the electron dissipates part of its energy via
vibrational relaxation or by internal conversion. From here the electron may fall back
to one of the sublevels of the ground state, emitting a photon with energy equivalent
to the transition. This process, called fluorescence, takes place in the order of 109 - 108
seconds. Because of the loss of energy due to internal conversion and vibrational
relaxation, the emitted photon has less energy and therefore a longer wavelength
compared to the absorbed photon. This phenomenon was first described 1852 by
George Gabriel Stokes and is known as the “Stokes shift”, which makes it possible to
use optical filters to separate excitation and emission light to gather high contrast
images. Besides fluorescence, some of the excited molecules might also transit to the
triplet state T1 by radiation-less intersystem crossing. From the triplet state T1 the
electrons can recover to the ground state by emitting phosphorescence. Due to the
competition for the relaxation process not every absorbed photon will result in the
emission of fluorescence. The amount of absorbed photons that actually lead to the
emission of fluorescence is described as the quantum efficiency and is a criterion for

the brightness of the fluorescent molecule. Therefore, a high quantum yield indicates
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a bright fluorescence. For today’s microscopy a broad range of numerous dyes,
particles and proteins is available, covering not only the whole visible spectrum, but
also the ultraviolet and infrared region. All of these tools have been further improved
to achieve maximum stability and a high quantum yield (Lakowicz 2013; Sanderson et
al. 2014).

Singlet excited states
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Figure 5 - Jablonski energy diagram introducing the different energy states after absorption of
photons. Valence electrons of a fluorophore are excited from the ground state So onto the energetically
higher states S1 and S2. Due to vibrational relaxation or internal conversion some energy dissipates,
before emitting fluorescence while falling back into the ground state So. This loss of energy causes a
shift toward longer wavelengths for the emitted light, known as stokes shift. Via intersystem crossing
some excited electrons can also enter a triplet state T+ before falling back to the ground state So, thereby
emitting phosphorescence.

Even though fluorescence microscopy is ideal to study cellular structures and
processes in a non-invasive manner, the diffraction of light is a huge drawback for the
usability of fluorescence for the detection of small molecules. This limitation is caused
by the physical diffraction property due to the wave nature of light and was first
described by Ernst Abbe in 1873 (Patterson 2009). Abbe stated that the resolution of
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an optical system (d) for two lines of an optical grid is depending on the emitted light
(A) and the numerical aperture (NA) of the objective (Abbe 1873).

d=— (1)

However, due to the characteristic of light being a wave and a particle at the same time
a fluorescent spot can be described as a point-like light source, with one main and
several side maxima, a so-called airy pattern. In 1896, Lord Rayleigh further addressed
the question of diffraction in light microscopy and brought two self-emitting spots in
such a proximity until the airy disks of both spots overlapped, making a separation
impossible (Figure 6). He stated that two adjacent spots can only be resolved if the
maximum of one airy disk coincides with the minimum of first order of the second airy

disk (Etoh et al. 2017). This minimal resolvable distance can be described as:

d = 2o (2)

NA

In fluorescence microscopy we are therefore able to get a lateral resolution of around
half the wavelength of the emitted light, which is limited to 200 nm for conventional

microscopy methods, due to optical but also visible light limitations.

(a) (b) (c)

Figure 6 - Diffraction limit of two self-emitting spots and their intensity profile. A) Both spots are
far enough away to be well separated. B) The maximum of one spot lies at minimum first order of the
other spot, therefore they can be barely detected as two unique spots (Rayleigh Criterion) C) Both spots
are too close to each other and can’t be separated. Copyright permission was granted from Etoh et al.
2017.
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1.6.2 Confocal laser scanning microscopy

One of the most widely used types of fluorescence microscopes are confocal laser
scanning microscopes (CLSM), a special sort of light microscope, used to get sharper
images of the exact plane of focus. In contrast to a widefield microscope, where the
whole specimen is illuminated, a confocal microscope illuminates only small parts of
the specimen in the focal plane. Therefore, only the fluorescence in focus can be
observed without out-of-focus background fluorescence. This is achieved by a laser
focused onto a defined spot at a certain depth within the specimen. The emitted light
is reflected from the focal plane as well as from the area below and can pass through
a dichroic mirror due to its longer wavelength. The tube lens focuses the light beam
through a pinhole onto the detector (e.g. a CCD-camera). Due to the pinhole, only the
light beam originating from the focal plane can pass through and hit the detector
converting the fluorescent light into an electric signal. This also reduces background
noise which allows for obtaining a better resolution of the specimen. However, the
pinhole cannot be chosen randomly small, because this results in a loss of brightness

and underlying information.

1.6.3 Super-resolution microscopy techniques

For a long time, the diffraction limit of light was an inevitable barrier limiting light
microscopy to a resolution of ~200 nm, making it impossible to study small cellular
components. However, during the last two decades new fluorescent microscopy
techniques like structured illumination microscopy (SIM) (Wu and Shroff 2019),
stimulated emission depletion (STED) (Vicidomini, Bianchini, and Diaspro 2018),
PALM (Photoactivated localization microscopy) STORM (stochastic optical
reconstruction microscopy) (Rust, Bates, and Zhuang 2006) and direct stochastic
optical reconstruction microscopy (dSTORM) (Heilemann et al. 2009) arose,
overcoming limitations of optical microscopy and improving resolution. These
super-resolution microscopy methods rely on different physical principles having their

advantages and disadvantages at the same time (Feng et al. 2018).

SIM microscopy makes use of non-uniform excitation light patterns created by a grid
resulting in moire effect interference patterns. By deconvolution of the interference
signal with specialized software, a twofold resolution improvement up to ~120 nm is

possible. Even though the maximal obtained resolution is inferior compared to other
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super-resolution techniques, live cell, multi-color and 3D-data can be gathered in a
rather short time period (Wu and Shroff 2019).

A different approach is STED microscopy which uses pairs of synchronized laser
pulses. A first laser pulse excites the dye, while the second doughnut shaped laser
pulse is used to deplete emission from the area. Due to its shape, only the fluorescence
from the center of the doughnut remains unaffected and can be detected by single
photon sensitive detectors. When using appropriate dyes, a lateral resolution up of to

30 nm can be achieved (Blom and Widengren 2017).

PALM makes use of specific photoactivatable fluorescent proteins like mEOS, which
are spontaneously activated upon irradiation with a short laser pulse of the right
wavelength. A stack of images is recorded until all proteins were activated and photo
bleached or destroyed (Lee et al. 2012). However, due to its long acquisition time and
the low brightness of fluorescent proteins the resolution is lower compared to
dSTORM.

dSTORM follows the same principle, however, instead of using fluorescent proteins
bright photoswitching dyes like carbocyanine fluorophores, rhodamine fluorophores or
oxazine fluorophores are used. To obtain a high resolution image, no adjacent
fluorophores are allowed to overlap in their emission. Therefore, it is important to have
most of the dyes in a long-lived non-fluorescent off state (Figure 7 B). To transfer
photoswitching dyes into this off state, high laser powers as well as reducing agents
like thiols are essential. When illuminating the dye with a laser with appropriate
wavelength, the dye is transferred into the excited state F1 from which it can fall back
into the ground state, Fo emitting fluorescence (Figure 7 C). However, a small subset
of those dyes can spontaneously enter the spin-forbidden triplet state 3F by intersystem
crossing with a specific rate K. By increasing the laser power most of the dyes
stochastically enter the triplet state. From this state the fluorophore either can fall back
into the ground state by reacting with molecular oxygen or be reduced by agents like
primary thiols. This reaction creates a fluorophore radical anion F’ that is less reactive
to molecular oxygen compared to the thiolate molecule, making it very stable. Due to
this, an off state that can last several milliseconds to seconds, is created. Additionally,
some dyes like ATTO 655 can be even further reduced into its leucoform. Spontaneous
reaction with oxygen brings the fluorophore back to the ground state before it can be
excited again and re-enter the cycle (Heilemann et al. 2009; van de Linde et al. 2011).
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Figure 7 - Working principle of dSTORM. A) By adding thiol containing switching buffer and use of
appropriate laser powers most of the switchable dyes will enter a long-lived non-fluorescent dark state.
Acquisition of several thousands of diffraction limited widefield images with separated fluorescent spots
lead to a highly resolved dSTORM image when reconstructed with rapidSTORM. B) The on-off ratio kon
to kor of a fluorophore depends on the chemical environment and the used laser power. C) Chemical
principle of dISTORM: Reversible photoswitching is enabled by dyes cycling between the ground state
Fo and F1 while some few spontaneously enter the triplet state 3F. Dyes in the triplet state either interact
with molecular oxygen to recover to the ground state or react with the thiols in the switching buffer to
form a very stable fluorophore radical anion (F*). From this state the ground state can again be
recovered by reacting with molecular oxygen. Certain fluorophores such as ATTO 655 also accept a
second electron to form the fully reduced leuco-form (FH) that can also react with molecular oxygen to
get back into the ground state. For part C copyright permission has been granted by Springer Nature
(van de Linde et al. 2011).

Generally, each of those fluorophores is detected several times before being bleached.
Afterwards, each of these localizations positions can be determined with different
available software using two-dimensional Gaussian fits resulting in a lateral resolution

of up to 10-20 nm (Figure 7 A).
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1.6.4 Quantification and analysis of SMLM data using Clustering algorithms
Localization-based approaches allow a precise quantification of the underlying signal
and are helpful to detect oligomerization or clustering processes above 10-20 nm. To
date, several clustering algorithms are available that are suited for single molecule
localization microscopy techniques. Although many algorithms are biased towards
circular clusters, arbitrary shapes are more common in biological systems. Therefore
in 1996, Ester et al. introduced a “Density Based Spatial Clustering of Applications
with Noise” (DBSCAN) algorithm needing only two user defined input parameters, the
maximal distance € between two points for grouping and the minimal amount of points
(MinPts), to define a true cluster and discard noise (Ester et al. 1996; Khater, Nabi,
and Hamarneh 2020).

The underlying principle is visualized in Figure 8 A. The algorithm selects a random
starting point and if enough points are in the defined vicinity, a cluster is build up. This
propagates until no more points are in the proximity of the defining border points (BP)
of this cluster. Clusters not fulfilling the minimal amount of points within the defined
distance are declared as noise (N) and are excluded. In addition, clusters can vary in

their shape and amount of points as visualized in Figure 8 B.
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Figure 8 - Principle of cluster analyzes with DBSCAN. A: Points are joined up as long as the maximal
distance ¢ (depicted as green circles) is compiled to. The border points (BP) are still included into the
cluster, even though they are only reachable by one point. The red points are laying within the defined
diameter and therefore do not fulfill the minimal point criterion and are excluded. B: Different cluster
shapes that fulfill the parameters shown in blue, green and yellow. Red spots between these clusters
are defined as noise points as they are not reachable with the predefined parameters.
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Besides DBSCAN, Ripley’s h, k and | functions are widely used to describe aggregation
of proteins (Figure 9 B). With these, the amount of proteins present within a certain
distance r is compared to protein densities expected for a random distribution (gray
dotted line Figure 9 B) to decide whether aggregation of microclusters is present or not
(Kiskowski, Hancock, and Kenworthy 2009; Wilschut et al. 2015). It is however thought
that microclusters of proteins are typically present as a small subset in a background

of monomers on the cell membrane (Sharma et al. 2004).

Ripley’s k functions are able to detect deviations from spatial homogeneous
populations such as dispersed clustered events. Additionally, the linearized k-function,
Ripley’s I-function, can be normalized yielding to the h-function. The h-function is
commonly used for experimental data indicating clustering if h(r) > 0, a disperse
distribution if h(r) < 0 and a stochastically uniform distribution if h(r) = 0. The maximum
positive value of h(r) indicates an approximation of the average size of spatial patterns

like clusters within the analyzed ROI (Shivanandan, Unnikrishnan, and Radenovic

2016).
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Figure 9 - Neyman-Scott distribution (A) and a representative Ripley’s h-function (B) of CD3
receptors detected by a monoclonal antibody on Jurkat T cells. Due to photoswitching, fluorophore-
coupled proteins are observed multiple times (black dots) and a center of mass (green dots) needs to
be found for each fluorophore. Simulation of a homogeneous distribution (Completely spatial
randomness) of fluorophores for the h-function (B), is shown as lower gray line with its corresponding
confidence interval (dotted gray lines), while the homogeneous distribution for multiple blinking events
is taken into account for the upper gray line, known as Neyman-Scott-process. The amplitude of the
experimental data (blue line) is compared to the gray line to see if rmax changed, indicating in this case
protein aggregations with a cluster size of ~ 60 nm.
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However, due to the stochastic photoswitching during dSTORM image acquisition,
multiple localization events need to be taken into account for one single protein and
are described best as a Neyman-Scott distribution for random point processes when
proteins are homogeneously distributed (Figure 9 B, upper gray curve) and can be
compared with experimental generated data (Figure 9 B, blue curve) (Yau and Loh
2012). Typically, the observed blinking events (Figure 9 A, gray dots) differ from the

latent events, being the center of mass (Figure 9 A, green spots).

However, because Ripley’s h-function averages all detected clusters within a ROI it
might not be suited for strong heterogeneity within a population. Also small changes in

the range of a few nanometers are not detected.

1.7 Objective of this work

Within this work the super-resolution microscopy method dSTORM was used to
visualize membrane receptors and to establish a working protocol to differentiate
between different oligomeric receptors. For this, the Jurkat T cell line was used and
antigens with known stoichiometry were investigated according to their localization
statistics. This protocol was later on applied to quantify and visualize receptors on two
clinically relevant examples. One was FLT3, a tyrosine-kinase, targeted by inhibitors
to treat acute myeloid leukemia. The second clinical example was the multiple
myeloma. Here different relevant receptors like CD19, CD20, CD38, CD138, BCMA
and SLAMF7 were imaged and quantified. Additionally, the influence of gene mutations
on receptor expressions were investigated by using the myeloma cell lines OPM2 and
AMO1. Main aim of this work is to enable the quantification and detection of receptor
aggregations for personalized immunotherapy helping to identify risk factors or

important novel targets.
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2 Material and Methods
2.1 Cell culture

Quantification of plasma membrane receptors was done for various cell lines like
Jurkat E6-1, Raji, MM.1S, MV4-11, MOLM-13, COS-7, but also for primary blood cells
like T cells, multiple myeloma cells and white blood cells. Jurkat E6-1, Raji, MM.1S,
MV4-11, MOLM-13 were cultured in RPMI1640 (Sigma, R8758) supplied with 10%
FCS (Sigma, F7524) and 100 U/ml penicillin and 0.1 mg/ml streptomycin (Sigma,
P4333) at 37°C and 5% CO2, whereas COS-7 cells were cultured under same
conditions in DMEM Ham’s F12 (Sigma, D8062) with the same supplements. Cell
splitting was carried out according to the recommendation of the ATCC, but latest when
the cells became confluent enough. Cultivation of the adherent cell lines was done by
the technical assistance of our department. Primary mouse Treg cell isolation was
performed by Dr. Julia Delgado-Tascon from the Department of Medicine Il &
Pediatrics whereas primary multiple myeloma cells (Table 2) were provided by Prof.
Dr. med. Martin Kortim (Department of Medical Clinic and Polyclinic Il) and primary

AML cells by Dr. Sabrina Kraus (Center for allogeneic stem cell therapy).

Table 1 - List of used cell lines, their cell types and origin.

Cell line Type Disease

Jurkat E6-1 T cells acute T cell leukemia

Raji B cells Burkitt's lymphoma

MM.1S B Lymphoblast immunoglobulin A lambda
myeloma

MV4-11 Macrophages biphenotypic B
myelomonocytic leukemia

MOLM-13 Macrophages acute myeloid leukemia

COS-7 SV40 transformed
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Table 2 - Multiple myeloma patients, their applied treatment and underlying genetically
mutations.

Patients | Treatment with Other treatments Mutations
Daratumumab
Pat225 Yes, progressive (2021) |/ /
Pat379 Yes, responding 1x DaraVTD with not high risk
response, then t(11;14)
Daratumumab,

Revlimid, Bortezomib,
Doxorubicin,

Dexamethason

Pat394 Yes, progressive (2019) | Belantamab high risk, gain (1q)
t(14;20) or t(14;16)

2.2 Cell thawing and plating

Cryopreserved primary samples were thawed in a water bath at 37°C for 1-2 minutes
until only some ice crystals were left and transferred into a 15 ml centrifuge tube filled
with 10 ml pre-warmed cell media. The tube was centrifuged at room temperature for
6 min at 1610 rpm, the supernatant removed and the cell pellet resuspended in 10 ml
fresh pre-warmed cell media. On the next day, the vital cell number was determined
by a hemocytometer and a total amount of 2x10° cells were plated onto PDL or

antibody coated Lab-Teks.

2.3 Antibody labeling

For the conjugation of different dyes to proteins like an antibody a buffer exchange to
100 mM sodium bicarbonate (NaHCO3) (pH8.3) in 1x phosphate-buffered saline (PBS)
(Sigma, D1408) was necessary to have optimal conditions for the NHS-reaction to take
place. For this 300 ul of NaHCOs3 (Fisherscientific, S/4240/60) were given into 0.5 ml 7
or 40 kDa Spin desalting columns (Thermo Fischer, 87767), centrifuged by 1000x g for
1 minute, the suspension discarded and the procedure repeated two additional times.
Afterwards, 100 pl solution containing between 25-50 ug antibody were run through
the columns at 1000x g for 2 minutes before the N-Hydroxysuccinimide (NHS)-dye was
added in a 10 fold molar excess. After incubation for 3 h in the dark at room

temperature, the columns were equilibrated like before with 1x PBS supplemented with
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0.02% Sodium azide (NaNs) (Sigma, S-8032), before the antibody-dye solution was
added. By this step, unreacted NHS-dye was removed and the antibody concentration
and degree of labeling (DOL) was determined by using a UV-vis spectrophotometer

(Jasco V-650) and the following formula:

Az80—(Amax X CF)
€

Protein concentration (M) = x dilution factor (3)

Degree of labeling (DOL) = Amax

€ x protein concentration (M)

x dilution factor 4)

A2so = Absorbance at 280 nm

Amax = Absorbance of the dye solution measured at the wavelength maximum

CF = Correction factor; adjusts for the amount of absorbance at 280 nm caused
by the dye

€ = Molar extinction coefficient of the protein

€~ = Molar extinction coefficient of the fluorescent dye

Dilution factor = The extent to which the protein:dye sample was diluted for absorbance

image.

For all experiments, the DOL of the antibodies/ligands ranged from 2-4 to ensure at
least one dye per protein and to avoid unspecific binding events caused by to many

dyes attached to the proteins.

Table 3 - List of used dyes for protein labeling and their correction factor and extinction
coefficients.

Dye Correction Extinction Company (Catalog number)
Factor (CF) coefficient €
AF532-NHS 0.09 81,000 Thermo Fisher (A20101)
AF647-NHS 0.03 239,000 Thermo Fisher (A20006)
Cy5B-NHS 0.55 210,000 Martin Schnermann
(Laboratory of Chemical
Biology)
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2.4 Live cell staining

Visualization of membrane receptors was achieved by seeding 2x10° suspension cells
into pre-coated eight-well chambers (Lab-Tek I, Nunc, Thermo Fisher Scientific or
Cellvis C8-1.5H-N). For the poly-D-lysine (PDL) (Sigma, P6407) coating, the chambers
were cleaned by using 1 M potassium hydroxide (KOH) (Sigma, 06203) for 10 min,
washed two times with ddH20 and incubated with 100% ethanol (EtOH) (Sigma,
32221) for 20 min. After the EtOH had been removed and the chambers were air dried
under the clean bench 150 ul PDL was added for 1 h in a concentration of 0.1 mg/ml.
The PDL was removed from the wells and washed once with 1x PBS before being air
dried.

Antibody coating was done by adding 5-10 ug/ml in 1x PBS of the required antibody
on the pre-cleaned surface for 2 h at 37°C before being washed one time with 1x PBS.
After the cells had successfully attached to the glass surface, they were stored at room
temperature for 5 minutes before being transferred on ice for a further 5 minutes.
Afterwards, the media was removed and replaced by the ice-cold antibody solution,
containing 0.5-20 pug/ml of the desired antibody in 1x PBS for 30-60 min. The cells
were washed three times with ice-cold 1x PBS before the fixative containing 2%
formaldehyde (FA) (Sigma Aldrich, F8775) and 0.25% glutaraldehyde (GA)
(EMSdiasum, 16220) was added for 15 minutes at room temperature. The cells were
washed additional three times with 1x PBS and stored at 4°C in the dark until imaging.

For some plasma membrane receptors staining had to be performed at 37°C.

2.5 Fixed cell staining

20,000 COS-7 cells were seeded on non-coated eight well Lab-Tek chambers (Lab-
Tek Il, Nunc, Thermo Fisher Scientific) and allowed to grow overnight at 37°C at 5 %
CO:s2. As afirst step cells were fixed with 0.3% GA + 0.25% TritonX-100 (Thermo Fisher,
28314) in cytoskeleton buffer (CB) (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM
Glucose, 5 mM MgCl2, pH 6,1) for 1-2 minutes at 37°C. The suspension was removed
and replaced by 2% GA in CB buffer for 10 minutes at room temperature. After
removing the fixative the sample was washed three times with 1x PBS, followed by
background reduction with 0.1% sodium borohydride (NaBH4) (Sigma, 71320) for
seven minutes. Additional three washing steps with 1x PBS were followed by 30
minutes incubation of 5% bovine serum albumin (BSA) (Carl Roth, 3737-3) in ddH20
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(Blocking solution) to reduce unspecific binding. The primary antibody was added in
the required concentration for 1 h followed by three washing steps with blocking
solution. If needed, a secondary antibody was added for additional 45 minutes followed
by three washing steps. To ensure longer storage the sample was postfixed with 4%
FA for 10 min and washed three times with 1x PBS before stored at 4°C in the dark.

Table 4 - List of used primary antibodies.

Antibody Clone Host Conjugate | Used Company
Concentration

Anti-CD2 TS1/8 mouse | Alexa Fluor | 5 ug/mi Biolegend
647

Anti-CD3 UCHT1 mouse 5 pg/ml Biolegend

Anti-CD11a HI111 mouse 2 pug/mi Biolegend

Anti-CD11a mab24 mouse 5 pg/ml Biolegend

(active)

Anti-CD18 TS1/18 mouse 5 pg/ml Biolegend

Anti-CD28 CD28.2 mouse 5 pg/ml Biolegend

Anti-CD34 581 mouse 2 ug/mi Biolegend

Anti-CD38 HIT2 mouse | Alexa Fluor | 7.5 pg/ml Biolegend
647

Anti-CD38 ME-CD38 | rabbit 5 pg/ml Cytognos

(Multiepitope)

Anti-CD45 2D1, HI30 | mouse 5 pg/ml Biolegend

Anti-CD69 FN50 mouse 2 ug/mi Biolegend

Anti-CD135 BV10A4H2 | mouse 2 pug/mi Biolegend

Anti-CD135 A2F10 mouse | Alexa Fluor | 2 pg/mi eBioscience
647

Anti-CD138 MI15 mouse 5 pg/ml Biolegend

Anti-a-tubulin ab15246 rabbit 2 ug/mi abcam

IgG2a, k MG2a-53 | rat 5 pg/ml Biolegend

Isotype Citrl

IgG2b, k MPC-11 rat 5 pg/ml Biolegend

Isotype Citrl
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Table 5 - List of used primary antibodies for regulatory T cell staining.

Antibody Clone Host Conjugate | Used Company
Concentration
Anti-CD3 17A2 rat / 5 pg/ml Biolegend
Anti-CD4 GK1.5 rat / 5 ug/ml Biolegend
Anti-CD25 7D4 rat / 5 pg/ml Biolegend
Anti-CD103 | 2E7 rat / 5 ug/ml Biolegend
Anti- TR75-54 | armenian |/ 5 ug/ml ebioscience
CD120b hamster
Anti-CD134 | OX86 rat / 2 ug/mi Biolegend
Anti-CD137 | 17B5 rat / 2 ug/mi Biolegend
Anti-CD279 | RMP1-30 | rat / 2 pg/mi Biolegend
Anti-DR3 4C12 rat 2 ug/ml Biolegend
Anti-GARP | 7B11 rat 2 ug/ml Biolegend
Anti-GITR 5F1 rat 7.5 pug/ml Biolegend
Table 6 - List of used secondary antibodies.
Antibody Host Conjugate Company
Anti-rabbit goat Alexa Fluor 647 Thermo Fisher (A21246)
Anti-mouse goat Alexa Fluor 647 Thermo Fisher (A21237)
Anti-rabbit goat Alexa Fluor 532 Thermo Fisher (A111009)
Anti-mouse goat Alexa Fluor 532 Thermo Fisher (A11002)
Anti-rabbit goat / Invitrogen (31212)
Anti-mouse goat / Sigma (SAB3701063)

2.6 Imaging

2.6.1 Confocal Laser Scanning Microscope (CLSM)

All confocal images were taken on a “LSM 700 Confocal Microscope” by Zeiss installed
on a vibration-cushioned table to reduce drift of the sample. The setup is equipped with

a standard objective (EC Plan-Neofluar 10x 0.3 NA, Zeiss) and an oil immersion
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objective (PlanApochromat 63x 1.40 NA, Zeiss). The setup contains a 5 mW red laser
(637 nm), a 5 mW green laser (555 nm) and a 10 mW blue laser (488nm). An URGB
beamsplitter (405, 488, 555 and 639 nm) separates the emitting light from the
excitation light and additional filters allow removing of external emission light send out
by other wavelengths. The setup also can carry out multicolor imaging by using two
confocal channels each with an own photomultiplier detector. All images were gathered
by using 5% laser power with a pixel dwell time of 11.1 ys, one airy unit, optimal pixel

size and an additional gain of 650.

2.6.2 One-color dSTORM

dSTORM imaging was carried out on a homebuilt widefield setup with an inverted
microscope (Olympus IX-71) using an oil immersion objective (Olympus APON 60xO
TIRF, NA 1.49). The setup is equipped with excitation lasers of the wavelengths 639
nm (Genesis MX639-1000, Coherent), 558 (Genesis MX561-500, Coherent) and 514
nm (Genesis MX514-500, Coherent). To separate the excitation beam from the
fluorescence, a dichroic beam splitter was used (either ZT405/514/635rpc, Chroma or
FF410/504/582/669, Chroma) and the emission was additionally filtered by emission
filters (Brightline HC 679/41 (Semrock), Brightline HC 607/70 (Semrock) or BrightLine
HC 582/75 (Semrock) in front of the EMCCD-cameras (iXon Ultra 897, Andor).
dSTORM imaging was performed in a switching buffer containing 100 mM
R-mercaptoethylamin (Sigma, M6500) at a pH depending on the used dyes (7.4 for
AF647, 7.0 for AF532) with integration times of 20 ms for 15,000 frames at laser
intensities of ~2.5 kW/cm?. The basal membrane of the cells were imaged in TIRF-
illumination mode (Total internal reflection fluorescence microscopy) to ensure high
signal-to-noise measurements. All acquired image stacks were reconstructed with
rapidSTORM 3.3 (Wolter et al. 2012).

2.6.3 Preparation of TetraSpeck sample

Glass surface cleaning and coating with PDL was done according to the protocol
mentioned in 2.4. The TetraSpecks (Invitrogen, T7279) were diluted 1:100 in 80 mM
Pipes buffer (Sigma, P1851) containing 1 mM MgCl2 and 1 mM EGTA (pH 6.8) before
being sonicated for 30 min. Afterwards, the solution was given into the cleaned

Lab-Tek well for 1h at room temperature before being washed three times with 1x PBS.
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2.6.4 Two-color dSTORM

Two-color dISTORM imaging was performed on the same homebuilt widefield setup as
described in 2.6.2. First, both channels were pixel precise aligned with a self-made
TetraSpeck sample described in 2.6.3. Afterwards, the sample containing the imaging
buffer was put on stage and after focusing on the basal layer the setup was left for a
certain time until no z-dimensional drift was observed anymore. The image stacks were
first acquired from the longer wavelength absorbing dye followed by the shorter
wavelength absorbing dye (sequentially). The sample was removed and replaced by
the TetraSpeck sample, which was imaged (100 frames with 50 ms exposure time)
until at least a few TetraSpecks were located in each corner and in the middle of the
camera chip. This workflow was repeated after each two-color image to ensure a high
precision of the later created elastic transformation by the Fiji plugin “bUnwarpJ”.

The reconstructed TetraSpeck images were opened in “bUnwarpJ” and manually a
landmark in each corner and the middle was set. After this, an elastic transformation

was created with these settings:

Table 7 - Settings used for creating an elastic transformation with bUnwarpJ.

Registration Mode Mono
Initial Deformation Coarse
Final Deformation: Fine
Divergence Weight 0.0
Image Weight 0.1
Consistency weight 1.0
Stop Threshold 0.01

The elastic transformation was applied on the respective sample images. Afterwards,
a region of interest (ROI) was drawn around the basal layer and the Fiji plugin

“Colocalization threshold” determined the Manders overlap coefficient (MOC).

2.6.5 Analysis of dSTORM data by rapidSTORM, Locan and ImageJ

Processing of dSTORM localization data was done using the open source software
rapidSTORM 3.3. The pixel size of one input pixel was 128 nm with a PSF FWHM of
360 nm for red absorbing dyes and 131 nm/px with a PSF FWHM of 340 nm for the
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green/yellow absorbing dyes. The intensity threshold was set to a minimum of 800
photons to reduce background noise localizations. The pixel size of the final
reconstructed image was set to 10 nm/pixel for all three dimensions unless otherwise
noted.

The quantification of the plasma membrane receptors was done by using the software
Locan. Locan is a custom written python script, programmed by PD Dr. Séren Doose
from our department, which uses the localization data of rapidSTORM or
ThunderStorm to perform cluster analyses or stoichiometric analyses. First, the
localization file was opened with the image viewer “Napari” and the region of interest
(ROI), the location of the basal plasma membrane attached to the glass surface, was
determined. Afterwards, a DBSCAN algorithm with € =20 nm and MinPts = 3 was used
to determine the amount of clustered single point events on the cell surface. Because
antibodies labeled with Alexa Fluor 647 show on average 7-10 blinking events
additional receptor estimations could be obtained. The processed data were further

imported to OriginPro 2016G and depicted as Box-plots.
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3 Results

3.1 Stoichiometric receptor quantification on Jurkat T cells

The following chapter describes the results of experiments on Jurkat T cells used to
establish and validate receptor quantification. For this, various receptors with known
stoichiometries were used as ground-truth and analyzed using single- and two-color
dSTORM to gather information about epitope accessibility, blinking behavior and

artificial clustering in the range of 10-50 nm.

Jurkat T cells were stained on ice with different antibodies according to the live cell
staining protocol 2.4 to avoid internalization, before dISTORM imaging was performed
according to 2.6.2 and reconstructed with rapidSTORM 3.3. Additionally, fixation
occurred as a last step as it is thought to cause crosslinking of accessible epitopes and
therefore drastically reducing detection of present receptors. All single-color dSTORM
measurements were performed with self-labeled AF647 primary monoclonal
antibodies with a DOL ranging between 2 and 4. Representative dSTORM images of
the basal layer of Jurkat T cells are shown in Figure 10. All antibodies show a quite
diverse quantity of detected receptors on the cell surface with CD2 and CD3 being
highly abundant, compared to CD11a, CD18, CD45, CD69 and CD105 which are
sparsely distributed (Figure 11). Interestingly, even though most of the detected targets
demonstrate a homogeneous distribution on the cell surface (Figure 10, red circles),
LFA-1, CD69 and CD105 indicate two or three adjacent detected antibodies more often
than others do (Figure 10, yellow circles). In comparison, CD3 clearly shows a
heterogeneous distribution of single spots and clusters of antibodies in different sizes
and shapes. As one single antibody is detected multiple times due to stochastic
photoswitching, cluster analysis of the localization data has been performed to group
these localizations to its corresponding antibody. To this end, quantitative cluster
analyses of localization data with the software Locan and the implemented DBSCAN
algorithm with € = 20 nm and MinPts = 3 was done. Using these parameters ensures
identification of present fluorophore coupled antibodies and removes background or
noise localizations, which only appeared one or two times. For the different receptors
strongly varying mean cluster densities (Cluster/um?) + standard error (s.e.) ranging
from 16.9 £ 3.3 (s.e.) for CD2 (n=7), 15.4 £ 2.1 (s.e.) for CD3 (n=5), 3.0 £ 0.3 (s.e.) for
CD11a (n=13), 3.9 £ 0.4 (s.e.) for CD18 (n=20 ), 5.2 £ 0.4 (s.e.) for LFA-1 (n=18),
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44 +04 (s.e.) for CD45 (n=14), 5.2 £ 0.4 (s.e.) for CD69 (n=27) and 3.0 £ 1.1 (s.e.)
for CD105 (n=6) were observed (Figure 11).

Note that “cluster densities” refers to clustering of single localizations observed from
multiple blinking events of a single antibody and not a clustering of receptors in this
case. Therefore, for monoclonal antibodies, the cluster density is equal to the receptor
density only for monomeric receptors, that do not form clusters, whereas for dimers or
clustering receptors (e.g. CD3), receptor densities have to be estimated by the number

of detected localizations divided by the localizations given from a single antibody. This

Figure 10 - Representative dSTORM images of the basal membrane of Jurkat T cells labeled with
different Alexa Fluor 647 conjugated antibodies. Cells were stained on ice and fixed afterwards.
While most of the different detected receptors show a rather homogeneous distribution on the cell
surface, cluster formation is clearly visible for CD3. Additionally, some of the receptors (e.g. CD69) seem
to form - besides monomers (red circles) - small oligomers visible by two adjacent antibodies (yellow
circles) more often than others do (e.g. CD11a). Scale bars: 2 ym; CD11a and CD69 zoomed: 200 nm.
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value has to be identified first by determining localizations per cluster for monomeric
receptors. All cluster densities (cluster/um?) are shown in Figure 11 with each boxplot
representing an individual detected receptor by the antibody and each point within the

plot representing a single analyzed cell.
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Figure 11 - Cluster densities of different detected receptors on the basal membrane of Jurkat T
cells. Cells were analyzed using the implemented DBSCAN algorithm of Locan with with € = 20 nm and
MinPts = 3. Each dot represent a single analyzed cell and a box plot the representative receptor.

Especially for CD2 and CD3, high variance in cluster density within the cell population
can be observed. Additionally, to ensure drift free and high signal-to-noise
measurements, the achieved localization precision (sigma) was checked for all
measurements which on average ranged from 6.8 nm to 9.4 nm for the different

analyzed receptors (Table 8).
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Table 8 - Mean localization precision (sigma) * standard error of different analyzed receptors
during dSTORM measurements. Mean of the localization precision in x- and y-direction is given for
each receptor. All samples were stained with directly AF647 conjugated antibodies.

Receptor CD2 | CD3 |CD11a | CD18 | LFA-1 | CD45 | CD69 | CD105

Localization |71+ 81+ | 72+ |73+ | 74+ | 68+ | 78+ | 94+
precision [nm] | 0.2 0.5 0.3 04 0.2 0.2 0.2 0.3

To obtain information about epitope accessibility in the range of a few nanometers,
two-color dSTORM experiments were performed. However, the achievable maximum
co-localization value under ideal conditions has to be determined first. Therefore,
Jurkat T cells were stained according to the live cell staining protocol with an anti-
CD45-AF647 antibody for 30 minutes with additional 15 minutes of 5 ug/ml
goat-anti-mouse (gam)-AF532 F(ab)2 secondary antibody incubation prior to fixation.
This duration was chosen because longer incubation times result in a clearly visible
clustering of the otherwise homogeneously distributed CD45 receptor (Figure 12 A and
B). A representative two-color image of anti-CD45-AF647 (magenta) and gam-AF532
(green) antibodies is shown in Figure 12 C. Although many pixels co-localize (white
dots), still single green and magenta spots are visible. Co-localization analyses was
performed by using Manders overlap coefficient (MOC) instead of the Pearson
correlation coefficient (PCC). This is due to the fact das PCC reflects the correlation
between intensities in two channels, while the MOC describes co-occurrence of two
different spots in both channels. As co-localization of two proteins were analyzed MOC
is better suited for this approach and was calculated with the Fiji Plugin Coloc threshold
for three separate CD45 images. The plugin determines the co-occurrence of spots
from one channel to another and vice versa named as tM1 (AF532 to AF647) and tM2
(AF647 to AF532) with a value of 1.0 for a completely co-localizing population. As
unspecific binding can occur in both channels and more unspecific binding is observed
for AF532 coupled antibodies tM2 is used to define the maximum co-localization. For
anti-CD45-AF647 stained with a gam-AF532 a mean MOC of 0.55 (tM2) and 0.34 (tM1)
for 20 nm/pixel image resolution and 0.34 (tM2) and 0.21 (tM1) for 10 nm/pixel was
observed respectively (Table 9). This highlights that about half of the detected
antibodies are not observed near their corresponding primary or secondary antibody.
Even though not all spots showed an overlap, detection of co-localization in the range
of 10-20 nm is possible for a certain amount of antibodies following the protocol

described in 2.6.4. As a next step, co-localization within the same receptor population
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was investigated using equal amounts of a directly-conjugated AF647- and AF532-
coupled primary antibody. The cells were stained according to the live cell staining
protocol and three different cells were analyzed respectively. Calculation of the MOC
with Coloc threshold demonstrated no co-localization for CD11a (tM1=0.00; tM2=0.00),
but a MOC of 0.07 for 10 nm/px and 0.14 for 20 nm/px for CD69. Representative
dSTORM images of CD11a and CD69 are shown in Figure 13 A and B. As an addition,
the known heterodimer LFA-1, composed of CD11a stained by an AF647 coupled
antibody (magenta) and CD18 stained by an AF532 coupled antibody (green), was
imaged (Figure 13 C) and the MOCs determined. A subset of antibodies was able to
bind adjacent areas visible by white spots with an average MOC of 0.26 for 20 nm/px
(n=3) (Table 9). This means that for the dimeric receptors CD69 and LFA-1, a subset
of antibodies was able to bind within a radius of a few nanometers. Additionally,
comparing the localization precision of AF647 coupled antibodies to AF532 coupled
antibodies showed better values for AF647, with localization precisions ranging
between 7.23 nm and 7.57 nm compared to 8.13 nm to 12.03 nm for AF532.

Table 9 - Manders overlap coefficients of reconstructed rapidSTORM images with 10 and 20 nm
per pixel for different receptors imaged with two-color dSTORM. The shown Manders coefficients
are averaged from n=3 cells.

10 nm/px 20 nm/px

tM1 tM2 tM1 tM2

CD45 (AF647) + gam (AF532) 0.21 0.34 0.34 0.55
CD11a (AF647/AF532) 0.00 0.00 0.003 0.007

CD69 (AF647/AF532) 0.06 0.07 0.09 0.14

CD11a (AF647) + CD18 (AF532) | 0.13 0.15 0.25 0.26

Table 10 - Localization precision (sigma) * s.d. in x- and y-direction of AF532 and AF647 coupled
antibodies. Measurements were acquired on the basal membrane of Jurkat T cells. Analysis was done
on two-color dISTORM images of cells stained prior to fixation with AF532 and AF647 coupled antibodies
mixed in a 50:50 ratio.

Localization precision [nm] | Localization precision [nm]

AF532 AF647

x-direction y-direction x-direction y-direction
CD11a 11.37£2.10 |12.03+1.88 7.57 +1.07 7.23 £+1.43
CD45 8.13+0.53 9.78 £ 0.86 7.25+0.40 7.33+£0.53
CD69 9.03+1.0 11.47 £ 1.14 7.47 £1.01 7.36 £0.79
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Figure 12 - Reconstructed dSTORM images of the basal membrane of Jurkat T cells labeled with
5 pg/ml anti-CD45-AF647. Cells were stained on ice for 30 min with an additional incubation of 5 pg/mi
goat-anti-mouse (gam) antibody for 15 min (A), 30 min (B) or with 5 pg/ml gam-AF532 for 15 min (C)
prior fixation. While short incubation times of the secondary antibody (A and C) preserve the mostly
homogeneous distribution of the receptor, longer incubation times induce a strong aggregation of the
receptor (B). Two-color dSTORM images (C) demonstrate co-localization (overlaps in white) of
anti-CD45-AF647 (magenta) and gam-AF532 (green) antibodies (20 nm/px). However, still
approximately half of the antibodies seem to not co-localize. Scale bar of the insets: 500 nm.
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Figure 13 - Two-color dSTORM images of CD11a (A), CD69 (B) and CD11a/CD18 (C) on the basal
membrane of Jurkat T cells. For A and B the staining solution contained half of the recommended
amount AF532 (green) and the other half of AF647 (magenta) directly conjugated primary antibodies.
In C the heterodimer LFA-1, composed of CD11a (magenta) and CD18 (green), is shown. Compared to
LFA-1, CD69 shows less co-localization (white spots) and CD11a no co-localization at all. Manders
overlap coefficients (MOC) for the shown images are 0.0 (A), 0.21 (B) and 0.32 (C) for tM2. All images
were reconstructed with rapidSTORM and a pixelsize of 20 nm/px. Scale bars: 2 uym.

Because some receptors show visible clustering, Ripley's h-function was calculated for
all imaged receptors and compared with the simulated data. Ripley’s h-function is
helpful to determine the average size of localization clusters making aggregation of
proteins visible. As one visualized antibody contains around 7-10 localizations on
average, a Neyman-Scott distribution (upper gray lines Figure 14) was simulated as it
reflects the random distribution of experimental gathered SMLM data better than the
complete spatial randomness (lower gray line Figure 14). Comparison of the mainly
monomeric receptors CD2, CD11a, CD18 and CD45 (Figure 14 A blue curve), but also
of the dimeric receptors LFA-1, CD45 + gam F(ab)2, CD69 and CD105 (Figure 14 B
blue curve) demonstrated no difference to the simulated data with the amplitude of
localization cluster sizes at ~20 nm. However, CD3 (Figure 14 C blue curve) shows a
clear shift of the localization cluster size towards ~60 nm. Additionally, Ripley’s
h-function of equal amounts of unlabeled and AF647-labeled CD69 antibody (Figure
14 D blue curve) showed the same trend seen for the monomeric and dimeric

receptors.
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Figure 14 - Ripley’s h-function of different monomeric (A), dimeric (B), a clustering (C) and a
CD69 1:1 (D) receptors. No difference for the size of the localizations clusters between the
experimental data (blue curves) of A and B and the simulated data of a clustered Neyman-Scott process
(gray curves) was observed. For CD3 (C) a shift of the maximum localization cluster size towards ~60
nm compared to the Neyman-Scott process is visible suggesting present receptor aggregations. CD69
used in a 1:1 ratio of unlabeled and AF647 coupled antibodies also follows the trend of A and B.
Additionally, simulated data with spatial distributions following complete spatial randomness is shown
(lower gray curves).

As Ripley’s h-function was able to detect changes in receptor aggregation of bigger
clusters but not of smaller oligomers, a different parameter was required to distinguish
between small nanocluster and monomeric receptors. Therefore localization data of
two known homodimeric (CD69, CD105), one heterodimeric (LFA-1) and one
monomeric receptor (CD45) were analyzed. Additionally, a primary CD45 antibody with
an additional goat-anti-mouse F(ab)2 secondary antibody was used creating a
pseudodimer and compared to the monomeric receptors (CD11a, CD18, CDA45)
stained only with a primary antibody. All the different primary monoclonal antibodies
and the secondary gam F(ab)2 antibody were coupled to AF647 with an average
degree of labeling of 2-4 each. Cluster analyses was performed by the DBSCAN
algorithm implemented in Locan with € = 20 nm and MinPts = 3 and the localizations
per cluster were plotted as probability density function (PDF). Of note, PDFs display
the normalized probability of all present localizations per cluster quantities which add
up to 1. Further analyses demonstrated less localizations per cluster for CD2, CD11a,
CD18 and CD45 (Figure 15 A) compared to LFA-1, CD69, CD105 and CD45 with an
additional F(ab)2-AF647 attached to it (Figure 15 B). All monomeric receptors showed
localization quantities over 0.12 for three blinking events, with a fast decreasing
distribution and basically no localization events over 25 occurring per cluster. The
mean localizations per cluster + standard error (s.e.) varied between 7.3 + 0.2 (s.e.)
and 10.1 £ 0.4 (s.e.) localizations per cluster. In contrast, all known dimeric receptors
or CD45-AF647 stained with an additional gam F(ab)2-AF647 (pseudodimer) started
below 0.1 for 3 localizations per cluster and decreased significantly slower with more
events occurring over 25. For these receptors, compared to the monomeric receptors,
higher mean localization numbers per cluster + standard error (s.e.) were observed,
varying between 14.4 £ 0.3 (s.e.) and 17.9 £ 0.9 (s.e.) localizations per cluster. For
CD3 (Figure 15 C) the distribution is similar to the dimeric receptors, probably due to
the strong heterogeneity of the receptor, with a mean localization density of 16.4 + 0.6

(s.e.) localizations per cluster. Staining Jurkat T cells with equal amounts of unlabeled
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and AF647-labeled CD69 antibody (Figure 15 C CD69 1:1) also resulted in a PDF
curve between the monomeric and the dimeric trends. This is also visible by the mean
localizations per cluster + standard error of 12.2 + 0.2 (s.e.) localizations per cluster
(Table 11). Taken together, the combination of Ripley’s h-function and localization data
analyses show the possibility to distinguish between monomeric, small oligomers and
strongly clustered receptors, although small oligomers are barely visible in the

reconstructed images.
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Figure 15 - Probability density functions (PDF) of the localizations per cluster for different
monomeric and dimeric receptors. Monomeric receptors (A) show higher quantities of 5-8
localizations per cluster and barely any events over 25 localizations per cluster. The PDF of known
homodimeric, heterodimeric or receptors carrying at least two antibodies (B) has a value below 0.10 for
5-8 localizations per cluster and is right shifted with significantly more localizations per cluster over 25.
The partially clustering and heterogenic receptor CD3 (C) shows a similar distribution of localizations
per cluster as the dimeric ones. In contrast, the combination of unlabeled and AF647-labeled CD69
antibodies in a 1:1 ratio shows a trend between monomeric and dimeric distribution (C, CD69 1:1).

Analyses was done with Locan and the DBSCAN parameters € = 20 nm and MinPts = 3.

Table 11 - Mean localizations per cluster * standard error for different analyzed receptors on

Jurkat T cells.
Monomer Receptor Mean localization per cluster * standard
error

CD2 9.2+0.2
CD11a 9.6+0.3
CD18 7.310.2
CD45 10.1+0.4

Monomer/Dimer | CD69 1:1 12.2+0.2

Dimer LFA-1 16.3+ 0.4
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CD45+F(ab)2 179+ 0.9
CD69 14.4+0.3
CD105 16.3 £ 1.1
Oligomer CD3 16.4 £ 0.6

Even though all cells from the previously described experiments originated from the
same cell population, high fluctuations of receptor expression and oligomerization were
observed. For TNF receptors, for example, a decrease in receptor expression has
been shown during the M-phase (Pocsik et al. 1995) of the cell cycle. Because no cell
cycle synchronization prior to the staining procedure was performed, Jurkat T cells
were arrested in different cell cycle phases and the receptor expression and
aggregation of two different receptors was compared. By incubating cells with 5 mM
hydroxyurea for 24 h the movement of DNA replication is slowed down, leading to an
arrest in the S-phase (Xu, Singh, and Alter 2016). An arrest in the G0/G1 phase was
induced by serum starvation (0% FCS) for 24 h. Afterwards, the expression of CD28
and CD69 was compared to control cells cultivated under standard conditions.
Because receptor aggregations were observed, receptor densities were estimated by
dividing the localization density (localizations/pm?) by 9 according to the results for
monomeric receptors (see Table 11).

On control cells, CD28 showed a mean receptor density + standard error (s.e.) of
40.0 £ 0.2 (n=12) receptors per um? and aggregation of some CD28 molecules. Those
aggregations are also visible for serum starved, but not for hydroxyurea-treated cells.
Additionally, receptor densities are strongly reduced for hydroxyurea-treated cells
visible by receptor densities + standard error of 10.0 £ 0.5 (s.e.) (n=17) compared to
40.0 =+ 0.3 (s.e.) receptors per ym? for FCS-starved cells (n=7) (Figure 16 A). In
comparison, Jurkat T cells are negative for CD69 on cells trapped in the S-phase while
an upregulation is visible for FCS-starved cells (25.0 £ 1.0 (s.e.) (n=9)) compared to
control cells (n=27) with 5.2 £ 0.4 (s.e.) receptors per um? (Figure 16 B). At least for
CD28, besides the receptor expression, aggregation of the molecules was altered for
all three conditions, posing a possible explanation for high fluctuations on the same

cell line.
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Figure 16 - Influence of different cell cycle phases on CD28 and CD69 receptor expression on
Jurkat T cells. Cells where either treated under standard conditions (control cells), with 5 mM
hydroxyurea for 24h (S-phase) or serum starved for 24h (G0/G1-phase). Image acquisition of the basal
membrane was done by dSTORM (A) with standard settings and analyzed using a DBSCAN algorithm
with € = 20 nm and MinPts = 3. The receptor density is shown in the boxplots for CD28 and CD69 (B).
Each dot represents a single cell. Scale bars: 2 um.

Ripley’s h-function showed a random distribution for CD69 under all three conditions
with a localization cluster size of ~20 nm (Figure 17 A) as seen from the monomers
and homodimers before (Figure 14). However, a clear clustering for CD28 control cells
with a localization cluster size of ~100 nm was observed, while hydroxyurea-treated
cells showed a random distribution with a localization cluster size of ~20 nm. For

FCS-starved cells a slightly increased localization cluster size of ~40 nm was
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observed. These changes are also reflected in the “blinking” statistics of CD28 (Figure
17 B). The control cells containing clearly visible clusters showed similar localizations
per cluster as the FCS-starved cells with localizations of 25 and above being present.
In contrast, the hydroxyurea-treated cells showed no clusters with such high quantities
of localizations. For CD69 FCS-starved cells, an increased localization cluster size of
~100 nm (Figure 17 A) and slightly increased mean localizations per cluster were
visible compared to the CD69 control cells (Figure 17 B). Still the trend resembles the
dimeric curves seen in Figure 15 B for both conditions. However, treatment with
hydroxyurea strongly decreased the CD69 population and only few localizations were
detected (Figure 17 B). These few binding events are insufficient to analyze even
though they appeared dimeric (Figure 17 B). Also the mean value for the localizations
per cluster + standard error (s.e.) shown in Table 12 demonstrate a big difference
between CD28 control and CD28 FCS-starved cells with 19.1 £ 0.9 (s.e.) and 18.5
0.7 (s.e.) localizations per cluster compared to hydroxyurea-treated cells with 8.8 + 0.2
(s.e.) localizations per cluster. For CD69 no significant differences were observed with
localization values ranging from 14.4 + 0.4 (s.e.) to 17.1 £ 1.3 (s.e.) localizations per

cluster.

Table 12 - Mean localizations per cluster with standard error for CD28 and CD69 on Jurkat T cells

treated under different conditions.

Mean localizations per cluster * standard error
Receptor Control Hydroxyurea FCS starved
CD28 19.1+0.9 8.8+0.2 18.5+0.7
CD69 14.4+04 16.1+0.9 17.1+1.3
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Figure 17 - Ripley’s h (A) and probability density function (PDF) (B) for CD28 and CD69 on Jurkat
T cells treated with different cell phase synchronizing chemicals. A non-random cluster formation
of ~100 nm for CD28 on control cells was confirmed by Ripley’s h-function (blue curves, A) similar to the
simulated data (gray curves A) and also by localization density analysis (B). For serum-starved cells a
reduced localization cluster size of ~40 nm was observed and a random distribution with ~20 nm
localization cluster size for hydroxyurea-treated cells. Additionally, localization density of FCS-starved
cells was higher compared to hydroxyurea-treated cells. Analysis of CD69 showed a random distributed
localization cluster size of ~20 nm for control and an increased cluster size of ~100 nm for FCS-starved
cells (A), whereas localization density of these cells suggests a dimeric population present (B). For
hydroxyurea-treated cells the amount of detected CD69 antibodies was insufficient to get reliable
statistics. Analysis was done using a DBSCAN algorithm with € = 20 nm and MinPts = 3.
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3.2 The Treg receptome

The immune system is a quite complex machinery with regulation and inhibition of
immune responses causing a proper reaction to healthy or aberrant cells or infections.
Regulatory T cells (Treg) represent only around 6% of all T cells but maintain balance
between T cell resting and killing. In this chapter, various important receptors on
primary mouse regulatory T cells (CD4* CD25Md" FoxP3*) were quantified before and
after activation. Purification was done by Dr. Julia Delgado-Tascon (Beilhack group)
from the Department of Medicine Il & Pediatrics University Hospital Wirzburg. Cell
staining and dSTORM measurements were performed together with Dr. Ralph Goétz
from our department. As this project was performed before the protocol mentioned in
3.1 had been established, receptor quantities were estimated by dividing the
localizations per um? by 7 as it was thought to represent the blinking event of one single

antibody at this time.

Primary mouse regulatory T cells were investigated for their receptor expression before
and after activation of TNFR2 by Selective TNF-based Agonist of Receptor 2 (STAR2).
Cells were stained according to the live cell staining protocol prior to fixation with 4%
paraformaldehyde on ice for 30 minutes. Additionally, to maintain a sufficient basal
attachment to the PDL-coated Lab-Teks, Tregs were centrifuged at 400x g with de-
and acceleration set to 5. The expression profiles of natural Treg receptors (CD3, CD4
and CD25 shown in Figure 18), co-inhibitory molecules (CD279), activation molecules
(CD103, CD134, GARP, GITR) as well as TNFRSF co-stimulatory receptors (CD120b,
CD137, DR3) were checked before and after activation (Figures 18-20). No significant
differences in receptor densities (receptors/um?) or clustering between STAR2-
activated and native Tregs were observed for CD3 (33.9 + 2.5 (s.e.) n=15 compared to
36.2 + 1.8 (s.e.) receptors/pm? n=33). Receptor densities + standard error were slightly
increased on STAR2-activated cells for CD4 (39.3 + 2.0 (s.e.) n= 15)) and for CD25
(43.7 + 4.8 (s.e.) receptors/um? n=11) compared to the native cells (CD4: 35.8 + 2.2
(s.e.) n=26, CD25: 35.0 + 2.8 receptors/pm? (s.e.) n=37). Nevertheless, the variance
between the cells is very high on activated Tregs with receptor densities varying
between 22.0 and 65.9 CD25 receptors per ym? for instance (Figure 21 A).
Additionally, no clustering of any receptor was observed before and after activation.
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Figure 18 - Representative dSTORM images of the T regulator cell (Treg) markers CD3, CD4 and
CD25 before and after STAR2 activation. All cells were stained with AF647 labeled antibodies
according to the live cell staining protocol and fixed on ice for 30 min with 4% PFA. While STAR2
activation of Tregs had no influence on the CD3 expression, CD4 and CD25 showed an increased
expression profile. Furthermore, all receptors under both conditions seem to be homogeneously
distributed over the cell membrane. Scale bars: 2 ym.

Also for CD103, CD120b, CD134 and CD279, a homogeneous distribution without
clustering is observed before and after activation with STAR2. All of the used
antibodies demonstrated a clear membrane staining with low quantities of unspecific
binding events to the glass surface. Additionally, all the receptors show a high
expression variance on the purified Treg cell population. For CD103 the detected mean
receptor density + standard error of 7.6 £ 0.9 (n=31) was slightly reduced to 6.2 + 0.9
(s.e.) receptors per um? (n=31) after STAR2 activation. For CD120b a nearly twofold
increase to 7.2 £ 0.9 (s.e.) (h=16) was detected after activation, compared to 4.0 + 0.5
(s.e.) receptors per um? (n=27) for the native form. This was also observed for CD134
with 9.3 £ 0.6 (s.e.) (n=21) compared to 5.8 £ 1.0 (s.e.) receptors per ym? (n=16). In
contrast, CD279 was slightly reduced after activation from 13.0 + 1.3 (s.e.) (n=9) t0 9.9
+ 2.3 (s.e.) receptors per ym? (n=11). Even though, detected receptor expressions

were quite different within the cell population changes in receptor quantities after
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activation could be observed with no visible changes in receptor distribution (Figure 19
& 21).

CD103 CD120b CD134 ~_CD279

Figure 19 - Representative dSTORM images of various important T regulator cell (Treg) receptors
before and after STAR2 activation. Staining of T regulator cells was done according to the live cell
staining protocol with AF647 coupled antibodies. Expression of CD103 was only minor changed, while
CD120b and CD134 expression was upregulated upon activation. In contrast, CD279 showed a reduced
receptor expression. All receptors seem to be homogeneously distributed over the cell membrane. Scale
bars: 2 ym.

In contrast to previous described receptors, CD137, DR3, GARP and GITR were
analyzed only after STARZ2 activation (Figure 20). While CD137 and GARP showed a
rather homogeneous distribution on the surface, light clustering was visible for DR3
and, even more pronounced for GITR with clusters of ~ 200-500 nm. Cluster analyses
resulted in mean receptor densities + standard error (s.e.) of 5.6 + 0.6 (s.e.) for CD137
(n=29),2.8+0.2 (s.e.)for DR3 (n=8), 2.6 £+ 0.2 (s.e.) for GARP (n=34)and 121.0 + 10.6
(s.e.) receptors per ym? for GITR (n=28) (Figure 21).

Most of the addressed receptors showed similar expression quantities ranging
between 2-10 detected receptors/um?, with only Treg specific receptors and GITR
being highly abundant. For each receptor, single cells are shown as dots in the

representative box plots in Figure 21.
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Figure 20 - Representative dSTORM images of the basal membrane of Tregs stained for either
CD137, DR3, GARP or GITR after STAR2 activation. Staining of T regulator cells was done according
to the live cell staining protocol with AF647 coupled antibodies. For all targets, a specific membrane
staining with no antibodies bound to the glass surface was observed. Additionally, all receptors seem to
be homogeneously distributed except for GITR, which formed clusters. Scale bars: 2 ym.
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Figure 21 - Quantitative analyses of different receptors before (-) and after (+) STAR2 activation
(A and B) and after activation only (C and D) on regulatory T cells. Analyses was done using a
DBSCAN algorithm with € = 20 nm and MinPts = 3. Each dot represents a single cell.

3.3 Multiple myeloma

In this chapter, quantification of receptors, particularly of the receptor CD38 which is

relevant in multiple myeloma, but also for several other clinically important targets, is

described. Quantification was performed on various cell lines as well as on primary

multiple myeloma cells from patients in collaboration with Prof. Dr. Martin Kortiim from

the Department of Internal Medicine Il of the University Hospital Wirzburg

3.3.1 CD38 detection on multiple myeloma cells

On multiple myeloma cells, CD38 is highly abundant and can be addressed by the

monoclonal antibody daratumumab for immunotherapy. For reliable quantification of
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patient samples, it is therefore important to have the ability to detect all CD38
molecules, even though daratumumab has already been preceded as treatment. Two
different antibodies were assessed on their ability to detect CD38 in the absence or
presence of this drug. MM.1S cells were treated with or without 15 pg/ml daratumumab
for 90 minutes at 37°C before being stained on ice with either the monoclonal anti-
CD38-AF647 (HIT2) antibody or the polyclonal anti-CD38-AF647 (ME) antibody prior
to fixation. Cells were checked for signal at the CLSM with the standard settings
applied and detected signal was adjusted in Fiji to 0-1500 ADC. MM.1S cells stained
with both the monoclonal and polyclonal antibodies showed a clear membrane staining
in the absence of daratumumab (Figure 22, upper panel). However, incubation with
daratumumab results in little to no CD38 being detected by the monoclonal antibody
anymore, while the detected signal of the polyclonal CD38 antibody remained almost
the same (Figure 22, lower panel). Therefore, the polyclonal CD38 antibody was used
for following quantification experiments to ensure comparable results between

individual patients before and after daratumumab treatment.

As a next step, CD38 expression was quantified on the basal layer of three different
primary myeloma samples via dSTORM. Representative dSTORM images of MM cells
of patient 225 (A), patient 379 (B) and patient 394 (C) as well as quantification statistics
of all three patients (D) are shown in Figure 23. All three patients had been treated with
daratumumab prior microscopy (Table 2), but the disease still progressed in patients
225 and 394, with only patient 379 showing a regressive trend under this medication.
All patients’ cells show differently sized membrane attachment areas as well as a clear
CD38-expression, detected by the polyclonal CD38 (ME) antibody. Additionally, the
unspecific binding of the antibody to the glass surface is highest for the lowest CD38-
expressing myeloma cells of patient 225. Quantification of CD38 with the software
Locan and the implemented DBSCAN algorithm with € = 20 nm and MinPts = 3 (Figure
23 D) showed mean cluster densities + standard error (s.e.) of 20.8 + 1.6 (s.e.) for
patient 225 (n=8), 23.3 £ 2.1 (s.e.) for patient 379 (n=6) and 47.4 + 2.9 (s.e.) clusters
per um? for patient 394 (n=9). Interestingly, the investigated cells of the progressive
patient 225 and the responding patient 379 demonstrated rather identical expression
quantities of CD38 on their surface. Unfortunately, the disease was also advancing for
patient 394 even though CD38 is highly abundant and daratumumab has been

administered in 2019.
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Figure 22 - Confocal laser scanning microscope images of MM.1S cells stained with CD38 (HIT2)
and CD38 (ME) Alexa Fluor 647 coupled antibodies in the absence and presence of 15 pug/ml
daratumumab. Imaging was performed under standard settings and signal adjusted to 1-1500 ADC.
No signal was detected for anti-CD38 (HIT2) when preincubated with daratumumab suggesting blocking
of this epitope. This effect was not visible for the polyclonal anti-CD38 (ME) antibody.

However, due to the gain of chromosome 1 (1g) and the translocations of t(14;16) and
t(14;20) patient 394 is considered to be a high-risk patient for early relapse, having a
poor prognosis compared to patient 379 with translocation of t(11;14) (Rajkumar 2020)
(Table 2). Additionally, the localizations per cluster of both patients stained with the
polyclonal CD38-AF647 (ME) antibody were analyzed and compared to patient 2023
stained with the monoclonal CD38-AF647 antibody (Figure 24). While patients 379 and

394 show a dimeric trend for their localization statistics (localizations/cluster), the
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localization statistic of patient 2023 suggest a monomeric trend as seen in Figure 15
in chapter 3.1.

Clusters/pm?

20 4 + + l
¥

T T T
Pat225 Pat379 Pat394

Figure 23 - Representative dSTORM images of the basal membrane of primary multiple myeloma
cells stained with anti-CD38-AF647 (ME). All cells were stained according to the live cell staining
protocol with 7.5 pg/ml anti-CD38-AF647 (ME). Quantitative analyses with Locan and the implemented
DBSCAN algorithm with € = 20 nm and MinPts = 3 of patient 225 (A), patient 379 (B) and patient 394
(C) are shown in the boxplots (D) with each dot representing a single cell. Scale bars: 2 ym.
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Figure 24 - Probability density functions (PDF) of the localizations per cluster for patient 2023
stained with the monoclonal antibody CD38-AF647 (HIT2) (A) and patient 379 (B) and patient 394
(C) stained with the polyclonal antibody CD38-AF647 (ME). While the PDF of the monoclonal CD38
antibody showed a rather monomeric distribution the PDF of cells stained with the polyclonal CD38
antibody suggest a dimeric population present.

3.3.2 Promising targets for multiple myeloma

Although daratumumab is the standard treatment for most multiple myeloma patients,
the aim persists to find novel targets for cancer therapy. This is particularly important
since most patients will develop a relapsing/refractory multiple myeloma (RRMM) with

no further response to CD38 mAbs.

Therefore, the patients 379 and 394 were further analyzed for their receptor expression
of CD138, BCMA, SLAMF7, CD19 and CD20. The staining, imaging and quantification
was performed the same way as described in 3.1. Representative dSTORM images
(Figure 27) and their respective quantification are shown in Figure 26. Patient 379
shows not only a high variability of cluster/um? with the exception of BCMA, but also a
completely different expression profile compared to patient 394. Additionally, cell
populations of both patients showed a differing cell morphology with a mean cell
diameter * standard deviation of 8.1 £ 0.7 um (s.d.) (n=10) for patient 379 compared
to 12.3 £ 3.7 ym (s.d.) (n=10) for patient 394 (Figure 25).
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Pat 3941 G Pat 379

Figure 25 - Bright-field image of multiple myeloma cells of patient 394 and patient 379. For patient
394 most of the cells showed an elongated cell morphology with an average diameter 12.3 £ 3.7 ym
(s.d.) (n=10) while most of patient 379 myeloma cells were round with an average diameter of 8.1 +
0.7 pm (s.d.) (n=10).

Quantification of the different receptors (Figure 26) resulted in a mean cluster density
standard error (s.e.) of 19.0 + 3.4 (s.e.) for patient 379 (n=6) and 16.4 + 4.0 (s.e.)
cluster per um? for patient 394 (n=9) for CD138. Only the homogeneously distributed
basal area in the middle of the cell was used for analysis. Additionally, a high variability
in CD138 expression was observed for patient 394 ranging between 5.4 and 44.4
clusters per um2. BCMA expression was slightly reduced for patient 379 with 2.1 £ 0.2
(s.e.) (n=5) compared to 3.7 £ 0.6 (s.e.) cluster/um? for patient 394 (n=14). In contrast,
patient 379 showed an increased SLAMF7 expression with high variance in cluster
density compared to patient 394 (7.2 + 2.1 (s.e.) (n=7) and 3.3 = 0.4 (s.e.) (n=9),
respectively). Also, while all myeloma cells of patient 379 were CD19 positive with
10.6 £+ 2.8 (s.e.) (n=11) cluster/um?, the cells of patient 394 (n=6) could not be
separated from unspecifically-bound background signal with 1.0 £+ 0.1 (s.e.)
cluster/um?2. All cells of patient 379 were highly positive for CD20 with cluster densities
of 41.8 + 8.6 (s.e.) (h=8) while only some small percentage of patient 394-cells were
positive and included in the statistics (6.6 + 2.6 (s.e.) cluster/um? (n=8)). Therefore, at

least two cell populations, being CD20*and CD20-, were assumed for patient 394.
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Figure 26 - Quantitative analysis of CD138 (A), BCMA (B), SLAMF7 (C), CD19 (D) and CD20 (E) on
multiple myeloma cells of patient 379 and 394. Quantification was performed with Locan with € = 20

nm and MinPts = 3. Each boxplot represents the clusters per um? of one individual antibody with each
dot representing a single analyzed cell.
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CD19 SLAMF7 BCMA CD138

CD20

Figure 27 - Representative dSTORM images of the basal membrane of multiple myeloma cells
for patient 379 and 394 stained with different antibodies. Cells were stained according to the live
cell staining protocol for either CD138, BCMA, SLAMF7, CD19 or CD20 before the basal membrane
was imaged via dSTORM. Scale bars: 2 um.
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Figure 28 - Probability density functions (PDF) of the localizations per cluster for CD19, CD20,
BCMA and SLAMF7 on multiple myeloma cells for patient 379 (A) and patient 394 (B). While CD20
and CD38 indicate a dimeric distribution of the receptor for both patients, a dimeric trend for BCMA is
only apparent for patient 394 and for CD19 only for patient 379. For SLAMF7 and CD138 both patients
demonstrate a monomeric receptor distribution.
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Comparing the PDF of the localizations per cluster for patient 379 (Figure 28 A) and
patient 394 (Figure 28 B) indicate a predominantly monomeric distribution for SLAMF7
and CD138. For CD20 and CD38 a dimeric distribution for both patients is
hypothesized, while BCMA showed a dimeric distribution for patient 394 and a
monomeric distribution for patient 379 respectively. For CD19 a mixture of monomeric
and dimeric receptors was observed for patient 379 while patient 394 demonstrated a
strongly fluctuating trend, possibly caused by low binding events and the missing

statistics. The representative mean localizations per cluster are listed in Table 13.

Table 13 - Mean localizations per cluster * standard error for different analyzed receptors of
multiple myeloma cells of patient 379 and 394.

Patient Mean localizations per cluster * standard error

CD19 CD20 CD38 CD138 BCMA SLAMF7
379 106+0.8 |121+13|157+1.0|8.1+06 |[126+1.2|6.6+0.4
394 188+19 |11.8+1.0|13.3+09|89+03 |134+05|78+04

3.3.3 Influence of knock-out and point mutations on the receptor expression
of multiple myeloma cells

Multiple Myeloma is a quite diverse disease with various subpopulations that exhibit
different genomic alterations. Genomic analyses demonstrate that specific mutations
in the TP53 and KRAS genes are most prevalent and result in loss of cell proliferation
inhibition. In this part, two different wild type and three different modified cell lines were
compared for their expression profiles of clinically crucial receptors. The cells were
provided and stained according to the live cell staining protocol by Cornelia Vogt of the

Internal Medicine Il of the University Hospital Wrzburg.

The wild type AMO1 multiple myeloma cell line was compared to UMC901, a
CRISPR/Cas9 engineered AMO1 cell line that harbors bi-allelic alterations to TP53:
TP53 del/mut (Munawar et al. 2019). Representative dSTORM images of CD38,
CD138, BCMA and SLAMF7 are shown in Figure 30 and their respective quantification
is listed in the boxplots (Figure 29 A-D). UMC901 showed a clear increase in CD38
with mean cluster densities + standard error (s.e.) of 51.5 £ 5.7 (s.e.) (n=15) compared
to 36.4 + 4.2 (s.e.) cluster/um? for AMO1 wild type (n=11). Additionally, the mutant
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demonstrated greater variances in receptor expression compared to the wild type.
Highly accumulated CD138 at the outer basal attachment area is visible for both cell
lines. However, long stress fibers highly enriched with CD138 are more prominent in
the TP53 mutant. Therefore, due to the difficult comparability between these fibers,
only the homogeneously attached region was used for quantification of CD138 as
described in 3.3.2. Quantification of these receptors demonstrated a slightly higher
cluster density of 15.5 + 2.4 (s.e.) for UMC901 (n=7) compared to 9.8 + 1.3 (s.e.)
cluster/um? for AMO1 (n=9). In contrast, BCMA showed a slightly reduced cluster
density for UMC901 (0.6 £ 0.1 (s.e.)) (n=7) compared to AMO1 (1.1 £ 0.1 (s.e.))
cluster/um? (n=6), which is much less than observed for CD38 and CD138, but was
clearly higher on the basal cell surface compared to the glass surface. No real
difference in cluster densities was observed for SLAMF7 (UMC901: 5.7 £ 0.8 (s.e.)
(n=8) and AMO1: 5.0 £ 0.6 (s.e.) cluster/um? (n=5)). The knock-out of the tumor
suppressor gene TP53 resulted in altered receptor quantity for most receptors and
additionally changed cell morphology, which was indicated by elongated stress fibers
enriched with CD138.

Additionally, two single point mutations of the OPM2 myeloma cell line were
investigated. Both point mutations are located in the KRAS protein important for cell
growth and survival. The point mutation, termed LG8, contains an alanine at position
12 instead of glycine (G12A), resulting in a constitutive activation of the growth signal.
LG9 has a threonine at position 146 instead of alanine (A146T) causing conformational
changes of the protein (Poulin et al. 2019). The expression of CD38, CD138, BCMA
and SLAMF7 was again imaged via dSTORM (Figure 31), quantified and compared
with wild type OPM2 (Figure 32).

CD38 expression on wild type OPM2 cells (Figure 31 A) with mean cluster densities *
standard error (s.e.) of 17.9 + 1.6 (s.e.) (n=12) was slightly reduced compared to LG9
cells with 24.8 £ 2.5 (s.e.) (n=15), but greater than for LG8 with 12.2 + 1.5 (s.e.)
cluster/um? (n=16). Due to the unequal expression of CD138 (Figure 31), again only
the homogenously distributed basal membrane was used for the quantification. No
significant change in CD138 receptor expression was observed, even though LG9
showed a higher variability of the expression pattern (Figure 32 B). With cluster
densities of 6.6 £ 0.5 (s.e.) for the OPM2 wild type (n=11), 6.7 £ 0.4 (s.e.) for LG8
(n=10) and 9.4 + 1.1 (s.e.) cluster/um? for LG9 (n=11), CD138 seemed to be less
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present on multiple myeloma cells than e.g. CD38. However, a lot of CD138 is
accumulated in the filopodia, therefore falsifying the amount of detected CD138. In
contrast, a reduction of BCMA expression of nearly 50% was observed for LG8 cells
with cluster densities of 5.9 + 0.3 (s.e.) (n=11) compared to 10.8 + 1.2 (s.e.) (n=8) and
10.3 £ 1.3 (s.e.) cluster/um? (n=7) of the wildtype and LG9 cells, respectively (Figure
32 C). For SLAMF7 (Figure 32 D), a visible reduction is indicated on LG8 cells with a
cluster density of 6.0 + 0.8 (s.e.) (n=8) as well as for LG9 with 8.8 + 1.6 (s.e.) (n=8)
compared to the OPM2 wild type with 11.8 + 0.8 (s.e.) cluster/um? (n=11).
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Figure 29 - Quantification of CD38 (A), CD138 (B), BCMA (C) and SLAMF7 (D) receptor expression
for AMO1 WT and CRISPR/Cas9 TP53 deleted AMO1 (UMC901) cells. Quantification was performed
with Locan with € = 20 nm and MinPts = 3. Each boxplot represents the clusters per um? of one individual
antibody with each dot representing a single analyzed cell.

Both point mutations demonstrated different cluster quantities, although the same
protein was affected. LG9 revealed increased CD38 expression while other receptors
seemed to be mostly unaffected. In contrast, the G12A KRAS mutation in LG8 had a
much greater impact, leading simultaneously to altered CD38, BCMA, and SLAMF7

expression.
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Most importantly, an altered CD38 expression was observed for the two mutants of
OPM2 as well as for the AMO1 mutant, while CD138, BCMA and SLAMF7 were only

affected in some cases.

As in patients 379 and 394, the mean localizations per cluster for CD38 ranged from
16.6 to 22.6, suggesting multiple antibodies bound to a single receptor (Table 14). For
CD138 mean localizations per cluster showed equal amounts within the same cell
lines. However, with ~22 localizations per cluster OPM2 cell lines demonstrated higher
quantities than AMO1 cell lines ranging between 13.4 and 15.6 localizations per
cluster. BCMA showed the highest mean localizations per cluster + standard error
(s.e.) for the OPM2 WT with 20.1 £ 0.3 (s.e.) and for LG9 with 15.6 £ 0.2 (s.e.)
localizations per cluster. The AMO1 cell lines again demonstrated lower localizations
per cluster with 12.5 + 0.6 (s.e.) for the WT and 15.4 £ 0.8 (s.e.) for UMC901. A
monomeric trend is observed for SLAMF7 for AMO1 WT (8.5 £ 0.2 (s.e.)) and UMC901
(10.4 £ 0.3 (s.e.)) cells, with no apparent difference between both cell lines. In contrast,
twice as many localizations per cluster were detected for OPM2 WT compared to LG8
(12.2+0.1 (s.e.)t0 6.8 £ 0.2 (s.e.)), which was quite similar to LG9 (8.4 £ 0.1 (s.e.))
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AMO1 UMC901

BCMA CD138 CD38

SLAMF7

Figure 30 - Representative dSTORM images of the basal membrane of AMO1 and CRISPR/Cas9
TP53 deleted AMO1 (UMC901) cells stained with different AF647 coupled antibodies. Cells were
stained according to the live cell staining protocol for either CD38, CD138, BCMA or SLAMF7 before
the basal membrane was imaged via dSTORM. Scale bars: 2 ym.
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Figure 31 - Representative dSTORM images of the basal membrane of OPM2 (WT) and point
mutated KRAS OPM2 cells, LG8 and LG9, stained with different AF647 coupled antibodies. Cells
were stained according to the live cell staining protocol for either CD38, CD138, BCMA or SLAMF7
before the basal membrane was imaged via dSTORM. Scale bars: 2 pm.
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Figure 32 - Quantification of CD38 (A), CD138 (B), BCMA (C) and SLAMF7 (D) receptor expression
on OPM2 (WT) and point mutated KRAS OPM2 cells, LG8 and LG9. Quantification was performed

with Locan with € = 20 nm and MinPts = 3. Each boxplot represents the clusters per um? of one individual
antibody with each dot representing a single analyzed cell.

Table 14 - Mean localizations per cluster * standard error for different analyzed receptors of
OPM2 and AMO1 wild type (WT) and their respective mutated cell lines.

AMO1 OPM2
WT UMC901 WT LG8 LG9
CD38 19.9+0.2 16.6 £ 0.2 17.8+0.1 226+0.2 209+0.2
CD138 15.6+0.3 134+0.2 [(204+04 220+03 |223+04
BCMA 125+ 0.6 154+08 |20.1+0.3 18.4+0.2 15.6 £0.2
SLAMF7 8.5+0.2 10.4 +0.3 12.2+ 041 6.8+0.2 8.4+0.1
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3.4 Quantification of FLT3 on cell lines and primary patient cells

As second clinical example, analysis of FLT3, a receptor often mutated in AML, was
performed. Quantification was done on MV4-11 midostaurin-resistant (MID*) and -
sensitive (MID") cell lines as well as on MOLM-13 MID* and MID- cell lines, and on a
primary AML sample, which were kindly provided by Dr. med. Sabrina Kraus and
Andoni Garitano-Trojaola from the Center for allogeneic stem cell therapy of the
University Hospital Wirzburg. MID* cell lines MV4-11 and MOLM-13 were generated
by cultivating cells with serially increasing concentrations of midostaurin by 10 nM
weekly to 50 nM. Cells were harvested and adjusted to 1x10° cells/ml until a sufficient
MID* cell number was reached. Based on receptor aggregation visible on all cell lines,
receptor quantities were estimated by dividing the localizations density

(localizations/pm?) by 9, as described in chapter 3.1.

In initial experiments, MV4-11 MID* and MID- as well as MOLM-13 MID* and MID- cells
were used to establish protocols and to determine whether there are fundamental
differences in FLT3 expression or distribution between cell lines that are resistant and
sensitive to the tyrosine-kinase-inhibitor midostaurin. Staining with an FLT3-AF647
antibody was performed according to the live cell staining protocol to preserve epitopes
and possibly identify oligomers via dSTORM image acquisition. For MOLM-13 MID*
cells FLT3 clusters were visible and some FLT3 aggregations for MV4-11 MID* cells
(Figure 33 A). Although the MOLM-13 MID- cells showed a more homogeneous
distribution and thus distinct changes to MID™ cells, this difference was not so obvious
for the MV4-11 MID* and MID- cells (Figure 33 A). However, MV4-11 and MOLM-13
cell lines showed different receptor oligomerization states between MID* and MID-
types, with receptor densities remaining the same for MV4-11 cells, but not for
MOLM-13 MID- cells, which were greatly reduced (Figure 33 B). Cluster analysis using
DBSCAN algorithm with € = 20 nm and MinPts = 3 showed mean estimated receptor
densities * a standard error (s.e.) of 23.3 + 3.6 (s.e.) (h=5) and 7.1 + 2.1 (s.e.) (n=6)
receptors/um? for MOLM-13 MID* and MID- cells, respectively (Figure 33 B). For
MV4-11 MID* and MID- cells mean receptor densities + standard error of 14.5 + 1.9
(s.e.) (n=9) and 17.1 + 2.4 (s.e.) (n=9) receptors/um? were observed. Additional
stoichiometric analysis of the localizations per cluster confirmed the observed FLT3
aggregations for MOLM-13 MID* cells compared to MID- (Figure 33 C blue and light
blue line), which could not be validated for MV4-11 MID* cells (Figure 33 C black line).

For MV4-11 MID* only a second dimeric population is observed at 11 localizations per
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cluster (Figure 33 C, black line), whereas MV4-11 MID- cells (Figure 33 C, gray line)
demonstrated FLT3 clustering as for the MOLM-13 MID* cells (Figure 33 C, blue line).
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Figure 33 - Representative dSTORM images of anti-FLT3-AF647 on MV4-11 and MOLM-13
midostaurin resistant (MID+) and sensitive (MID-) cells, the respective receptor densities (A) and
localization densities per cluster (B). For both cell lines clear differences between MID* and MID-
cells either in relation to their FLT3 receptor expression (MOLM-13) or assembly (MV4-11) were

observed. Scale bars: 2 um.

Interestingly, the localizations per cluster are for MV4-11 MID" cells in contrast to the

clearly observed clustering of antibodies on the basal membrane. Furthermore, a
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dimeric subpopulation can be suspected for all four cell types, which is evident from a

peak in the pdf at ~10 localizations per cluster as observed previously (Figure 15 B).

Next, primary AML cells from a patient being MID* for FLT3 expression were analyzed
(Figure 34 A). Most of the cells demonstrated high autofluorescence complicating the

quantification approach (Figure 34 A white arrow). In this case, FLT3 expression was

laale.l von
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localizations per cluster

Figure 34 - Representative dSTORM image of FLT3 detected on a primary AML-cell of a patient
being resistant to midostaurin (A) and the corresponding localizations per cluster (C). Most of
these cells demonstrated strong autofluorescence, visible in the reconstructed image (A). Magnification
of the stained cells (B) showed antibodies being in proximity suggesting a present monomeric and
dimeric receptor population, which is confirmed by a second population being visible at ~10 localizations
per cluster (C). Scale Bar magnification: 200 nm.

homogeneously distributed with antibodies being in close proximity, suggesting a
dimeric FLT3 population present (Figure 34 B white arrows). This was also confirmed
by stoichiometric analysis, indicating a second population with about twice as many
blinking events as for the monomers, showing a distribution equivalent to the dimeric
receptors analyzed in chapter 3.1 at ~ 10 localizations per cluster (Figure 34 C).
Compared to the MV4-11 and MOLM-13 MID* and MID- cell lines the mean receptor
density + standard error was with 4.4 + 0.7 (s.e.) (n=9) receptors per ym? strongly
reduced for FLT3 on the primary patient cells.
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4 Discussion

4.1 Stoichiometric receptor quantification on cell lines

In the first part of this thesis, a single molecule-sensitive quantification protocol for
dSTORM on Jurkat T cells was established, which was applied for all quantitative
analysis later on. Firstly, self-labeled monoclonal antibodies were used to ensure a
degree of labelling ranging between 2-4. Detecting specific antibody binding events,
especially when they are sparse, is one of the most limiting steps for stoichiometric
and quantitative analysis. Poorly labeled antibody populations (< 1.5 dyes per protein
on average) will reduce the amount of detected receptors on the surface as not every
antibody will carry a fluorophore and therefore only block the epitope. However, when
an antibody carries too many fluorophores, unspecificity is increased due to charges
or blocked binding sites. This will not only drastically enhance unspecific binding to the
glass surface but also to the cell membrane being fatal for low or non-expressed
targets. In addition, small nanocluster subpopulations may not be detected because
either unlabeled antibodies block them or unspecific antibodies increase the detected
monomeric population. Titration of each antibody for different staining protocols is an
important first step to ensure saturation of all free binding epitopes and to minimize
unspecific binding events by using adequate amounts of antibody as shown by Ralph
Gotz from our department (Gotz 2020). Epitope accessibility is another limitation for
precise quantification. Due to the size of antibodies of approximately 10-15 nm, close
epitopes won’t be accessible for protein binding (Reth 2013). Testing different antibody
clones that have higher affinity to a specific binding epitope or bind to more accessible
epitopes, e.g., further from the plasma membrane, can improve stoichiometric
information. Typically, most antibodies used in clinical approaches like flow cytometry
perform best and show only few unspecific binding events as they are well
characterized as their production is tightly controlled. It should also be considered that,
mainly due to accessibility issues, only a subset of the addressed receptors could be
detected. However, this is no drawback for quantification of membrane receptors in
case of personalized immunotherapy as these receptor numbers demonstrate the
targetable molecules for monoclonal antibody therapy, when the same antibody clone

is used or the therapy is directed against the same epitope.

The various analyzed receptors (Figure 10) showed predominantly homogeneous
distribution on the cell surface, with strong clustering visible only for CD3 on the basal
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membrane. CD3 is a T cell marker and important for activation of T cells. When
activated, different CD3 subunits form a complex together with the T cell receptor
(TCR) resulting in an aggregation of CD3 molecules. On primary T cells, a
homogeneous distribution is typical with clusters occurring upon activation (Rossboth
et al. 2018). The Jurkat cell line is an immortalized T cell line self-producing IL-2, an
important cytokine for the activation of T cells causing Jurkat T cells to be at least
partially activated and CD3 clusters appearing (Pawelec et al. 1982). Besides a
homogeneous distribution and strong clustering, small oligomers in the range of 10-50
nm are challenging to detect and distinguish on the cell membrane. Small clusters
consisting of two anti-CD69 antibodies lead to the assumption that antibodies have the
ability to bind adjacent molecules despite their size (Figure 10). Here, the linkage error
of ~10 nm per antibody may play a beneficial role helping to detect two nearby antigens

by their binding epitopes with labeled antibodies via super-resolution techniques.

To prove this theory, two-color dSTORM was applied due to its high sensitivity and
resolution. Using the same antibody but coupled to two different dyes in a 50:50 ratio
should lead to co-localization of ~50% of the total population under optimal conditions.
Nevertheless, it is known that only AF647 gives reliable quantitative information for
receptor analysis compared to AF532 ((Go6tz 2020)). In addition, the localization
precision of the second color (in this case AF532) is often worse, more nonspecific
binding events are detected, and the switching behavior is usually not satisfactory
within the same buffer system (Table 10). The amount of co-localization under optimal
conditions was investigated by using a simplified system in which cells were labeled
with an anti-CD45-AF647 antibody additionally stained with a secondary gam-AF532.
Due to the high mobility of the cell membrane of living cells, artificial clusters were
induced by the secondary antibody for incubation times greater than 15 minutes even
though incubation was done on ice (Figure 12). Despite the low incubation time of the
secondary F(ab)2 antibody, primary antibodies with secondary antibodies, as well as
secondary antibodies without a primary binding partner and vice verca, could be
observed reducing the MOC to ~0.5. Fixing cells prior to staining will drastically reduce
detected receptors on the surface due to cross linking of proteins and was therefore
avoided. Analysis of these two-color images lead to a MOC of ~50% of all detected
antibodies. This low coefficient could be explained by unspecific binding of the
secondary antibody, some antibodies statistically having no dye, destruction of the

fluorophore due to high laser powers, or the not perfectly suited switching buffer for
69



Discussion

both dyes. Furthermore, these results are consistent with PALM measurements, which
also detect only about 60% of the total receptor population (Durisic et al. 2014). Here
it's assumed that some of the fluorescent protein mEos2 is not photo-converted or gets
destroyed upon irradiation with the 405 nm laser. Considering that under these
idealized conditions only half of the antibodies demonstrated overlapping primary and
secondary antibody signals, a 100% homodimeric receptor may show overlap for only
25% of the bound antibodies. Assuming oligomeric receptors existing in a background
of monomers, an average Manders overlap coefficient of 0.21 (Figure 13 B) for CD69
is close to the idealized conditions (Sharma et al. 2004). Due to the heterogeneity of
the cells, the mean Manders coefficient of CD69 is slightly lower at 0.14 (Table 9).
However, the monomeric receptor CD11a, with similar expression densities on Jurkat
T cells, did not show any co-localization, which indicates the presence of multimeric
CD69. The heterodimeric receptor LFA-1 (CD11a/CD18) showed a mean MOC of
0.26, which is 50% lower than expected when compared to the experiment where the
maximum achievable Manders coefficient was determined (Figure 12 & Table 9). Since
the binding epitopes of the two antibodies are only 5 nm apart, steric hindrance of the
antibodies is possible (Sen et al. 2018). However, minding all these limiting factors,
detection of adjacent binding sites is possible for a huge number of molecules. Using
Ripley's h-function to detect non-randomly distributed clustering effects (Figure 14)
worked well for larger clusters such as CD3, which are also clearly visible in the
images. However, when it comes to small oligomers, especially dimers, no difference
to a randomly distributed localization cluster size is apparent. This is caused by the
ratio of present monomeric and dimeric receptors on the one hand and by small
oligomers still being below the resolution limit of dSTORM on the other hand.
Therefore, the localization cluster size for monomers and small oligomers is identical
in most cases and Ripley’s h-function not suited for detection of those. In contrast to
this resolution issue, localization data gathered from dSTORM image acquisition
contains coordinates of all detected single “blinking” events. Due to stochastic
photoswitching of AF647, detection of multiple localizations for one antibody occurs
bevor the fluorophore is irretrievably destroyed. By using clustering algorithms like
DBSCAN, these multiple localizations can be grouped and treated as a single antibody
when compared to a monomeric reference. Additionally, variances of the degree of
labelling are negligible for DOLs between 1 and 4 as previously described (Helmerich,

Beliu, and Sauer 2020). For all the analyzed receptors self-labeled antibodies with a

70



Discussion

DOL ranging between 2 and 4 have been used, resulting in mean blinking events of
~9 localizations per cluster for the monomeric receptors (Table 11). However, due to
stochastic photoswitching, instead of a single population of localizations per cluster,
several normally distributed clusters are obtained, as can be seen in the probability
density functions in Figure 15 A. For all of the monomeric receptors, 3 localizations per
cluster started with a value of 0.15 and above and showed only few events over 25
localizations per cluster. In contrast to monomers, dimeric populations showed an
increased mean of ~ 16 localizations per cluster (Table 11), also visible by the more
widely distributed localization events per cluster (Figure 15 B). Comparison of the
blinking statistics revealed differences between monomers and dimers that were not
visible by Ripley's h-function. Nevertheless, the probability density functions must be
interpreted carefully to decide whether different stoichiometric populations are present
or whether the increased localizations per cluster are caused by noise or insufficient
photoswitching. The major drawback of antibodies being relatively huge compared to
the detected epitopes is an advantage for this approach, as it also avoids quenching
FRET effects that typically occur in the 1-10 nm range (Bader et al. 2009; Bajar et al.
2016)

However, the comparison of the receptors analyzed in this part is a simplified model
system to establish stoichiometric analysis, since most of these receptor populations
should theoretically exist only as monomers or dimers. When only a small subset is
oligomerizing or stoichiometrically different oligomers are present, these distinct
populations might vanish, not only due to stochastical fluctuations of the blinking
statistics but also because of epitope accessibility issues for the antibodies used. This
is also visible by the characteristics of the localization density curve. CD69 e.g. should
mainly be present as homodimer; still the curve is a mixture of a huge monomeric peak
at 5 localizations per cluster and a second peak belonging to the dimeric population at
10 localizations per cluster (Figure 15 B). Nevertheless, especially when comparing
the same receptor on cells as it was done for cell cycle synchronization (Figure 16),
small changes in receptor assembly are easier to detect and are more reliable.

Compared to primary cells, which are a heterogenic population, cell lines like the used
Jurkat T cell line derive from the same subtypes and should therefore be a
homogenous population. However, strong fluctuations in receptor expression were
detected for all receptors. However, addressed receptors on the apical surface show

higher quantities compared to the basal layer caused by the greater accessibility
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(Waldchen et al. 2020). Tighter attachment of the cell to the glass surface possibly
further lowers the accessibility of the antibody for some cells. Additionally, no cell cycle
synchronization was performed prior to staining, resulting in cells being in different cell
phases. As seen in Figure 16, the receptor expression profiles vary strongly, and
clustering effects are also depending on the cell cycle phase. However, even when
synchronized to the S or GO/G1 phase, expression amounts vary. Of note, it was
clearly shown that especially activation markers like CD69 show completely different
expression quantities depending on the cell cycle phase, whereas the co-stimulatory
molecule CD28 was either homogeneously distributed or clustered depending on the
phase (Figure 16). This clustering effects are also clearly visible in Ripley’s h-function
for CD28 control and serum-starved cells with localization cluster sizes of ~60 nm and
~40 nm, respectively, (Figure 17 A) but also in the probability density functions (Figure
17 B) following a more widely distributed trend similar to CD3 (Figure 15 C). For early
activation markers like CD69 an upregulation at the beginning of the cell cycle was
seen for serum-starved cells as previously described (Naniche, Reed, and Oldstone
1999). Therefore, detecting no CD69 during S-Phase is consistent to an early
activation marker as it is not important for late cell cycle phases. The CD28 receptor,
on the other hand, is both a co-stimulatory molecule, as well as being important for
binding to antigen-presenting cells, making it an essential molecule expressed at all
stages of the cell cycle. In addition, observed aggregations of CD69 on FCS-starved
cells possibly cause increased activating signals (Figure 17). As seen in both
examples, receptor expression and aggregation varied strongly. Therefore, for a better
comparability, cell cycle synchronization prior to staining should be considered in future

experiments, in particular when using cell lines.

4.2 The Treg receptome

To date, T regulatory cells (Tregs) are poorly understood and quantitative data on
receptors or changes in receptor arrangement upon activation are largely missing.
During this project, the standard activation with CD3 and an excessive additional CD28
was not applied to investigate changes in receptor expression or assembly, instead
the activation with STAR2, an agonist against TNFR2, was chosen due to the
additional possibility of in vivo expansion of Tregs (Hombach et al. 2007; Chopra et al.
2016).
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Main task of the T regulator cells is the suppression of the immune system when
activated maintaining a balance between self-tolerance and deleterious activities by
immune cells (Corthay 2009). This is also achieved, among other things, by altered
receptor expressions. Thus, activated Tregs showed increased CD25 expression
(Figure 18), which helps to reduce IL-2 present in solution and thus avoid activation of
T cells by this chemokine, as previously reported (Togashi, Shitara, and Nishikawa
2019). In contrast to classical CD3/28 activation, no clustering of CD3 was observed
after activation, suggesting an alternative activation mechanism by the STAR2 ligand.
CD103 was only slightly reduced during STARZ2 activation (Figure 21 B), possibly
because of its importance for adhesion to epithelial tissue and cell homing to the
intestinal sites. Little is known about the main tasks of this receptor for immune
suppression but CD103* Tregs seem to have a strong immunosuppressive activity and
tumor infiltrating capabilities (Anz et al. 2011; Chang et al. 2012). However, when
CD103 upregulation occurs instead this may also be a byproduct caused by TGF-i
highly concentrated in tumor microenvironment (Anz et al. 2011) and help
malignancies to proliferate and survive. Upregulation of CD120b and CD134
expression on Tregs is a sign for activation as seen in Figure 19, confirming the
successful stimulation by STAR2 (Nagar et al. 2010). Additionally, CD25" CD120b*
Tregs have better suppressive capabilities than low or non-expressing Tregs (Chen et
al. 2010), whereas CD134 is an important co-stimulatory molecule, which signaling
results in reversed suppressive function of Tregs (Kitamura et al. 2009). Additionally,
CD134 signaling enables proliferation and survival of Tcons (Kitamura et al. 2009).
Therefore, the visible increase in CD134 expression may act as a safety switch to allow
an enhanced response to antitumor vaccination (Tay, Richardson, and Toh 2021).
Upregulating these receptors will help on the one hand to suppress immune responses
but at the same time being able to be turned off by chemokines present in the
microenvironment. In addition, CD137 was expressed on STAR2 activated Tregs
(Figure 20), which helps cells proliferate and increase their immunosuppressive
function (Zhang et al. 2007). Additionally, it was shown that under certain
circumstances Tregs could gain effector functions after agonist binding having anti-
tumorical effects (Akhmetzyanova et al. 2016). CD279 (or PD-1), which is known as a
negative regulatory molecule and an important checkpoint inhibitor by causing reduced
immune suppression and proliferation, was lower expressed on activated cells

compared to native Tregs, suggesting higher suppressive capabilities on activated
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Treg cells (Daraei et al. 2019). Of note, death receptor 3 (DRS3) is preferential
expressed on activated cells (Figure 20) and can be used to stimulate Treg expansion
from their initial 2-10% of the whole CD4* T cell population to 30-35% of all CD4* T
cells within 4 days and is therefore a very important receptor to maintain a strong
immune suppression (Schreiber et al. 2010). Glycoprotein A Repetitions Predominant
(GARRP) is also expressed on active T regulator cells (Figure 20) possibly helping to
increase their suppressive capability. The possibility to bind TGF-3 promotes secretion
and activation of this cytokine which has suppressive functions towards effector cells
(Tran et al. 2009). GITR in contrast was the only receptor highly expressed and
accumulated in big clusters on the cell surface. Its important suppressive function was
first discovered when experimental elimination of GITR led to the rapid onset of
autoimmune reactions and blocking of the receptor abrogated suppression (Shimizu et
al. 2002; Ermann and Fathman 2003). Therefore, GITR works similar to CD134 and

CD137 terminating suppressive function if necessary.

Comparing all the different expression profiles clearly showed changes in receptor
quantities upon STAR2 activation. Additionally, an efficient activation of regulatory T
cells by STAR2 binding to TNFR2 (CD120b) was confirmed. Most importantly, many
of these receptors help maintain a suppressive function of the Treg population, while
some others may serve as an emergency mechanism to restore an adequate immune

response to infected or malignant cells.

4.3 Multiple myeloma

4.3.1 CD38 detection on multiple myeloma

Detection of CD38 on the myeloma cell line MM.1S worked as intended for CD38
(HIT2) and CD38 (ME) with no visible difference for both antibody stainings by confocal
microscopy (Figure 22). However, preincubation with daratumumab blocked the
epitope recognized by the monoclonal antibody CD38 (HIT2), while the polyclonal
antibody still had the ability to detect CD38. Monoclonal antibodies are derived from a
single cell lineage and have only one specific binding site. If this binding site is blocked
or slightly changed, monoclonal antibodies will not detect the target molecule anymore.
However, for therapeutic use monoclonal antibodies are often used due to their purity,
the known initial efficacy and their predefined known effects on certain receptor types

i.e. agonistic. In comparison, polyclonal antibodies are less expensive and show better
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long-term efficacy due to their recognition of multiple binding sites (Berry 2018). In
addition, polyclonal antibodies are better at detecting low-expressed molecules and
most of the entire molecule population, especially when a particular binding site is
sterically hard to reach. For stoichiometric analysis, binding of multiple polyclonal
antibodies to one single receptor can be misinterpreted as receptor aggregation,
therefore hindering their use for stoichiometric analysis. This was also observed by the
localization statistics for CD38 (ME) for both patients showing localizations per cluster
comparable to dimeric receptors (Figure 24 B and C). In contrast, no dimerization was
observed for this receptor with the monoclonal antibody on multiple myeloma cells of
patient 2023 (Figure 24 A). In addition, most of the antibodies used as therapeutics are
monoclonal antibodies, which must be used to better compare the targeted receptors
(Lu et al. 2020).

Quantification of three different patients showed highly abundant CD38 expression
(Figure 23) and different cell morphologies (Figure 25). Even though patient 394
showed the highest amount of targetable molecules by CD38-ME, disease still
progressed under daratumumab treatment. This resistance is either caused by
unreachable binding sites or may be a result of genetic alterations (off-target
mutations) caused by the gain of chromosome 1 or by the translocation of t(14;16) and
t(14;20) of patient 394. Additionally, even though patient 225 and patient 379 showed
the same amount of CD38, only patient 379’s disease was regressive. Maybe the
genetic change compared to patient 225 (Table 2) results in a better killing efficacy
caused by the drug, or apoptotic signaling cascades are still working. These genetically
diverse patients demonstrate the importance of combining receptor quantification with
genetic analysis to determine whether targeted receptors are present in principle and,
if so, whether treatment could lead to cell apoptosis. Additionally, it demonstrates that
highly expressed receptors are not always a sign for drug response and that a more
complex analysis for multiple myeloma and other malignant diseases is needed for

successful individual therapy.

4.3.2 Promising targets for multiple myeloma
As shown in chapter 4.3.1, response to daratumumab is limited and depending on
many factors. To improve therapeutic success for relapsed patients scientists are

always in search for novel targetable molecules. For optimal treatment and minimal
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side effects, these molecules should only be expressed on the target cells or at least
only sparsely on healthy cells. Some of these promising targets were analyzed on two
of the three patients with known genetic disorder of chromosome 14 (Table 2). It is of
interest that rearrangements of the 14932 region are the most frequent translocation
mutations and were observed in 73% of MMs at diagnosis or relapse (Avet-Loiseau et
al. 2002). As multiple myeloma is a highly heterogeneous disease it is very unlikely
that different patients show the same myeloma clones and respond to identical therapy
(de Mel et al. 2014). As expected, both patients showed completely different
expression profiles with the biggest differences for CD19 and CD20. While CD19 was
clearly detectable on myeloma cells of patient 379, patient 394 showed no CD19
expression at all (Figure 27). CD19 is an important B cell marker, which is typically lost
during differentiation into plasma cells. However, recent reports showed not only clear
expression of CD19 on multiple myeloma cells but also ultralow expression detectable
only by dSTORM, which is sufficient for lysis by highly specific CAR-T cells (Nerreter
et al. 2019). Additionally, being a positive and a negative regulator of proliferation,
CD19 expression seems to lead to growth inhibition and reduced tumorigenicity on
myeloma cells (Ishikawa et al. 2002). The gene coding for CD19 is located on
chromosome 16. The translocation mutation t(14;16) of patient 394 maybe silenced
this gene or leads to a nonfunctional receptor. In contrast, high expression of CD20,
whose gene is located on chromosome 11, is observed on the cells for patient 379.
Possibly the t(11;14) mutation this patient is carrying results in a gain of function
increasing the CD20 receptor expression on the surface. Previous studies also showed
the strong correlation of CD20 expression on myeloma cells and t(11;14) (An et al.
2013). Additionally, those cells often show a small mature cell morphology that is also
the case for this patient with mean cell diameters of 8.5 ym compared to 12 uym for
patient 394 lacking this mutation as seen in Figure 25 (Kong et al. 2018; Robillard et
al. 2003). For patient 394 also only a small subset of the MM cells showed a weak
CD20 expression, suggesting a heterogeneity of myeloma cells present, probably
complicating the therapy of this patient. SLAMF7 in contrast was present on both
patients as reported for most multiple myeloma cells. Even though expression levels
fluctuated strongly, overall detection of these receptors was greater for patient 379. It
is known that SLAMF7 is highly expressed on malignant plasma cells and only sparsely
distributed on immune cells (Einsele and Schreder 2016). Also, a soluble form of

SLAMF7 (sSLAMF7) can be found in the plasma of ill patients acting as a regulator of
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immune response when two different immune cells communicate with each other. For
myeloma, the high amounts have an immune-suppressive function helping the
malignant cells to proliferate and thrive (Kikuchi et al. 2020). However, due to the high
abundance of this molecule, usage of the monoclonal antibody elotuzumab directed
against SLAMF7, BiTEs or specific modified CAR-T cells, which are currently under
investigation in the CARAMBA study, are promising therapy approaches, especially for
patients, who are progressive under belantamab treatment, like patient 394.
Belantamab is directed against BCMA, a molecule almost exclusively expressed on
myeloma cells and normal plasma cells. Interestingly, expression of BCMA was clearly
detectable by dSTORM for both patients and was even higher on the progressive
patient 394 (Figure 27). Resistance to this drug is either caused by an escape
mechanism in which binding to the molecule does not induce apoptosis, or the amount
of BCMA is too low to induce sufficient killing. In this case, using CAR-T cells instead

of monoclonal antibodies should be considered, as it is more efficient.

CD138, which is highly abundant and one of the most important myeloma markers,
was enriched mainly in the filopodia and at attachment points. CD138 functions as an
important molecule for cell migration and cell-matrix interactions, which explains the
accumulation at contact sites. Despite the high expression, in particular on myeloma
cells, no treatment with monoclonal antibodies has yet been approved (Lonial et al.
2016; Schonfeld et al. 2017; Yu et al. 2020). Additionally, for patient 394 localization
data suggests CD20 as well as BCMA to be at least partially present as a dimer (Figure
28 B), which is consistent to data described previously (Rouge et al. 2020; Bossen and
Schneider 2006). For patient 379 localizations per cluster for BCMA are not showing a
standard distribution caused by the sparse expression (Figure 28 A). Occurring
unspecific binding events which will be detected as monomers will definitely cause
problems in detecting dimeric receptors. This is also observed for the unspecific
binding events of the CD19 antibody for patient 394. Most detected fluorophores have
a rather low amount of less than 8 localizations per clusters. However, this can also be
seen as proof of blinking events for a typical single antibody being below 10

localizations.

By quantifying all these new targets and comparing them with therapeutic approaches,
it became clear that the presence of a specific receptor does not always guarantee a

promising therapy. It remains important to know whether a specific receptor quantity is
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required for response to a particular monoclonal or bispecific antibody or whether
underlying off-target mutations reduce the efficacy of certain drugs used. For low-
expressed receptors, CAR-T cell therapy is often the better choice due to its higher
efficiency and should be considered when monoclonal antibody therapy does not have
the desired effect. Though “the off-tumor on-target” effects need to be considered,
especially by receptors highly expressed on healthy cells. Often autologous stem cell
transplants are inevitable because most receptors are also present on other healthy
hematologic cells (Soekojo and Kumar 2019). Due to the high level of diversity,
myeloma cell therapy is a challenging task. The combination of microscopy methods
to study the amount of addressable receptors and the analysis of known genetic risk
factors are powerful tools to gain a better understanding of the disease and will help to

improve future therapies.

However, even though chromosomal mutations can lead to changes in receptor
expression, epigenetic changes such as point mutations or even cell cycle phases can
also have an influence and lead to constitutively activating or inhibiting signaling

cascades that help cells evade the immune response and proliferate.

4.3.3 Influence of knock-out and point mutations on the receptor expression
of multiple myeloma cells

Besides genomic alterations, the influence of epigenetic mutations on receptor
expression of TP53-deletion mutants was analyzed. TP53 is one of the most altered
genes in tumor cells and also has an important role in myeloma cells. TP53 codes for
the transcription factor p53 acting as a tumor-suppressor protein. When accumulated
p53 induces production of p21. This causes further inhibiting effects, stopping the cell
cycle and buying time for repair mechanisms to run. Apoptosis is initiated by activating
genes of the BCL2 family, when p21 gets accumulated (Bunz et al. 1998). Of note, the
TP53-deletion mutant UMC901 showed strongly increased CD38 expression
compared to the wild type AMO1 cell line. CD38 is a multifunctional protein triggering
proliferation and differentiation (Karimi-Busheri et al. 2011; Liao et al. 2014).
Additionally, it contributes to heterotypic cell adhesion. Increased amounts of this
receptor may indicate an amplified activity and better migration efficacy (Glaria and
Valledor 2020). However, higher expression may also help targeting the cells by

daratumumab as upregulation of CD38 by different drugs e.g. ricolinostat increased
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killing efficacy for this monoclonal antibody (Garcia-Guerrero et al. 2017; Garcia-
Guerrero et al. 2021). It also became obvious that cell attachment changed for
UMC901. As seen for the two analyzed patients, CD138 is always accumulated at
attachment areas or filopodia (Figure 30). For TP53-deletion mutants extremely
aberrant cell morphology was observed as all of the cells displayed very long filopodia
strongly enriched with CD138, confirming an increased adherence strength compared
to the wild type. Due to the non-uniform distribution of the molecule, a quantification is
not possible, especially due to the strong accumulation in filopodia. For SLAMF7 no
real difference between both cell lines was observed, possibly being not influenced by

the mutation at all.

In contrast to the three previously described receptors, BCMA expression was slightly
decreased on TP53-deleterious mutants. This small change most likely has no
significant influence on cell behavior or treatment effectiveness by belantamab or other
BCMA targeted treatments.

Changes of the tumor suppressor gene TP53 severely changed cell morphology and
expression of receptors important for cell proliferation and migration, while some others
were unaffected. Even though only ~5% of all patients show a TP53 mutation at the
beginning of their diagnosis, the amount of TP53 mutation strongly increases for each
relapse, thus indicating it to be an important factor for drug resistance (Jovanovic et al.
2018). In contrast to TP53, mutations of KRAS, a proto-oncogene also important for
cell growth, survival and differentiation, are quite common in early multiple myeloma.
The LG8 mutant had a point mutation at G12A, which is also common in other tumors
like lung cancer or colorectal cancer and associated with a poor prognosis (Fiala et al.
2016). Maybe the exchange of the most flexible amino acid glycine to a more rigid
amino acid causes a constitutive activation of this protein. LG9 instead has a KRAS
A146T mutation known as a weakly activating mutation that promotes nucleotide
exchange in the absence of guanine nucleotide exchange factor (Poulin et al. 2019).
Comparison of receptor expression clearly showed differences for both mutations.
However, LG8 cells showed an overall reduction of CD38, BCMA and SLAMF7,
possibly reducing the addressability for monoclonal antibodies or BiTEs (Figure 32).
Of note, the LG8 cells have a point mutation, which is associated with a poor prognosis
and an early relapse in different types of cancer. Maybe this poor outcome is

associated with the completely changed “receptome” on the cell surface. The A146T
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mutant in contrast only showed a slightly increased CD38 expression, while the other
three receptor quantities stayed mostly unaffected, even though the KRAS structure
changed drastically (Poulin et al. 2019). Comparing localization data of the different
cell lines showed no significant change within the AMO1 cell lines, with SLAMF7 having
a monomeric and CD38, CD138 and BCMA showing a rather dimeric mean value of
the localizations per cluster (Table 14). For OPM2 cell lines the localizations per cluster
where highest for the WT cell line, suggesting less multimeric receptors for both
mutants. Additionally, SLAMF7 had significantly more localizations per cluster on WT
cells compared to both of the mutants, suggesting at least a partial aggregation of
SLAMF7 receptors. Since SLAMF7 protein is only sold by companies as a homodimer,

it can at least be assumed that the receptor can possibly dimerize.

Furthermore, it is of interest that even though the structure of KRAS was affected by
both of the point mutations, the expression profile of the investigated receptors differed.
Knowing more about KRAS protein behavior and the influence of a specific mutant on
receptor expression might help increasing therapy effectiveness. For this, patient
samples with underlying TP53 and KRAS mutations need to be analyzed and

compared to unaffected patients in future experiments.

4.4 Quantification of FLT3 on AML cell lines and primary cells

Acute myeloid leukemia is a malignancy of stem cell precursors of the myeloid lineage
and associated with a poor prognosis. For decades, high-dose chemotherapy was the
standard therapy with survival rates stagnating until very recently. Understanding of
the genetic alterations and novel FDA-approved drugs increased overall survival rates
and improved therapy efficiency (Pelcovits and Niroula 2020; Swaminathan and Wang
2020). One of the most frequently mutated genes observed in AML is coding for the
tyrosine-kinase FLT3, which is important for cell survival, proliferation and
differentiation. Nowadays, tyrosine-kinase inhibitors like midostaurin are broadly used
to block the signaling through these receptors which increases the overall survival rate
of patients with underlying FLT3 mutation. However, similar to multiple myeloma, a
certain percentage of the malignant cells will become resistant to the applied drug by
on- or off-target mutations, making therapy inefficient. This is also validated by the fact
that cultivating MV4-11 or MOLM-13 cell lines with a pre-defined midostaurin dose,

which was increased weekly, resulted in a midostaurin-resistant (MID*) population of
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the respective cell line. Staining cells according to the live cell protocol demonstrated
highly specific antibody binding events with only sparse unspecific binding to the glass
surface. For MOLM-13 midostaurin-sensitive (MID") cells the lowest FLT3 expression
with a rather homogeneous distribution and only some small oligomeric populations
compared to the other cell lines was observed (Figure 33). In contrast, MOLM-13 MID*
cells are strongly clustered and more FLT3 can be observed. As signaling through
FLT3 typically is induced by bridging two FLT3 molecules by the corresponding FLT3
ligand, present homodimers suggest greater tumor proliferation and survival (Figure
33 C). Dense clusters of FLT3 may contribute to midostaurin binding sites being less
accessible or increased signaling through the receptor. Additionally, high FLT3
expression is considered as a risk factor with reduced survival rates which is an
additional hint for off-target mutations in NRAS, AXL and PIM1 present (Cheng et al.
2018). In contrast, MV4-11 MID* and MID- cells showed identical expression quantities
of FLT3 and no obvious clustering of this receptor (Figure 33 B and C). However, both
types demonstrated a clear homodimeric subpopulation present. Resistance may also
be caused by off-target mutations that bypass or reinforce FLT3 signaling (Eguchi et
al. 2020). Both cell lines have an underlying FLT3 inter-tandem-duplication (ITD),
which is one of the most highly occurring mutations in AML. For the cell line MV4-11
both alleles are affected while MOLM-13 cells still have one WT allele left (Quentmeier
et al. 2003). Since inter-tandem-duplications are also associated with increased protein
levels, the expression difference between MV4-11 and MOLM-13 could be explained
by the number of alleles affected (Xing et al. 2019). Additionally, FLT3-ITD affect the
area coding for the juxtamembrane, causing dimerization and a constitutive activation
through auto-phosphorylation (Kiyoi and Naoe 2002). Both cell lines showed either
different receptor assemblies or quantities between MID* and MID- cells which was not
visible from the diffraction-limited images, but became obvious from the super-resolved
images (Figure 33). Note that treating these cell lines with midostaurin to achieve
resistance caused clearly visible differences, either in regard of receptor assembly
(Figure 33 A) or receptor amount (Figure 33 B). However, this does not allow any
conclusion to be drawn about present off-target mutations, but rather demonstrates the
high importance of super-resolution techniques in clinical context. The primary cells
showed - besides monomeric receptor trends - the clear presence of a homodimeric
population at ~ 10 localizations/cluster, suggesting bridged FLT3 receptors and
therefore activating signals (Figure 34 B & C) (Griffith et al. 2004; Grafone et al. 2012).
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However, to confirm these assumptions, intracellular FLT3 phosphorylation needs to
be checked, as dimerization is only the first activation step in this signaling cascade
(Grafone et al. 2012 226). The FLT3 receptor expression, on the other hand, was rather
low compared to all cell lines. Maybe present MID* cells are a subpopulation with

different off-target mutations causing constitutive proliferation of the cells.
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5 Conclusion and Outlook

During this work, it was possible to demonstrate a significant benefit of super-resolution
microscopy for analysis of small structures or molecule assemblies. Stoichiometric
changes of specific receptors that especially occur during disease are an important
indication of underlying activating or inhibitory effects and may contribute to therapeutic
decisions in the future. Although information about present monomeric, dimeric or
clustering receptors was obtained, it is still complicated to estimate the real percentage
of these population. Therefore, it would be helpful to determine mathematical functions
that underlie monomeric, dimeric or trimeric populations to gain better estimations of
the present oligomerization states. Additionally, DBSCAN reliability suffers from the
user-defined input parameters, in particular the pre-defined maximal distance ¢ of a
localization cluster. This can be avoided by using an HDBSCAN, which automatically
varies the value for the maximum distance and selects the € with highest stability for
all present clusters. Here, only the minimum localizations per cluster (MinPts) is
required as an input parameter, which likely makes it more robust for clustering data
with variable densities, such as heterogeneous clusters of receptors like CD3, where
no defined differences from dimeric receptors have been observed (Malzer 2019).
PALM microscopy is another method of choice for gathering stoichiometric information
of membrane receptors as shown previously (Fricke et al. 2015; Lehmann et al. 2021),
but also suffers from different drawbacks like a long acquisition time, detection of
intracellular molecules that are close to the plasma-membrane and also relies on the
calibration with known monomeric and dimeric receptors. Combining dSTORM with
PALM-like dyes, e.g. Cy3B or Cy5B, may be a promising combination for the future,
especially when only a subpopulation of the receptor oligomerizes as the blinking
occurrence of Cy5B is less fluctuating compared to typical used dyes. In addition, the
high quantum yield of Cy5B leads to an increased localization precision (Figure 35),
thereby possibly improving the separability of two adjacent spots. Finding dyes that
are photoswitching more reliably is of high interest, especially when used as a second
or even third color for dISTORM where it needs to be compatible with the same buffer
system. To date, most of the used dyes in the yellow or green absorbance spectrum
suffer from low signal-to-noise ratio, increased unspecific binding or lower detection
quantities and dyes in the blue to ultraviolet range are performing even worse and
therefore are mainly avoided. This will become a tremendous issue when interactions

by co-localization of two or more molecules should be obtained. However, as an
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addition two-color dSTORM is an important tool to verify existing oligomers by
determining the amount of co-localization, even though stoichiometric information can

also be gathered by blinking statistics of AF647 on its own.

g P -
T A

& e'r ot
¥ e
st P
R .
-

Figure 35 - Representative dSTORM images of a-tubulin stained with Cy5 (A) and Cy5B (B) in
COS-7 cells. Images were acquired over 120,000 frames with an exposure time of 5 ms and
reconstructed with 5 nm/px. Mean localization precision was slightly better for Cy5B with 6.58 +/- 3.26
(s.d.)and 6.47 +/- 3.29 (s.d.) compared to Cy5 with 8.44 +/- 4.33 (s.d.) and 8.27 +/- 4.40 (s.d.) for x- and
y-direction, respectively.

Of note, localization statistics could also provide information about interactions when
two or more different molecules come in proximity as seen for LFA-1 with cluster
densities staying almost the same while more blinking events were detected. However,
the reliability will always suffer from epitope accessibility, especially for trimers or
higher oligomers. To overcome the issue of epitope availability due to the size of
antibodies, nanobodies could be of interest and help detecting most of the true receptor
population on the surface. Alternatively, peptides or toxins that are smaller in size might
also be an option. Being in proximity however could obliterate the effects seen by
antibodies to observe two separated spots and in worst case result in homo-FRET
making detection of oligomers impossible. Also, the use of different antibody clones
against epitopes further away from the cell surface may improve quantitative and
stoichiometric examination and lead to more reliable results. Usage of directly-labeled
monoclonal antibodies is therefore crucial, because polyclonal antibodies can detect
the same receptor multiple times but on different epitopes, causing artificial clustering

effects. Instead of using stochastic photoswitching, DNA-PAINT approaches might be
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of interest for stoichiometric analysis, either by modifying the target of interest with a
small nucleotide sequence to which imager strands can bind or by using DNA-
conjugated ligands. Since the modification of targets with nucleotide sequences
requires transfection for primary cells only DNA-conjugated ligands or antibodies are
applicable. Compared to dSTORM a better resolution can be achieved, but at the cost
of image acquisition time. Besides using SMLM approaches, expansion microscopy
(ExM) might possibly help detecting small oligomers, especially when binding epitopes
are preserved. However, only the ExM protocols with labeling after expansion are
suited to make adjacent epitopes accessible and are of interest. By combining 10x
ExM with Lattice SIM microscopy, structures of ~7-10 nm could be resolved and the
issue of sterically hindrances would be overcome. Additionally, the usage of 10x ExM
with postlabeled structures together with dSTORM (U-ExM) is able to achieve a
resolution of about ~2-5 nm (Gambarotto et al. 2019). To address the issue of label
efficiency of antibodies, click chemistry could be helpful. Here the protein of interest
needs a site-directed mutagenesis to introduce an amber stop codon, which has to be
transfected together with an unnatural tRNA-synthetase. The unnatural amino acid is
then effectively incorporated into the modified protein and can then be “clicked” by
addition of tetrazine-modified dyes, leading to the smallest possible linkage error (Beliu
et al. 2019). This is helpful to study basic receptor assemblies and their oligomerization
states, but to analyze primary patient cells the receptors would need to be modified
with the TCO by knock-in CRISPR or nucleofection which is highly complex and
therefore results are possibly not reliable. This is also the fact for cell lines as no
endogenous receptors but only overexpressed receptors are analyzed. This may also
change assembly or stoichiometry of the overexpressed receptor.

Analyzing primary murine T regulator cells made it possible to obtain quantitative data
and underlying differences between naive and activated cells. However, most of the
receptor changes were expected and showed no stoichiometric differences during the
activation. Still the alternative activation with the ligand TNFR2 was confirmed making
it easier to expand Tregs in-vivo instead of the more complicated ex-vivo expansion by
CD3/CD28. To see if there are fundamental changes between CD3/CD28 activation
and TNFR2-stimulated activation, receptor expression has to be compared for both
activation methods. Combining co-localization experiments of promising receptors (like

CD120b with different receptors mentioned in 3.2) may help to understand ongoing
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processes, wWhereas treatment of Tregs with certain cytokines or specific blocking of

different receptors may help to understand the underlying suppressive mechanisms.

Finding novel therapeutic targets is one important part of improving therapy efficacy
and survival rates of different malignancies, like the multiple myeloma. Quantification
of primary patient cells and comparison of the cell morphologies showed clear
differences between all myeloma populations. Even within one patient different
subtypes of myeloma cells could be identified. From previous studies, high receptor
expression is often related to a good response to the corresponding monoclonal
antibody. Screening the myeloma population for novel and unique receptors that are
most likely expressed on the surface may help to find an overexpressed target or a
target which is mainly expressed on malignant cells, which could then be used for drug
application. Unfortunately, when heavily treated, most myeloma cells show a variety of
escape mechanisms and tumor progression will occur under the applied treatment.
This is either caused by a loss or downregulation of the receptor or by molecular
mechanisms that are not visible by antigen screening, e.g. daratumumab resistance of
patient 394, even though high levels of CD38 were expressed. As stated, for a high-
risk patient a combination of receptor quantification and genomic sequencing can help
to define specific treatment strategies. For this, a lot more statistics has to be done and
patients need to be analyzed before therapy and after each relapse to understand
better the escape mechanism of these cells and how the genetic changes influence
the response to certain drugs. In addition, upregulation of certain receptors by different
drugs may help to maintain a sufficient amount for effective killing or, when quantities
are too low, using CAR-T cells that are known to be extremely sensitive. Additionally,
when certain drugs are getting ineffective due to off-target mutations, radionuclide-
coupled monoclonal antibodies could help to clear tumors still expressing the targeted
receptors like for patient 394 who expressed high amounts of CD38. In contrast to
certain toxins or drugs, radionuclides do not have to be internalized to cause lysis of
the targeted cells as binding to the receptor is the only requirement (Kozak et al. 1986).
As radioimmunotherapy is more effective than just mAbs, side effects have to be
considered and stem cell transplantation may be required (Goldenberg 2007). In
contrast to hematopoietic malignancies, radioimmunotherapy can be an excellent
choice for solid tumors when applied locally (Goldenberg 2007). The amount of present
targetable receptors is therefore helpful to decide which kind of immune therapy is

most promising and which receptors are addressable at all. Comparing existing
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receptor quantities on malignant cells with healthy tissue will also help to minimize side

effects because therapy can be adjusted to be less sensitive if needed.

In addition, fundamental changes were observed by eliminating or mutating certain
oncogenes or tumor suppressor genes showing the relevance of genetic alterations on
receptor expression. For future experiments, it would be beneficial to know if these
deletions or point mutations always lead to the same increase or decrease of receptor
expression, in particular when occurring in patients’ malignancies. Furthermore,
stoichiometric analysis can help to detect activation processes caused by
accumulation of certain receptors as seen for FLT3, whose activation is preceded by
dimerization. As seen for all tumor cells altered expression profiles of certain receptors
and their unrestrained cell proliferation are mainly caused by underlying failed repair

and safety mechanisms.

In summary, even cells with low expression levels of membrane receptors can be
targeted by various available immunotherapies to induce cell apoptosis. However, it
must be considered that “off-target” mutations or the tumor microenvironment will

impede therapy effectiveness and make combination therapy inevitable.

Membrane receptors however, are also important entry points for different pathogens
and viruses, which are exploiting them as a docking site to infect the cell. Because of
COVID-19 appearing in early 2020, attention was drawn to the ACE2 receptor to which
the spike protein of SARS-COV2 binds. It is thought that high expression is beneficial
and increases the chance of entry and infection by the virus (Ciaglia, Vecchione, and
Puca 2020). First quantitative experiments with ACEZ2-expressing cells and
pseudoviruses showed that infections occur more frequently for cells expressing high
levels, still low levels of ACE2 were sufficient for successful infection. In theory,
presenting one addressable receptor is enough for a highly specific virus to bind and
infect a cell, showing the importance of highly specific antibodies for research but also
the need for highly specific detection methods like dSTORM.

Although receptors are prominent targets and easy to address, more information about
whole-cell changes need to be generated. For example, it is known that 95% of all
cancer cells show an increased amount of glycocalyx. However, little is known about
its role for cell adhesion and how it possibly influences tumor survival (Kanyo et al.
2020). Overexpression of the sialylated monosaccharide N-Acetylgalactosamine

(GalNAc) is observed in most cancers and missing in healthy cells and leads to
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increased cell proliferation, migration, invasion, and decreased cell adhesion (Kang et
al. 2018). Therefore, targeting this specific saccharide could be a promising target with
only low or even no side effects. Even though a lot more statistics needs to be done to
correlate specific risk factors, genetic alterations and chromosomal changes to
receptor expression and effective treatment possibilities, great progress has been
made in recent years as novel targets for immunotherapy or specific binding sites of
pathogens have been identified. However, the high sensitivity of e.g. CAR-T cell
therapies as well as the high binding specificity of microorganisms increasingly
demonstrate the need for highly specific methods like dSTORM for medical

applications in the future and surely will continue to drive the field forward.
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